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Editorial on the Research Topic

The Fiber Bundle

A long time has passed since Fredrick Thomas Peirce, an Australian physicist working for the British
Cotton Industry Research Association, published the paper Tensile tests for cotton yarns: “the weakest
link” theorems on the strength of long and of composite specimens in 1926 [1]. In it, he describes a
simplified model for failure of yarn where the variations of the strength in the yarn competes with
increased load it carries when there is a failure. Here it is in modern language: Imagine a set of fibers
of equal length clamped between two parallel stiff plates. The fibers all have the same elastic constant,
so that when the plates are moved apart, all the fibers carry the same load, which is the total load on
the plates divided by the number of fibers. Assume each fiber has its own strength, that is the
maximum load it can carry before it fails irreversibly. As the fibers fail one by one, the load on the
remaining fibers increases as there are fewer and fewer left to share the total load.

Such a model seems overly simple. It cannot possibly contribute to our understanding of fracture
phenomena! The mathematical statistician Henry Daniels did not think so. He did his PhD on the
strength of fiber bundles and in 1945 he published a seminal paper on his work that moves the model
beyond the strength of yarn [2], reshaping it into a general model for failure processes. Up to the
point when he published his paper, we find six papers referring to the Peirce paper [1]." In the decade
that follows 1945, there are 35 references to the Peirce paper, but the titles have now changed. We
find e.g., “The Fracture of Metals® [3].2

It is in the seventies that the fiber bundle model really gains traction within the mechanics
community [4]. Together with the statistics community, the subtleties of the model is gradually
uncovered, while at the same time variants of it is being proposed, e.g., the Local Load Sharing
Model [5].2

The statistical physics community, those with a background in critical phenomena, had in the mid
eighties began to discover that fracture in fact is a very interesting problem with properties that
sometimes created a déja vu feeling among them [6]. This resulted in the creating of the Fuse Network
Model [7]. This was network of fuses, e.g. a square lattice, where each link would be a fuse with a trip
current drawn from some statistical distribution. What would happen when the current running
through this network was increased? A lot of things would happen: there would be avalanches of
fuses blowing simultaneously, there would be localization, ie., the fuses that blew would be
concentrated in some region, there would be instabilities where suddenly a crack of blown fuses
would form zipping through the network. The problem with the fuse model, however, was that it was

"There is one exception among the six: “A Study of the Moisture in Soybeans” [11]. The reference to Peirce is for a property of
cellulose fibers he mentions unrelated to the model.

?Peirce is lauded in Reference [3] for his paper [1] being the first discussion strength as extreme value problem, and not for
his model.

*The original Peirce model is by now called the Global Load Sharing Model.
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almost impossible to approach it analytically—it was a model for
the computer, and the computer only. The book by Herrmann
and Roux from 1990 (and reprinted in 2014) covers the status of
the field at that time [6].

In 1989 Sornette published a paper entitled Elasticity and
Failure of a Set of Elements Loaded in Parallel [8]. This was the
entrance of the fiber bundle model into the statistical physics
community. It was the perfect model in some sense. It was almost
as rich as the fuse network model, but it was at the same time
simple enough to be analytically tractable to a considerable
degree. In some sense, the fiber bundle model is gaining a
status in the physics of fracture community similar to that of
the Ising model in the critical phenomena community. Two
reviews of the fiber bundle model have appeared in this
community [9, 10]. There are hundreds of papers, if not more,
that have appeared over the last years in this field.

The aim of this Research Topic has been to display some of the
richness of ideas and uses that the fiber bundle model has
produced. The eleven papers it contains does indeed do that.
Hopefully, the research papers among them spawn new work and
the reviews are useful for those that considers entering this field.

We describe the papers in the order in which they have been
published.

The first paper (Kjellstadli) concerns the burst distribution in
the global load sharing fiber bundle model. Earlier work had
determined it for large bursts, but here Kjellstadli finds it for small
bursts. This is important as large bursts are rare compared to
small bursts so that the statistics is much better for the latter.

The second paper (Capelli et al.) uses the fiber bundle model to
investigate failure of layers of snow, failures that can lead to
avalanches.

Paper three (Domanski) implements the local load sharing
fiber bundle model on a small-world network. The avalanches
that are generated in such networks may be very relevant for other
systems that has an underlying small-world structure, such as the
financial markets.

Paper four (Hansen) is a review of the extreme value
distributions, which are central for the fiber bundle model.
Rather than approaching the subject in the traditional
way, the entire review is built around the formula
lim, oo(1 + x/n)" = exp(x).

Paper five (Chakrabarti et al.) is a review of how the dynamics
in the fiber bundle model generates cooperativity. The failure
dynamics has been demonstrated through recursion relations and
their fixed-point solutions. In addition, the authors analyze the
noise-induced failure dynamics through theory, simulation, and
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Burst Distribution by Asymptotic
Expansion in the Equal Load Sharing
Fiber Bundle Model

Jonas T. Kjellstadli*

PoreLab, Department of Physics, Norwegian University of Science and Technology, Trondheim, Norway

We derive an asymptotic series expansion for the burst size distribution in the equal load
sharing fiber bundle model, a predominant model for breakdown in disordered media.
Earlier calculations give expressions with correct asymptotic behavior for large bursts,
but low accuracy for small bursts, up to an order of magnitude off. The approximations
from the expansion we present here give relative errors of at most several percent when
compared with exact results or simulation results for large systems. We also solve the
burst size distribution exactly for the Weibull threshold distributions.

Keywords: fiber bundle model, equal load sharing, asymptotic series expansion, fracture, burst size distribution

1. INTRODUCTION

The fiber bundle model [1-4] is a prime example of what Bouchaud calls a metaphorical model [5];
that is, a model which reveals mechanisms that lie hidden beneath layers of complexity in realistic
models and are completely lost in phenomenological models. Even in its simplest form, the equal
load sharing (ELS) model, the number of papers written on the fiber bundle model may now be
counted in the thousands. This is evidence of great richness.

The distribution of bursts, or avalanches, is important in the study of fiber bundle models. Its
behavior can signal how close the bundle is to catastrophic failure, even in single samples [6]. There
are many variations of the fiber bundle model, but we will only study the ELS model here. We
will also limit ourselves to continuous (i.e., infinitesimal) load increase; finite load increases gives a
different distribution of bursts [7, 8].

For the ELS model with continuous load increase, Hemmer and Hansen [9] demonstrated that
bursts follow a power law with an exponent 5/2 for a wide class of disorder distributions. Sornette
[10] derived this power law behavior separately with a different approach. This work was followed
up Pradhan et al. [6, 11], who showed that the power law exponent changes to 3/2 as the bundle is
approaching catastrophic failure. Raischel et al. [12] showed that this kind of crossover is present
also in the y-model [13], which has a variable range of interaction with the equal and local load
sharing model as its two limits.

By following the development of the crossover burst size—that is, the burst size that constitutes
the watershed between bursts following the 5/2 law and the bursts following the 3/2 law—it is
possible to quantitatively measure of how far the bundle is from collapse. However, this approach
has the problem that it requires knowledge of large (and hence rare) bursts, which have poor
statistics. It would be better to predict failure from the smallest bursts, which happen often and
can be measured with higher accuracy. This makes it important to have access to accurate analytic
estimates of these values to compare with. Hence, we provide in this article a method to analytically
calculate the burst distribution accurately for small bursts.
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Burst Distribution by Asymptotic Expansion

2. THE EQUAL LOAD SHARING FIBER
BUNDLE MODEL

Consider an equal load sharing fiber bundle model with N fibers
[1, 2]. The externally applied force (or load) F is distributed
identically on all intact fibers, and a fiber acts as Hookean spring
until its elongation reaches a certain threshold, where it breaks.
Due to the equal load sharing, fibers will always fail in order from
smallest to largest threshold as the load increases.

The thresholds are drawn independently from a probability
density p(t), with a corresponding cumulative distribution P(t) =
fi oo P(w)du. Let {t;} be the ordered sequence of thresholds, such
thatt; <t < ... < ty. Then the force Fj required to break the
kth fiber is

Fk=(N+1—k)tk. (1)

Equation (1) shows that Fj consists of two factors: the decreasing
number of intact fibers N + 1 — k, and the increasing threshold
ty of the kth fiber. Due to the irregularities of {f;}, Fy doesn’t
increase or decrease smoothly. Instead, it fluctuates up and down
around a general increasing trend. Or decreasing, depending on
where in the fracture process we are.

If the force F is the control parameter during the breaking
process, this causes bursts (or avalanches) of several fibers that
break under the same load. There is a burst of size A beginning
with the failure of the kth fiber if Fy > F; for j < k, Fyy; < F for
j < A, and Fyya > F. This simply means that when the force
reaches Fy, A fibers break under that load with no further load
increase required, and the burst stops at the A + 1th fiber, which
is strong enough to withstand the load.

The average of Equation (1) over samples is the load curve [4]

o(x) =x [1 — P(x)] , (2)

which is also the limit of equation (1) as N — oc. Here o = F/N
is the applied force per fiber in the bundle, both broken and
intact, and x is the elongation of the fiber bundle. For most
threshold distributions o has a single parabolic maximum at
elongation x., where 1 — P(x.) = x.p(x).

The burst distribution is usually defined as D(A): the expected
number of bursts of size A during the breaking of a single fiber
bundle [3, 4, 9]. This definition makes D(A) o N for large
systems, and hence it diverges as N — o0o. We will instead use
the notation D(A) = D(A)/N, with the physical interpretation
that AD(A) is the fraction of fibers broken in bursts of size A —
which converges to a finite number as N — oo.

Hemmer and Hansen [9] showed that for continuous load
increase, the burst distribution to first order in N has the
asymptotic behavior (as A — 00)

D(A) ~ CA™?, (3)
where C = (27) Y2 x.p(x.)? [2p(xc) + xcp/(xc)]_l. This result is

universal for threshold distributions where the load curve has a
single parabolic maximum.

Pradhan et al. [6, 11] generalized this asymptotic behavior to
threshold distributions starting from a lower limit f, > 0, and
found that there is a crossover

D(A) ~ CAT/2 (1 — e™2/4)

{A3/2 for A < A, (4)
X

AT for A A,
with A, = 47 C?p(x.) 72 (to — x:)"2 and C as in Equation (3).
This crossover to a different exponent as f( increases has been
proposed as a method to detect imminent failure [3, 6, 11].
Equation (4) is also an asymptotic behavior in the limit A —
00, and hence it also requires information about large bursts
(which are rare events) to predict failure. Our goal is to find a
way to calculate the burst distribution accurately for small bursts,
which the asymptotic expressions in Equations (3, 4) cannot do.
To this end, we use a threshold distribution with a lower limit
to > 0. The burst distribution is then, to first order in N [4],

D(A) = Aifl f " [a(t)e*“@]Aa(trl
to

! (5)
x [1—a(®)] p(r)dt
for ty < x., where
_tp(®)
a(t) = T p0) (6)

At x., the critical elongation of Equation (2), this function
satisfies a(x.) = 1.

3. EXACT BURST DISTRIBUTION

Is it possible to solve the burst distribution exactly? The deciding
factor is the function a(t). Instead of first choosing a threshold
distribution and then checking whether Equation (5) is solvable,
we can instead do it in the opposite order: choose a function a(t)
for which the integral can be solved, and then use Equation (6) to
find the corresponding threshold distribution.

3.1. Constant a(t)
The simplest expression would be a constant a(t), which implies
a(t) = 1 because a(x;) = 1. This gives D(A) = 0 when inserted
into Equation (5). To see why, set a(t) = 1 in Equation (6), which
gives the differential equation
/

Py _ 2 ) 7

p(t) t
with the normalized solution P(t) = 1 —to/t for t € [ty, 00). This
makes the load curve in Equation (2) constant: o (x) = fo, i.e.,
x. = to. Thus, there is no burst distribution and D(A) = 0.

3.2. Power Law a(t)

Other than a(t) = 1, the most intuitive choice for a solvable
integral is a power law a(t) = C(k)t* with k > 0. Inserting this
into Equation (6) gives the first-order differential equation

p(t) + C(k)tk_lP(t) — C(k)tk_l ®)
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for P(t). It can be solved with the integrating factor method:
multiplying the equation with u(t) = exp ( ft:) dr C(k)rk_l) =

exp [C(k) (tk - t’é) /k] and integrating from fy to t gives the

solution
P(t) = @ [1 _ e%(ré—tk)} , 9)

Normalization on the interval [t, 00), i.e., P(t = 00) = 1, yields
C(k)/k = 1. Thus,

P(t)=1—et"", (10)
which is a Weibull distribution with shape parameter k and a

lower limit ty. The lower limit corresponds to breaking all fibers

with thresholds t < t, from a fiber bundle with P(t) = 1 — et
Hence the lower limit is equivalent to studying a bundle with
P(t) = 1 —e~"" that has already sustained a damage d = 1 — e,

The Weibull distribution in Equation (10) has a critical
extension x, = k= 1/*, which gives a(x;) = 1, as required for
consistency. We can now solve the burst distribution exactly
for the Weibull distribution. Inserting a(t) = kt* and p(t) =

ktk=1ets = into Equation (5) gives
A— K1k _
S (e ()
Al g (11)

x (1 - ktk) ktk—Lefo =t dg.

D(A) =

Use the substitution z = t* to get

A—1 1/k
D(A) — (kA) etlg |:/ ZAflefz(kAJrl)dZ
0

Al
12
Uk (12)
—k ZAe—Z(kA+l)dZ )
f
Combining integration by parts and induction yields
K\
1/k nl B n <0[t0)
n,—oz __ . —at
/;k dzz"e =€ OZ m
’ =0 (13)
n i
_efa/kz (“('k) }
i
which gives the exact burst distribution
~ A1t
DIA) — [ —(A+1/k)
&= Aka+p L°
_ (ktlg)A e—tlg(kA-H):I
i
(kA)A_l e—katf A1 [(kA + l)tlo‘] (14)
A(kA + 1A & il

(kA)>h et = (AR &1 (kA 4 1)
AA+ DA &k

10°
¢ Exact
1071} ¢ % Asymptotic |
° *  Simulation
1072} ®
? ,*
1073} 2,
4 10
Q
10~°
10-¢
1077
10— 8L~ L L
10° 10! 102 103
A
FIGURE 1 | Burst distribution D(A) for a Weibull threshold distribution with
k =2 and to = 0. The exact result (black) is Equation (14) and the asymptotic
result (red) is Equation (4). The simulation results (turquoise) were found by
averaging D(A) over 106 sample systems with N = 10242,

This expression can easily be evaluated for small bursts, which is
what we are interested in. Equation (14) for k = 2 and typ = 0
is shown in Figure 1 together with the asymptotic result from
Equation (4) and simulation results. The agreement between the
exact and simulation results is excellent, particularly for small A
where finite size effects from the simulations are negligible. The
asymptotic result from Equation (4) is inaccurate for small A—
it is 35% smaller than the exact result for A = 1—but becomes
more and more accurate as A increases, which is consistent with
the fact that Equation (4) is asymptotically correct in the limit
A — oo.
For the special case A = 1, Equation (14) becomes

et (1+1/k)
ke~
(k+ 1) [

+ (1= G+ Dkef) e005].

DA=1)= s

For large bursts Equation (14) is impractical to use, but for
A > A, the first term is dominant. The equation then simplifies
to

A—1.—A tk—1/k
D(A) ~ Aie th—1/k ~ LA—5/2, (16)
AlkA +1) 2k

via Stirling’s approximation, A! ~ /2r AA®e~*. This is the
expected asymptotic power law from Equation (3) for the Weibull
distribution from Equation (10).

4. ASYMPTOTIC SERIES EXPANSION

The simplicity of the Weibull threshold distribution is an
exception, and for other threshold distributions we cannot expect
to find an exact result for the burst distribution. We therefore
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return to Equation (5) to make an asymptotic series expansion,
and note that the equation has the form of a Laplace integral [14]

I(A) = / " e, (17)
to
with
. 1—af(t)
ft) =p(t) ) (18)
(1) = —a(t) + In(a(t)). (19)

For large A the integral is dominated by a small interval around
the maximum of ¢(¢) in the interval [fy, x.]. In our case ¢ has its
maximum at a(t) = 1, i.e., at the critical extension x, the upper
limit of integration. Hence the asymptotic behavior of Equation
(17) as A — oo'is

1)~ [ fedsdr

Xc—€

(20)

where € is a small number. In the small interval [x. — €, x.] we
can Taylor expand f(¢) and ¢(t) around x,,

fO) =At —x) + ot — x)?
+hE—x) 4+

D) = o + b2t — x)* + p3(t — x)°
+ palt —x)* + -

21)

Note that f, and ¢, are not identical to the nth derivatives of
f(t) and ¢(t) evaluated at x., only proportional to them. The
exact expressions for these coefficients in terms of a(t) are shown
in Equations (34, 36). Also note that the vanishing terms f; =
f(x:) = 0and ¢; x ¢'(x;) = 0 (¢ has its maximum at x.) are not
included here.

In the limit A — oo, when the interval [x. — €,x.] can be
chosen arbitrarily small, the two first terms in the expansion of
¢ will dominate the others. We therefore separate these terms by
factorizing the exponential in the integrand of Equation (20) as

e = exp (Agy + Agn(t — x)?)

3 4 (22)
x exp (A [p3(t — x> + pat — x)* +---]),
and then Taylor expand the second factor
exp (A st — %) + palt —x)* +---]) =1
+ A &30t — x) + Eralt —x)* + -] o3

+ A% [E26(t — x)° + &2 7(t —x) + -+ ]
+ .. S

which defines &, ,,. Inserting these expansions into Equation (20)
and extending the lower integration limit back down to #; gives

I(A) ~ et / " A

fo

X [filt = x0) + folt = x)> +---]

x {1+ A &3t —x) 4]
+A2[52,6(t_xc)6+~'~]+"'}dl’.

(24)

The standard approach is to extend the lower limit of integration
to —oo because the integral over [—00, x, — €] is subdominant to
the integral over [x; — €,x.] in the limit A — oo [14]. But our
goal is to use the asymptotic series to calculate an approximation
for D(A) for small A, and we know that the lower limit #, is
important for small bursts [6].

To solve this integral, multiply the Taylor expansions and
separate terms with even and odd powers of t — x; into Ieven(A)
and I,qq4(A), respectively. The odd terms are

Toaa(A) = et /xc eA¢2(t_xC)2

to
x {[Alt—x) +ft —x) + -]
+ A [a)l)s(t — xC)S + w7 (t — xc)7 1. ]
+ A? [@27(t — x)° + wao(t — )0+ - N
+ ... )dt,

(25)

where w,, ,, is defined in Equation (38). Then choose u = A¢,(t—
x¢)?, which yields

eA¢o 0 u
Load(A) = 2A¢; /A¢z(to—Xc>2 )
x Hfl +f3AL¢2+“.]
X u \2 u \?
wafons () v (55) | e
, 4
2 4 -
+ A |:w2,7 (T@) + @29 (T%) o :|
+ ... } dl/l;

We can now group these terms by the integrands’ dependence on
A:

elAdo
Ioqa(A) = 200,

-1
(Q0(A) + Q1 (A)A o

+2Q(A)ATE+ 1),

where ©,—see Equation (40)—-depends on A due to the lower
limit of integration.
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The even terms in t — x, are

XC
Ieven(A) = eA%/ eA¢z(t—xc)2

to
X {[flt — x)? + falt —x)* +---]
+ Aforalt — x)* + w16(t —x)° + -+
+ A [t — x0)* + w100t — %) + -]
-+ }dt.

(28)

Since ¢, < 0, choose u = /—A¢,(t — x). Then

7142

even A
()= \/—A¢>2/ =Ag(to—xc)

() ()
ol () () -
oo (i) v+

s ]d
(29)

Grouping these terms by the integrands’ dependence on A yields

Ago

e
v —Agy

Ieven(A) =

—1 -2
(©1(A)A™" +©x(A)A 60

+O3(A)AT +--4),

with ®, as shown in Equation (39).

Combining Equations (27, 30) with ¢y = —1 (from Equation
36) and Equation (5) gives the full asymptotic series for the burst
size distribution as

AA_IC_A
Al
1
V=A¢
AA*Ze*A
Al
+C(A)AT + C (M)A ),

D(A) ~ (Qo(A) + (M)A +--+)

1
[2A¢’
(©1(A)A™! + ©y(A) A2 + - .)]

(C1(A) + Ca(A)A™Y?

(31)
Unfortunately, the “coefficients” C,, depend on A, and the terms
in the asymptotic series must therefore be evaluated separately
for each value of A. To do this evaluation, the relations between
the various coefficients that have been introduced in the series
expansions are needed.

4.1. Coefficient Expressions
To define the coefficients from the asymptotic series expansion,
use

0
Au(Aty) = / du e*u”
L2
Ao¢z(to Xc) (32)
2
B,(A,ty) = / due ™™ u?"
V= Aga(to—xc)

for the integrals that will show up in the expressions.

4.1.1. Definition of f
To determine the coeflicients f,, expand Equation (18) around
a=1:

f=p®)[0-a)+0-a+1—-a)P+---]. (33)

Then Taylor expand a(t) and p(t) around x. as a(t) = 1+ a;(t —
xo)tay(t—x)*/2+- - and p(t) = po+p1(t—x)+p2(t—x)*/2+

., where a, = a'"(x,) and Pn = p(")(xc) are the nth derivatives
of a(t) and p(t) evaluated at x.. Comparison with Equation (21)
gives the relation

Z Z( '
0.
nml—Hl ain ki
< X I G
Yy k=l i=1
Y2, iki=n—m

(34)

where n > 1 since fy = 0, and k; € N.

4.1.2. Definition of ¢
To determine ¢, expand Equation (19) around a = I:
(1-a? (1-a® @1-a)

2 3 4

(1) =—1— (35)

Then expand a(t) = 1 + a1 (t — x.) + ax(t — x)?/2 4 - -+ in the

above equation. Comparison with Equation (21) gives

(36)

where n > 2 and k; € N.

4.1.3. Definition of &
From Equation (23) we get

Snm = (37)

lo )
3 ki=n

Zx 3lk =m
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wheren > 1, m > 3n,and k; € N.
4.1.4. Definition of w
Comparing Equation (24) with Equations (25, 28) yields

m—1

Wnm = me—ién,b

i=3n

(38)

wheren > land m > 3n+ 1.

4.1.5. Definitions of ® and £
By examining the expressions in Equations (29, 30) we see that
the coeflicients ®,(A) are

onBn(A tO)
(=¢2)"

2n—1
— n+1(A tO

+Z ( ¢)n+1

with n > 1 and B, from Equation (32). Similarly, from Equations
(26, 27) we get

O,(A) =
(39)

Wi2(n+i)»

Sont14An(A, to)
?;
Anti(Ast)
T

Q,(A) =

2n (40)

2

i=1

Wi (n+i)+1>

with n > 0 and A, from Equation (32).

4.1.6. Definition of C
From Equation (31), we get

Qn—l(A)
2¢»
0,(A)

-4’

Con—1(A) =
(41)

C2n(A) =

where n > 1.

4.2. Crossover

We know from Equation (4) that around A., the burst
distribution contains a crossover from A~%/2 to A~%/2 behavior.
Does Equation (31) reproduce this? The first term in the series is

ARZemh Qu(A)
Al WG 2

_ NiAo(A, 1)
NS

Using the Stirling approximation A! ~ /2w A%+1/2e=4 and
inserting for fi, Ao(A,tp), and ¢, from Equations (32, 34,
—poa1

36) gives
5/2 0
~ A~ / e'du
227 A (to—xc)?

=CA™? (1 — exp [—A/AC]) ,

Ci(A) N

(42)
A2

AA—Ze—A

Al

C
1(A) (43)

where C = (Zﬂ)_l/zxcpo(Zpo ~|—xcp1)_1 is the same as in Equation
(3)and A, = 2a1_2(xc — )2 = 47{C2p§(xc — t9) 72 is the same
as in Equation (4).

The first term of the asymptotic series is exactly Equation
(4), and the asymptotic series therefore reproduces the known
crossover behavior in the limit A — oo.

5. APPROXIMATION FOR SMALL BURSTS

The asymptotic expansion in Equation (31) is done in the limit of
infinitely large bursts, and one should not expect the series to give
a perfect approximation of D(A) when A is finite. In general, the
infinite series might not converge for finite A. However, one can
still use the asymptotic series to find an approximation for D(A)
for small bursts.

5.1. Optimal Approximation for Finite Burst
Size

For a finite A we use the general procedure outlined by Bender
and Orzag [14]:

First choose a fixed value of A. Then locate the smallest
term (in absolute value) of the asymptotic series in Equation
(31): Cm(A)AA_Z_(’”_l)/Ze_A/A!. When summing the series up
to (but not including) a certain term, then that term gives a
measure of the error from the exact result [14]. Hence, we sum
the asymptotic series up to (but not including) the smallest term,
so that we get the smallest possible error estimate. If term number
m is the smallest one, the optimal approximation is

(i-1)/2—

_ AA 2—
D(A) ~ ZC(A)— (44)

Note that this method is applicable even when the infinite
asymptotic series does not converge. The caveat is that it has
to be done separately for each value of A where we wish to
approximate the burst distribution.

There is a practical limit to how many terms from Equation
(31) one can calculate. The smallest term m must be chosen
among the terms that are calculated. Hence we cannot guarantee
that the smallest term we find is the smallest one in the entire
infinite series. If it is not, then the accuracy of the approximation
will be reduced.

Truncating the series at the smallest term does not necessarily
give the best approximation. For certain values of A there
will exist better choices of truncation. However, Equation (44)
provides the method with the best guaranteed error without a
priori knowledge of the burst distribution.

5.2. Comparison With Exact Result
To test the accuracy of Equation (44) we compare it with the
exact result from Equation (14) for the Weibull distribution. This
is easier than relying on simulations, as both expressions are
derived in the limit N — co where there are no finite size effects.
We have calculated the first 13 terms of Equation (31) for small
to intermediate burst sizes. With this limitation of 13 terms, we
use Equation (44) to calculate the optimal approximation. For a
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FIGURE 3 | Relative errors for the burst distribution with respect to the exact
result from Equation (14): for the optimal approximation from Equation (44)
with 13 available terms (black) and for the first term of the asymptotic series
(red), which is Equation (4). The threshold distribution is a Weibull distribution
withk = 1andty = 0.

Weibull distribution with k = 1 and #y, = 0, Figure 2 shows
this approximation, the exact result from Equation (14), and
Equation (4). The corresponding relative errors with respect to
the exact solution, calculated as |Dexact — Dapproximaﬁon| /Dexacts
are shown in Figure 3.

Both approximations converge to the exact solution as A —
00, but the optimal approximation converges much faster and is
consistently a better estimate of the exact result. From Figure 3,
we see that the ratio between the two relative errors is at
its smallest for small bursts, but the difference is still big, as

evident from Figure 2. For the smallest bursts, the optimal
approximation gives an estimate of the exact result with moderate
accuracy (relative errors of order 10%), whereas Equation (4) is
unusable as an estimate (relative errors of order 50% — 80%).

The errors in the optimal approximation seem to stem from
the fact that 13 terms is insufficient to find the smallest term
in the asymptotic series for small A. With 13 available terms,
we can achieve higher accuracy with other parameters for the
threshold distribution. For a Weibull distribution with k = 1 and
to = 0.8, we show the exact solution, optimal approximation, and
Equation (4) in Figure 4, with the corresponding relative error of
the optimal approximation in Figure 5.

In this case, with f 0.8 much closer to x. 1, 13
terms seem to be sufficient to locate the smallest term in the
asymptotic series even for small A. Hence the errors of the
optimal approximation (of order 10~ for the smallest bursts) are
negligible, as seen from Figure 5. In the figure we have not shown
the errors of Equation (4), since they are on a completely different
scale from the errors of the optimal approximation, roughly 24%
for the smallest bursts.

5.3. Comparison With Simulations
To test the general applicability of the asymptotic expansion, we
also use Equation (44) with the uniform threshold distribution
on [ty,1] (which has x, = 1/2), a widely used probability
distribution in the study of fiber bundles [3, 4]. Since the exact
solution is valid only for Weibull distributions, we compare the
asymptotic series results with simulation results for large systems
(N = 1024?) where finite size effects for small A are small.
As with the Weibull distributions, we again calculate the first
13 terms of Equation (31), and then use them to calculate the
optimal approximation via Equation (44).

Figure 6 shows a comparison of the optimal approximation,
simulation results, and Equation (4) for the uniform threshold
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FIGURE 6 | Optimal approximation from Equation (44) with 13 available terms
(turquoise) and simulation results (black, N = 10242, 10° samples) for the burst
distribution. The first term of the asymptotic series (red), which is Equation (4),
is shown for comparison. The threshold distribution is uniform on [0, 1].

distribution with fg 0. The corresponding relative
errors with respect to the simulation results, calculated as
‘Dsimulation - Dapproximation‘ /Dsimulation> is shown in Figure 7.
The optimal approximation is accurate to within a few percent
for small bursts, and the relative error decreases rapidly as A
increases, as in Figures 3, 5. However, the error quickly begins
to increase again, presumably due to finite size effects from the
simulations. Equation (31) is derived from Equation (5), which
is only exact in the limit N — oco. Equation (4) becomes more
accurate as A increases, but is consistently less accurate than the
optimal approximation.
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FIGURE 8 | Optimal approximation from Equation (44) with 13 available terms
(turquoise) and simulation resullts (black, N = 10242, 10° samples) for the burst
distribution. The first term of the asymptotic series (red), which is Equation (4),

is shown for comparison. The threshold distribution is uniform on [0.45, 1].

Figure 8 shows a comparison of the optimal approximation,
simulation results, and Equation (4) for the uniform threshold
distribution with £y 0.45, with corresponding relative
errors in Figure9. In this case neither approximation
becomes more accurate as the burst size increases, but
Equation (4) is much more accurate than for f, = 0.
However, the optimal approximation is still more accurate
than Equation (4), with relative errors roughly an order of
magnitude smaller.
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FIGURE 9 | Relative errors for the burst distribution with respect to simulation
results that are averaged over 10° sample systems of size N = 10242: for the
optimal approximation from Equation (44) with 13 available terms (black) and
for the first term of the asymptotic series (red), which is Equation (4). The
threshold distribution is uniform on [0.45, 1].

6. DISCUSSION AND CONCLUSION

In the equal load sharing fiber bundle model, we have
found an analytic solution of the burst size distribution
for Weibull threshold distributions: Equation (14). This is a
significant improvement over previous results, which describe
the asymptotic behavior as the burst size diverges.

The exact result is impractical to use for large burst sizes A, but
can easily be evaluated for small A. In this sense it complements
the existing asymptotic result; Equation (14) can be used for small
A, and for sufficiently large A we can use Equation (4) instead.
Together, these results provide a highly accurate way to calculate
the burst size distribution for Weibull threshold distributions.

For other threshold distributions where the burst distribution
cannot be solved exactly, another method is needed to calculate
the burst distribution for small A. We have therefore derived the
full asymptotic series expansion for the burst size distribution,
Equation (31). Even if the full infinite series is valid only in the
limit A — o0, it can still be used to find approximations for
small A through Equation (44).

Our results indicate that, with a fixed number of available
terms, this optimal approximation is more accurate the smaller
X — to is. This seems to stem, at least partially, from the fact that
more terms are needed in the asymptotic series expansion to find
the smallest term.

The accuracy of the optimal asymptotic approximation
depends on the threshold distribution and the number of
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Snow is a highly porous material with properties that may strongly differ depending on
the environmental conditions. On slopes, the layered snowpack may fail and avalanches
occur. Hence, knowing how snow deforms and fails is essential for understanding and
modeling snow avalanche release and flow. The response of snow to imposed load
or deformation and the failure behavior depends on the rate of the applied load or of
displacement and follows from the complex, foam like, microstructure of snow and the
properties of ice. The mechanical response and failure of snow can well be captured
with fiber bundle models (FBM). We review the use of FBMs for studying snow failure.
In particular, we show how FBMs have been used for studying the micromechanical
processes, such as ice sintering and viscous deformation, to reproduce the results
of snow failure experiments. Moreover, FBMs can reproduce signatures of acoustic
emissions (AE) preceding snow failure, ease the AE interpretation, and shed light on
the underlying progressive failure process.

Keywords: fiber bundle model, snow, avalanche, sintering, healing, viscosity, acoustic emissions, failure

INTRODUCTION

Studying snow failure and its dependency on the rate of the applied load or of displacement is of
particular interest for snow avalanche formation. Among the various types of avalanches, dry-snow
slab avalanches are the most hazardous and cause the largest number of fatalities—at least about
200 per year worldwide (e.g., [1]). Slab avalanches start by a failure nucleating under mixed-mode
loading in a weak layer below a cohesive slab. Once this so-called initial crack reaches a critical size
it propagates within the weak layer across the slope, leading to detachment and downhill sliding of
the slab provided the slope-parallel gravitational force overcomes friction (e.g., [2]). The formation
of this initial crack is still not fully understood for the case of spontaneously releasing avalanches
and a crucial point for modeling avalanche release.

Snow is a highly porous material constituted by an ice matrix formed by ice grains welded
together whereas the pore space is filled with air. The mechanical properties of snow are determined
by its microstructure and the mechanical properties of ice. The loading or displacement rate
dependency of the mechanical and failure properties of snow are believed to be due to two ice
properties: ice sintering—i.e., ice bonds form on contact immediately with bond strength increasing
with time—and the viscous deformation of ice (e.g., [3]).

Fiber bundle models have been widely used for studying snow failure (e.g., [4, 5]). Moreover,
since FBMs replicate the macroscopic mechanical properties and failure behavior of materials
through a large set of single elements with simple mechanical properties, they are an ideal
choice for studying the micromechanical drivers of snow failure. We provide a review of the
use of the fiber bundle model in snow science. We first describe the FBMs that have been
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used for simulating snow failure. Then we describe the inclusion
of fiber healing and viscous fibers in FBM and discuss the
effects of these properties on the bundle mechanics and failure
dynamics. In a third part, we demonstrate how FBMs can
reproduce the results of snow failure experiments. Finally, we
introduce the use of FBMs to study the effects of sound wave
attenuation and of acoustic emissions (AE) for snow failure
prediction and application of AE to provide early warnings for
snow avalanche prediction.

Fiber Bundle Models

Originally developed for studying the strength of cotton yarns
[6, 7] fiber bundle models (FBM) are a family of statistical models
widely used for studying the failure of heterogeneous materials
[8, 9]. In a FBM the material consists of a set of single elements
(fibers) with heterogeneous strengths (Figure 1). An external
load or displacement is applied to the fiber bundle and the single
fibers fail when the load exceeds the strength. For load-controlled
FBMs the load of the failing fibers is redistributed to intact fibers
possibly causing a cascade of further fiber failures. The complex
damage process of the bulk material arises from the interaction of
multiple fibers (load redistribution) and the heterogeneous fiber
strengths representing the material disorder. In the classical FBM
the fibers are assumed to respond in a linearly elastic manner.
The influence of local microscopic mechanisms on the global
failure (i.e., failure of the whole system) can be investigated by
changing the mechanical properties of the fibers [10]. There exist
numerous applications as the study of local load distribution
(e.g., Hansen and Hemmer [11] Hidalgo et al. [12]), creep failure
[13, 14], or fatigue [15]. Moreover, FBMs are used to analyze the
failure process in the context of critical phenomena and phase
transitions [9, 16].

Snow

Snow is a highly porous material (porosity 0.5-0.95) consisting
of an ice matrix with air filling the connected pore space!.
The ice matrix is a continuous structure, as shown by micro-
CT images (Figure 2; e.g., [17]), consisting of welded discrete
ice elements (grains). The snow microstructure (e.g., size, form
and connectivity of the ice matrix elements) strongly influences
the snow mechanical properties (e.g., [18, 19]). Moreover, the
high homologous temperature (i.e., temperature near to the
melting point) of ice under natural conditions leads to peculiar
material properties. The ice matrix undergoes a continuous
recrystallization known as snow metamorphism. The type and
speed of metamorphism depends on meteorological conditions.
At isothermal conditions the crystal shape is first transformed
from dendritic to small rounded particles and later from
smaller to larger round particles, as the water vapor pressure
is higher with higher curvature of the ice surface. This type
of metamorphism generally increases the strength of snow
[20-22]. Faceting (or temperature gradient) metamorphism
is induced by the temperature gradients typically caused by
snow surface cooling due to emission of longwave radiation.

!For wet snow at 0°C, we additionally have water within the pore space. Within
this paper, we consider dry snow only.

Temperature gradients cause vapor transport from warmer to
the cooler ice surfaces leading to the growth of large faceted
and depth hoar crystals if the vapor flow persists (e.g., [23]).
Faceting metamorphism generally reduces snow strength and
can lead to the formation of weak layers. Simultaneously, the
gravitational load induced by the overlaying snow can contribute
to compaction of the snowpack (settlement) and increase of
snow strength.

The large range in porosity and microstructure of snow
leads to corresponding large differences in physical properties.
For example, the elastic modulus spans over several orders of
magnitude depending on density and snow type (e.g., [18]).
Therefore, a great challenge for finding a unified model for
describing the snow microstructure is given by the broad
range of density and snow types. Moreover, the ice particles
bond immediately on contact (sintering) and the bond strength
increases with time [24, 25] allowing to heal damage in the
snow. The increase of bond strength with time is initially fast,
then gradually slows down, but nevertheless continues with time
leading to the increase of strength and stiffness over several days
for new or sieved snow (e.g., [19, 22]).

Finally, the ice is subjected to viscous deformation or creep
(e.g., [26, 27]) leading to snow creep and relaxation of localized
stress. These phenomena result in the highly rate dependent
failure behavior of snow. Whereas under high strain rates
(6 > 1073 s71) snow fails in a brittle manner with very
little deformation before fracture, at low strain rates (¢ <
1073 s71) snow can sustain large strain and undergoes ductile
failure—i.e., large irreversible deformation occurs before failure
or the snow does not fail at all [28]. Sintering is considered
one of the driving mechanism of the rate dependence of
snow failure by some authors [4, 29, 30]. On the other hand,
Kirchner et al. [31] used an open foam model including
viscous deformation and a ductile-to-brittle transition in ice
(at much lower strain rates ¢ = 107° s7!) to reproduce
the ductile-to-brittle transition in snow. Moreover, the stress
and time dependent creep deformation of ice may cause the
relaxation of local load concentrations and influence the damage
process. More recently Lowe et al. [3] developed a scalar model
with rate-dependent, elastoplastic constitutive law and sintering
that correctly reproduces mechanical experiments. Hence, a
combination of the above-mentioned effects contributes to the
ductile-to-brittle transition observed for snow.

Slab Avalanche Formation

Snow avalanches are a serious hazard for human life and
infrastructures in snow-covered mountainous regions around the
world; they cause on average about 100 fatalities annually in the
European Alps [32]. The majority of avalanche accidents are due
to dry-snow slab avalanches (see Figure 3A) [33]. For the release
of a slab avalanche a so-called weak layer below cohesive slab
layers is necessary. Weak layers typically consist of large poorly
bonded crystals (Figure 3B, mainly faceted crystals and depth
hoar, surface hoar, or new snow layers [34]). After an initial
crack of sufficient size has formed in the weak layer, the crack
propagates below the slab due to the stress concentrations at the
crack tip, which is caused by lack of support of the weight of
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variability in fiber strength.

FIGURE 1 | Schematic representation of (A) displacement-controlled FBM in shear [4] and (B) load-controlled FBM in tension [5]. The fiber width illustrates the

P
<

FIGURE 2 | Micro-computed tomography image of a snow sample (Snow
Physics Group, SLF).

the overlaying slab over the cracked area. The critical crack size
when rapid self-propagation starts, depends on both weak layer
and slab properties, primarily the specific fracture energy of the
weak layer and the thickness, density and stiffness of the slab
layers [35, 36]. Crack propagation in the weak layer arrests by
slope perpendicular fracture through the slab (Figure 3B). Once
the slab is detached, it slides downslope if the gravitational force
overcomes the friction, generally for slope angles >30° [37], and
an avalanche is released (Figure 3A).

In case of artificially triggered avalanches the initial crack
is caused by rapid near-surface loading due to e.g., a skier or
an explosion. For natural (spontaneous) avalanches the load
increase is much slower (additional weight due to precipitation
or snow drift by wind), and the initial crack is believed to be
the result of a progressive damage process at the microscale
[34]. The exact processes involved in initial crack formation
are, however, not well-understood. It is therefore fundamental
to increase our understanding of snow avalanche formation by
modeling snow failure.

Models in Snow Mechanics

Snow failure leading to avalanche release is a process involving
different scales with different types of heterogeneity—going from
the snow microstructure, through the vertical variation in snow
properties (stratigraphy), to the spatial variability at the slope-
scale. Modeling snow and avalanche formation requires dealing
with these heterogeneities at the different respective scales.
Generally different models are applied at the different scales.
The microscopic snow structure and ice properties must be
considered for modeling snow mechanical properties and failure
initialization. Snow stratigraphy and mechanical properties of
snow need to be considered for modeling crack propagation
(e.g., [36, 38, 39]). At the slope-scale, spatial variations of snow
stratigraphy and terrain are essential to model avalanche release
(e.g., [40, 41]). More recently, Gaume et al. [2] introduced a
model based on the material point method that can cope with
both snow stratigraphy and terrain variability covering the multi-
scale processes involved in avalanches: from failure initiation and
crack propagation to avalanche flow [42, 43]. However, even these
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Journal of Glaciology with permission of the International Glaciological Society [4].

FIGURE 3 | (A) Dry-snow slab avalanche (R. Pajarola). (B) Snow weak layer (surface hoar) buried below a cohesive slab. On the right side the weak layer is intact. On
the left side the weak layer failed leading to volumetric collapse of the porous structure. The black lines are a schematic representation of the FBM. Reprinted from the

advanced models rely on appropriate parametrizations of snow
including correct failure behavior and rate-dependent response.

Models aiming to reproduce the mechanical behavior of snow
and the failure process have to take into account both the snow
microstructure as well as the mechanical properties of ice. These
models can be grouped into (i) Continuum models that include
some parametrization of the microstructure - e.g. the snow
viscosity model of Bartelt and von Moos [44], the open-cell foam
model for snow [45, 46], or other models considering damage
healing [3, 47, 48]. (ii) Models reproducing the microstructure
in simplified form with discrete elements (beams, spheres) with
some random variations such as the discrete element models
[49-51]. (iii) Models that use the full 3-D representation of
the microstructure obtained by micro-tomography as input for
a finite-element model (e.g., [52-54]). Statistical models as the
FBM belong to the second group of models.

FIBER BUNDLE MODELS APPLIED TO
SNOW

The FBM was first applied to snow by Reiweger et al.
[4]. Incorporating healing of broken fibers representing the
fast sintering of broken bonds in snow, they were able to
reproduce the characteristics of displacement-controlled snow
failure experiments for different strain rates. Capelli et al. [5]
introduced a load-controlled FBM including both healing of
broken fibers and viscous deformation and described the effects
of these two mechanisms on the failure behavior. With the same
model it was possible to reproduce the mechanical characteristics
and the concurrent acoustic emissions (AE) characteristics of
load-controlled snow failure experiments with different loading
rates spanning over the ductile-to-brittle transition [55]. Acoustic
emissions are acoustic waves generated by the occurrence of
damage in solid materials. An example of AE is the crackling
noise produced by wood under load (e.g., [56]). AE are widely
used for monitoring the damage process of heterogeneous
materials (e.g., [57]). Attenuation of acoustic waves is a limitation

for the application of AE for early warning, since it reduces the
detection range and alters the AE signature. Attenuation in snow
is particularly high due to the high porosity (e.g., [58]). The
attenuation of AE is therefore particularly critical for applications
aiming at using AE for early warning of snow avalanches.
Faillettaz et al. [59] used a FBM for studying the effects of
attenuation of AE on the failure prediction and proposed to
use co-detection of AE for natural hazard early warning. Their
FBM results were supported by AE data from snow failure
experiments. In the following sections, we recap the working
principle of the FBMs applied to snow.

Fiber Strength Distribution

The intrinsic disorder of heterogeneous materials (such as snow)
is represented in the FBM by a large number of fibers with
varying strengths (Figure 1). The Weibull distribution, which is
commonly used for strength distributions in statistical models
[8], was also employed in snow models for fiber strength [4, 5,
55]. The density function for the fiber strength oy, is given by:

p (0wl k) = ki Fogt1e” (3, (1)
where g is a scaling factor and k controls the amount of
damage in the system (lower k correspond to larger amount of
disorder). The disorder parameter k should depend on the snow
microstructure. There is, however, no measurement method that
allows determining k, so k must be assumed. Reiweger et al. [4]
looked at the sensitivity to k in the range of 0.5 to 3 on the
FBM and used k = 0.7 for fitting their mechanical experiments.
Further studies used the value k = 1.1 [5, 55].

Displacement-Controlled FBM

In the displacement-controlled model presented by Reiweger
et al. [4] a constant shear rate is imposed (Figure 1A). Assuming
elastic fibers, the stress on the single fibers increases linearly with
fiber strain. If the stress on a fiber reaches its strength, the fiber
fails. Thus, the total stress on the fiber bundle decreases. When
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half of the fibers failed, the entire bundle is considered as broken.
Reiweger et al. [4] introduced a variation to the classical FBM.
They assumed that the fibers are subjected to shear perpendicular
to the initial direction. The fiber elongation Al is then:

Al =B+ Ax* — I,

where Ax is the shear deformation of the bundle and [; is the fiber
length. The stress is then given by:

(2)

Al
o =FEe=E—,
lo

(3)

where E is the elastic modulus. Introducing shear deformation
shifts the stress-strain curve toward higher deformations [4],
since initially the fiber stress increase is slower than for the FBM
with displacement parallel to the fibers (Equations 2, 3).

Load-Controlled FBM

In case of load-controlled FBMs [5, 55], the load on the fibers
is increased step wise to the strength of the weakest fiber that
consequently fails. As a fiber fails, its load is distributed to
the other surviving fibers according to a redistribution rule
(Figure 1B). For the FBM described by Capelli [5] a “democratic”
or “equal” load-sharing rule was used. Meaning that the load was
redistributed equally to the surviving fibers. This is equivalent to
the assumption of stiff plates clamping the fibers and makes the
spatial position of the fibers irrelevant (0 dimensional material).
Other models use local load-sharing rules, where the load is
distributed to the neighboring fibers only [59]. With local load-
sharing rules the fiber position becomes relevant (one or more
dimensional material). Distributing the load of failing fibers
among the surviving fibers can cause a cascade of failures. The
number of fibers failing in a cascade following a failure due to
load increase is expressed as the burst size S. For linear elastic
fibers the bundle strain ¢; is obtained from the sum of the strain
increase at each load increase step up to the step J:

J J 1
€(0) = ijo Aeel,j = Zj:O ﬁ

——
load increase

1
Ao; —_— E 5 (4
U) + UJE ok,] ( )

kes;
———
redistribution

where Uj is the fraction of intact fibers, oy is the load of the fiber
k, and S; is the set of fibers that failed at the load step j.

FBM WITH HEALING FIBERS

When two ice particles are brought in contact, a bond
is immediately created with increasing bond strength with
increasing time [25, 60]. This process, known as sintering, allows
damage in snow to heal with time. The FBM is well-suited to
study the effects of healing on the mechanical properties of snow
as implementing a healing mechanism is quite straight forward.
Healing has been incorporated in FBMs in different ways in
the past, e.g., in the stick-slip FBM the fibers regain strength
immediately after failure [61, 62].

Reiweger et al. [4] were the first to apply a FBM to snow
that included healing of broken fibers (Figure4A). In their

displacement-controlled FBM at each time step At a broken fiber
regains strength with the probability ps depending on the number
of brocken fiber Ny, available for forming a new bond with py

pmax%. The strength of a new bond is initially zero but increases
with time:
.

o, () = (1 - 6‘5“) Oth,i final 5)
fort < t; where t; is the sintering time and oy ; fina1 is drawn from
the same initial distribution.

Similarly, fiber healing has been implemented in the load-
controlled FBM with the probability of a broken fiber to regain
strength during the time At being:

=ar\ N
ps(Af) = (1—6‘1’ )Wb

with the characteristic time t,, [5]. In this case, it was assumed that
the fibers regain full strength immediately.

The fiber healing speed is higher with either lower
characteristic time or lower loading rate. If the characteristic
time in the model by Capelli et al. [5] is compared to that of
Reiweger et al. [4], then the sintering probability in Reiweger
et al. [4] is linear with pp,c = AL The characteristic time

tp,Reiw.

(6)

used by Reiweger et al. [4] for fitting the model to mechanical
experiments was tp Reiw. = pA—t = 0.665s. Capelli et al. [55]

reported a larger characteristic time of healing t, cap. = 20s. The
difference in time scale may be due to the different snow type and
testing mode (displacement- vs. load-controlled). Additionally,
in the model by Reiweger et al. [4] the strength of the new
bonds increases with time. The speed of the strength increase
is controlled by the sintering time t; = 1.09s (Equation 7). A
DEM model for snow including bond sintering on contact with
increasing bond strength using a similar sintering time t; = 1s
was proposed by Mulak and Gaume [50].

Effect of Healing on Mechanical Behavior

and Failure Dynamics
For both displacement- and load-controlled FBMs healing results
in higher stress at equal strain and in higher stress and strain
at failure [4, 5]. Healing counterweighs the damage process as
broken fibers regain strength. The number of intact fibers in
the bundle increases so that they can support a higher load
or, equivalent, a higher load is needed for equal deformation.
Therefore, the material becomes stiffer and has higher strength.
The effects on the failure behavior differ between
displacement- and load-controlled FBMs. For the displacement-
controlled FBM, Reiweger et al. [4] reproduced the
ductile-to-brittle transition of snow with the introduction
of healing. For large displacement rates the healing process is
slower than the damage process and does not affect the bundle’s
failure. After reaching the bundle strength the stress rapidly
decreases and all fibers fails (brittle failure). For low strain rates,
as the damage in the bundle increases and steady-state is reached
(i.e., the damage process is compensated by healing of fibers),
the number of broken fibers remaine constant with increasing
strain and ductile failure is observed (Figure 5). The type of the
stress-strain curve in the steady-state regime is controlled by
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FIGURE 4 | (A) Load evolution for a single fiber when healing is included. The load increases until the strength o 1 is reached and the fiber fails. After a certain
random time, the fiber heals and is assigned a new strength o1, » independent of the previous strength; subsequently it may fail and sinter again. (B) Relaxation of load
on the single fibers toward the mean load (o) for the FBM assuming viscoelastic fibers (schematic in inset). The speed of the load relaxation is controlled by the
characteristic loading time . Figures adapted from [5].

the fiber strength distribution. With higher disorder (Weibull
parameter k < 1), strain strengthening and creep (increase of
strain at constant stress) is observed. Whereas, with low disorder
(k > 1) failure (stress peak) is followed by strain softening and
final creep.

For the load-controlled FBM the steady state is not “visible”
since when the imposed stress exceeds the bundle strength (stress
peak in displacement-controlled strain-stress curve) all fibers
fail. On the other hand, stress control allows observing the
failure dynamics arising as the load sharing causes a catastrophic
cascade of fiber ruptures resulting in the complete failure of
the bundle. In the load-controlled FBM the damage process
diverges approaching failure (e.g., [9, 16]). The fiber failure

rate j—s, which is commonly known as susceptibility, diverges

o

approaching failure at o, with % ~ (0, — 0 )~ % The order
parameter O (o) = U (0.) — U (o) approaches zero following
a power law with O(o) = (0. — o), where U (o) is the
fraction of broken fibers. With healing the amount of damage
(portion of broken fibers) immediately before failure is lower.
Moreover, with healing the exponent o decreases, whereas the
exponent « increases (Figure 6) indicating that the period before
failure, where the damage process accellerate, is shorter—a sign
of increased brittleness. For the FBM the bursts size S is generally
power-law distributed with P(S) ~ st similarly to the
Gutenberg-Richter law for earthquakes (e.g., [9]). Generally, an
apparent decrease of the exponent b toward failure is observed.
This is explained by a truncated power-law distribution P (S) ~
S7Texp (%) with diverging cut-off burst size S ~ A~7 and
A = % (e.g., [63, 64]). The exponents are linked by b =
T+ % Capelli et al. [5] reported a decrease of b with increasing
healing rate when all events were considered, whereas near to
failure the exponent was unaffected by healing. This is equivalent
to a constant exponent T whereas the exponent y increases
with increasing healing rate (Figure 6). In the context of failure
prediction, faster acceleration and lower apparent decrease of
exponent b means that that time lag for prediction decreases and
prediction becomes more difficult, yet not impossible.

FBM WITH VISCOUS FIBERS

As ice is a viscous material, Capelli et al. [5] introduced
ice viscosity in their FBM assuming that the fibers are

Maxwell elements (Figure4B) with the corresponding
constitutive equation:
. _0i G
é=—+— 7
=24 )

where o; is the stress on a single fiber, E is the fibers elastic
modulus and 7 its viscosity. Incorporating viscosity results in the
relaxation of load inhomogeneity in the bundle with time. The
load is redistributed from the older fibers carrying more load to
the younger ones carrying less load. The load of the single fiber i
converges exponentially toward the mean load with:

Gi(t+ AD = (o) + (01 (1) — (0)) e W, (8)

where (o) is the intact fiber mean load, and the ratio between
elastic modulus E and viscosity 7 is the characteristic relaxation
time t, = % determinig the speed of relaxation (Figure 4B). In
the model by Capelli et al. [5] the load inhomogeneity is due to
the healing process, since new fibers initially do not carry load. If
fiber viscosity is included, a viscous term is added to Equation (4)
for the bundle strain €;:

elastic part

] ]
1 1
€ (0) = Z (Aeel,j + Aevisc,j) = Z ﬁAgj + UE Zak)j
=0 j=0 ) " kes
—— ——
load increase redistribution
viscous part
] o)
L, ©)
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permission of the International Glaciological Society [4].
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FIGURE 5 | FBM simulation results with varying shape factor k for the Weibull distributions of single fiber strength: (A) k = 0.5; (B) k = 1; and (C) k = 3. For each
shape factor, stress—strain curves for three different strain rates (1 x 1072, 7.2 x 1075, and 5 x 1076 s~) are given. The vertical arrows mark the point where the
bundle fractures, while the horizontal arrows indicate that the bundle is still intact but the simulation was stopped. Reprinted from the Journal of Glaciology with

The magnitude of the effects of viscosity can be expressed with
the characteristicload o, = o t; = o % Load relaxation and
viscous deformation are higher for low characteristic loads o.

Effect of Viscous Fibers on Mechanical

Behavior

If viscosity is added to the FBM, fiber deformation can be divided
in an elastic and a viscous part. With the Maxwell model for
viscoelasticity, the elastic deformation takes place immediately as
the load is applied, whereas the viscous deformation increases
linearly in time with the strain rate depending on the applied
load (Equation 7). For high values of viscosity or high loading
rate, the bundle deformation is mainly elastic. For lower values
of loading rate or viscosity, the deformation is predominantly
viscous and strain at equal stress is larger than with primarily
elastic deformation (Figure 7A and [5]).

Effect of Viscous Fibers on Failure

Dynamics

Fiber viscosity also has consequences for the internal distribution
of fiber load. The viscous deformation rate is higher for fibers
carrying higher load. Therefore, the fiber load relaxes toward the
mean fiber load, transferring load from fibers carrying high loads
to fibers carrying low loads. This is equivalent to a load transfer
from older fibers to newly healed fibers, since with equal load-
sharing fiber healing is the only source of load inhomogeneity.
The load inhomogeneity in the bundle decreases for lower t;

5 — v : 4
= — v o S
LR SRR L R b4 . ’ K
2.0 1 e T
...... ¥ b
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FIGURE 6 | Critical exponents for different increasing healing speeds. The
healing speed increases with decreasing healing load o, = & fp.

leading to a more efficient distribution of load resulting in a
bundle strength increase [5]. Load relaxation has a large effect
on the failure dynamics. For high load relaxation speed the
acceleration of damage prior to failure is suppressed (Figure 7A).
No divergence of strain rate and fiber failure % is observed;
the order parameter O (o) develops from a power law decrease
approaching failure at o, with O(c) = (o, — o) to a linear
decrease (Figure 7B). Fiber failure burst size distribution is
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FIGURE 7 | (A) Stress-strain relations of FBM for different relaxation characteristic loads o; and a constant sintering characteristic load o, = 1.5 x 1072, The strain
was scaled with the strain at failure e.. The inset shows the strain at failure €. as a function of the relaxation characteristic load o. (B) Evolution of the order parameter
O toward failure for different o, and constant o, = 1.5 x 1072, The characteristic times t, were scaled to characteristic loads with o,/ = & t,. Reprinted from [5].

also affected by load relaxation. Both exponents b and 7 of
the burst size distribution P (S) increase with increasing load
relaxation speed indicating a shift to a larger share of small
failure bursts.

The absence of damage acceleration suggests that load
relaxation changes the type of transition at failure from
continuous to abrupt indicating a change of the universality class.
This interpretation is supported by the change of the power law
exponent t. Load relaxation causes a shift in the distribution
of fiber strength with increasing main strength and decreasing
disorder. Therefore, the fibers are likely to fail abruptly as a
critical load is reached. A similar change in the type of transition
at failure was reported by Biswas and Sen [65] for a FBM where
the load of failing fibers was redistributed according to the
fiber strength.

REPRODUCING SNOW FAILURE
EXPERIMENTS

The FBMs presented above were used to reproduce snow failure
experiments with the aim to investigate the micromechanical
principles governing the macroscopic mechanical behavior of
snow. In particular the FBM allowed to study the rate dependent
mechanical response of snow with the well-known ductile-to-
brittle transition [28].

Displacement-Controlled Experiments

With the FBM including healing Reiweger et al. [4] reproduced
the displacement-controlled snow failure experiments at different
strain rates presented by Schweizer [66]. Their FBM very well-
captured the observed ductile-to-brittle transition (Figure 8)
and reproduced the higher strength and strain at failure with
decreasing strain rate. Both, snow samples and fiber bundle,
showed brittle failure behavior for high strain rates (> 3 x
10~* s71) and for low strain rates ductile failure followed by
strain softening and creep. The stress-strain relations obtained
with the FBM had a convex form at low strain. The convexity

8
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©
o
2. 44
© o experiment, 7.0 x10°s™
o experiment, 2.7 x 107 s
2 - experiment, 6.6 x107 s
simulation, 7.0 x 10° s™
simulation, 2.7 x 10* 5™
0 —— simulation, 6.6 x10° s
| ; < T % T

0.04 0.06

€

FIGURE 8 | Comparison of FBM and experimental results for
displacement-controlled conditions. Reprinted from the Journal of Glaciology
with permission of the International Glaciological Society [4].

is due to the arrangement of the fibers relative to the load.
When the fibers are loaded in shear the fiber stress initially
increases just slowly (Equation 2). The experimental curves
did not show any convexity. The simple spatial arrangement
of the fibers in the FBM can obviously not fully reproduce
the complex structure of the ice matrix. A FBM with load
parallel to the fibers (pure tension) would better fit the
experimental results. Indeed, recent DEM studies suggest that
under mixed-mode loading (compression and shear) the ice
matrix mainly failed in tension [67]. The FBM results support
this view.

Load-Controlled Experiments and
Concurrent Acoustic Emissions

Capelli et al. [55] applied the FBM including healing of broken
fibers and viscous fibers for modeling load-controlled snow
failure experiments at different loading rates (32, 128, and
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FIGURE 9 | FBM and experimental results for load-controlled conditions. The
dotted line indicates the FBM results. Reprinted from [55].

400Pa s~ 1) and the concurrent acoustic emissions [68]. Using
parameters in agreement with the snow values reported in the
literature, they reproduced the main features of the experimental
results. The stress-strain relations found in experiments and
obtained with their FBM were similar with higher stress and
strain at failure and higher strain at equal stress for lower
loading rates (Figure 9). Capelli et al. [55] compared the energy
of the AE with the elastic energy released at fiber failure—i.e.,

they assumed that the elastic energy stored in the fiber failing
Lo}

in a failure burst U S5~ is equivalent to the energy of
measured AE. The FBM exhibited features similar to the loading
rate dependent AE signatures observed for the snow failure
experiments. For both, FBM and experiments, the AE energy rate
increased toward failure and the energy distribution exponent t
was higher for the fast loading rates (Figure 10). Also, Pradhan
et al. [69] claim that the elastic energy exhibits a peak prior to
failure that can be used to predict the failure point of FBM.
The elastic energy is, however, difficult to quantify for the snow
experiments since the displacement measured includes elastic as
well as viscous deformation. However, there were also differences
between FBM and experimental results. For the FBM an apparent
decrease of the exponent b, indicating a divergence of the cut-off
energy of a truncated power law (see section FBM With Healing
Fibers) was present for all loading rates. For the experiments, the
apparent decrease of b was not observed for the low loading rates,
although the exponent at failure r was higher for low loading
rates (Figure 10A). Moreover, the divergence in the damage
process at failure for high loading rates, that is visible in the
strain rate and the energy rate ‘é—g, was not observed in the
experimental results.

The substantial differences in the failure dynamics of snow
for different loading rates could only be reproduced with the
FBM by including both healing of broken fibers and viscous
deformation with resulting load relaxation. It follows that both,
healing and load relaxation, are essential for understanding and
modeling snow failure and should be taken into account in
future models, which aim at reproducing snow behavior at low
loading rates.

ATTENUATION OF AE AND
CONSEQUENCES FOR FAILURE
PREDICTION

The amplitude of acoustic waves propagating in natural media
decreases with distance from the source due to geometrical
spreading, absorption and scattering. Faillettaz et al. [59]
introduced signal attenuation into the load-controlled FBM with
equal and local load-sharing, which was developed by Faillettaz
and Or [70]. The amplitude attenuation was computed for each
fiber failure burst (i) assuming that the amplitude is proportional
to the burst size S and (ii) accounting for geometrical spreading
only (decrease of amplitude with A (r) ~ % for the distance
from the source r). The attenuated amplitude A, of the burst
S; measured at the sensor at position xsnsor is then: A, =
Ziesj m, with x; being the position of the failing fiber
i. Faillettaz et al. [59] showed that attenuation changes the
frequency distribution of the recorded fiber failure bursts. The
apparent decrease of the power law exponent (b — 7) is less
pronounced when signal attenuation is taken into account. The
decrease of the power law exponent is considered useful for
assessing the stability of geological structures (e.g., [63]).
However, for real cases where attenuation is present the
decrease is less prominent and occasionally hard to detect.
Therefore, using the decrease of the exponent as precursor
to failure for early warning purposes is limited. To overcome
this problem Faillettaz et al. [59] proposed the number of co-
detections (event detected by multiple sensor) as precursor to
catastrophic failure, since small events are generally detected by
nearby sensors only, whereas large events may be detected also
by sensors at larger distances. Faillettaz et al. [59] tested the co-
detection method with AE data from laboratory snow failure
experiments [71]. An increase of the AE maximum amplitude
was registered one second before failure, whereas a significant
increase in the number of co-detections was recorded 10 s before
failure increasing the early warning time lag by a factor 10.

CONCLUSIONS

The fiber bundle model (FBM) consists of a large number of
fibers with variable strengths following simple mechanical laws
(e.g., elastic or viscoelastic). Through the disorder and load
sharing (fiber interaction) a complex behavior arises. FBMs are
used to reproduce failure of heterogeneous materials and to
study effects of micromechanical processes on global failure.
For these reasons, the FBM is well-suited for studying the
failure of snow. The displacement or loading rate dependence of
snow failure observed experimentally, in particular the ductile-
to-brittle transition, was reproduced. Whereas, displacement-
controlled experiments were reproduced by including healing,
for reproducing load-controlled experiment both healing and
load relaxation (viscosity) were necessary. In particular, the
loading rate dependent failure dynamics revealed by the AE
signature preceding snow failure were reproduce only with both
healing and load relaxation. Therefore, the results of the FBM
studies on snow point out the importance of considering healing
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FIGURE 10 | Evolution of b-value with increasing load o up to failure at o, for three different loading rates for: the AE energy Eae (A) and the FBM burst elastic energy
U (B). Adapted from [55].

and viscosity for modeling snow, especially at low displacement
or loading rates. The FBM with healing and load relaxation shows
that for low loading rates there is a lack of failure precursors
suggesting that in some cases failure prediction is not possible.

The similarity between the fiber failure bursts in FBMs and
the AE produced prior to failure is useful not just for interpreting
the AE signatures, but can also be used for studying the effects
of acoustic wave attenuation of the recorded AE. Using a FBM
Faillettaz et al. [59] showed that the attenuation reduces the
applicability of AE as precursor to failure. As alternative they
suggested to use co-detection of AE for early warning and
demonstrated the working principle with a FBM [59].

Simplicity is a strength of the FBM since it allows to study the
effects of simple micromechanical drivers on failure. However,
reproducing the complex 3D microstructure of snow is not
possible. Nevertheless, it is important to include the findings
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Spreading of Failures in Small-World
Networks: A Connectivity-Dependent
Load Sharing Fibre Bundle Model

Zbigniew Domanski *

Institute of Mathematics, Czestochowa University of Technology, Czestochowa, Poland

Arrich variety of multicomponent systems operating under parallel loading may be mapped
on and then examined by employing a family of the Fiber Bundle Models. As an example,
we consider a system composed of N immobile units located in nodes of a network G and
subjected to a growing external load F imposed uniformly on the units. Each unit,
characterized by a load threshold ¢, is classified as reliable or irreversibly failed,
depending on whether & is bigger, or respectively smaller, than the load felt by the
unit. A pair of interdependent units is uniquely indicated by an edge of G. Initially all the
units are reliable. When a unit fails, its load is distributed locally among interdependent
neighbors if they are reliable, or is otherwise shared globally by all the reliable units.
Because of the growing F and the loads that are transferred according to such a see-saw
switch between the local and global sharing rules (sLGS), a set of nodes, that holds the
reliable units, evolves as G— &. During the evolution, a subset G- ¢ G emerges that
represents the limiting state of the system’s functionality when the smallest group of n.
reliable units sustains the highest load F.. We concentrate on how the Fiber Bundle Model
and switching Local-Global-Sharing conspire to drive the system toward G.. Specifically,
we assume that {6} are quenched-random quantities distriouted uniformly over (0, 1) or
governed by the Weibull distribution and networks G are the Watts-Strogatz “small-world”
graphs with the rewiring probability p that characterizes possible rearrangements of edges
in G. We have identified a range of values of p, where the mean highest load
fo (N) = {F¢)/N, supported by reliable units, scales linearly with the average global-
clustering coefficient of the host network. Similar scaling holds for <{n.) and {(F./ng).
We have also found that in the large N limit f; (N) —$° > 0O, for all values of p and both
considered distributions of {s};. The symbol (...} represents averaging over {s}; and a
suitable ensemble of networks {G}.

Keywords: failure evolution, fiber bundle model, switchable load sharing, simulations, small-world network,
statistics

INTRODUCTION

Numerous systems, encountered in nature as well as in different areas of science and technology, are
multicomponent, i.e., they are composed of a great number of functionally identical units. When
loaded, the units process a given task in a fully parallel manner. It happens, however, that a unit
becomes overloaded and fails. Its load has to be undertaken by other units, which in turn may trigger
subsequent overloading followed by resulting failures. Such a chain of failures gradually degrades the
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system performance and leads to an avalanche of failures. It may
even happen that the avalanche becomes self-sustained giving rise
to a catastrophe which overwhelms all the units. Different factors
characterize a given system. This is important to identify those
working together that push the system toward the catastrophic
avalanche.

The Fiber Bundle Model (FBM) is a particular case of a wide
class of cascading processes on networks [1]. It offers a flexible
approach to study how multicomponent systems evolve under
varying load [2-8]. The flexibility refers to such aspects as: a)
range and symmetry of interactions among units [9], b) rate of
load’s variation, c) heterogeneity/uniformity of units [10, 11]),
or d) varying quality of units [12, 13], to name a few. The aspects
a) and b) especially refer to ingredients of the FBM that play a
major role when a given system is mapped onto a bundle of
interacting fibers [14]. Exemplary problems, from an ample set
of systems expressed in the FBM framework, cover research
fields that span from geophysics including earthquakes, snow or
landslides, to technology with electrical and mechanical
engineering systems.

In this context, we consider a toy model of failures spreading
in a set of interconnected units. Our model consists of N units
that reside at nodes of an undirected simple graph G whose
edges represent pairs of interdependent units. The units are
either reliable or irreversibly failed, and we assume that an
externally applied load F is distributed identically on all reliable
units. When F starts growing, some units begin to suffer from
insufficient strength to bear the load and they fail. Their loads
remain in the system and are shared either by the nearest
neighboring units, if they are reliable, or by all other reliable
units. If on a given node a failure emerges, this node is removed
from the graph together with corresponding edges, i.e., G is
reduced to G’ ¢ G. This means that under growing F, an initially
connected G evolves toward the empty graph. In other words,
unbounded growth of F pushes the set of reliable units to
extinction. If the growth of F is sufficiently slow, then a
distinct group of reliable units may be selected in the course
of evolution:

GDG(F>0)DG(F>F)D...DG(E.>...>F)-»@ (1)

This group, identified by nodes of G, = G(F.), is the smallest
group of units that remain reliable under the highest load F,, i.e.,a
load F > F, will trigger an ultimate, self-sustained avalanche of
failures that overwhelms the entire system. The chain of
inclusions 1 displays graphs that are stable under consecutive
values of F whereas intermediate graphs, induced exclusively by
loads sharing processes to be precise, are omitted for the sake of
simplicity. We use the subscripts “c” to mark that the load F; is
critical to the systems and that G, represents the smallest non-
empty stable configuration that precedes extinction. We call this
configuration the critical configuration.

Within this work we are interested in questions like: how small
a group of units can be and/or to what extent we can apply the
external load while still preventing the extinction of reliable units.
Subsequently, we apply the FBM to study evolving failure on
“small-world” networks that are omnipresent in life and
technology. Specifically, we will focus on a family of random

Failure Spreading in “Small-World” Networks

graphs generated by the Watts-Strogatz model [15]. The reason is
that such graphs reveal short average path lengths and high
clustering that are key features of social networks [16].

MODEL DESCRIPTION

Take a locally overloaded system which detects a failure of a unit.
In the first instance the system attempts to solve the problem
locally by distributing the load among nearest neighbors of the
failed unit. If such a neighborhood does not exist, the entire set of
reliable units is engaged into sharing the load from the unit being
lost. Such a mode of load transfer yields a significant impact on
the system’s strength. Whenever an island of reliable units
emerges during the evolution, its terminal load is shared
globally by the system. This means that the net load
transferred to reliable units that are located on the outer
island’s perimeter is lower than it would be if the local load
sharing (LLS) rule has been in operation. In consequence, the
switching Local-Global-Sharing (sLGS) mitigates the expansion
of a dominantly large cluster (DLC) of failed units and thus, the
strength of the system becomes higher than that one
corresponding to the LLS rule [5].

In the following, we consider an ensemble of units assigned
to nodes of a graph G and characterized by quenched load
thresholds {s};. Each unit, initially considered reliable, either
stays reliable or switches irreversibly to failed if the load, acting
on the unit becomes higher than corresponding s. Units are not
perfect and differ in their efficiency to sustain the load. Hence,
the corresponding ss are different. For the sake of simplicity we
assume that {5} are quench-random quantities. We employ two
distributions, assuming that thresholds are: i) uniformly
distributed over the segment (0,1) or ii) assigned according
to the Weibull pdf. Specifically, the second distribution is
employed to analyze networks with components of
technological nature.

Watts-Strogatz Model and Small-World
Networks

There exists an ample set of papers that discuss the Watts-
Strogatz model in details [17]. Hence, for the purpose of our
model, it is sufficient to present the simplest exemplary graph and
sketch how its modifications enable a smooth passage from an
ordered network to disordered ones through a multitude of
“small-world” graphs. One such passage is shown in Figure 1.
The presented graphs are generated in two steps:

e aring over N nodes is created and each node is connected
with its k nearest neighbors, k is even.

e for every node with uniform independent probability p, each
edge is rewired to a node that is selected uniformly at
random while avoiding loops and edge duplication.

These steps are illustrated in Figure 1, e.g., the first step
corresponds to the graph with p =0. In simulations we will
employ graphs with k = 4.
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FIGURE 1 | Exemplary “small-world” networks generated by the Watts-Strogatz model with mean node degree k = 4 and growing probability p of rewiring.
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Among the different characteristics of a network, one is
particularly important in the view of our study, namely the
global clustering coefficient C defined as:

3 x number of triangles

= X 2

number of connected triples @
where nodes of a triangle form a 3-clique, and a connected triple
is a tree.

Applying External Load

We have assumed the external load F is distributed identically on
all reliable units. Consider a load f; that locally acts on i-th unit,
out of M reliable ones that are present at a given stage of
evolution. This f; combines F/M with a load generated by
shared loads agglomerated from previous failures that affected
other units. An important feature of such a process is that the
shared loads transferred from failed units and the externally
applied load may together activate bursts of subsequent
failures. The bursts may become self-sustained and they either
eliminate all the reliable units or they cease and freeze the system
in a stable configuration.

We consider a configuration G(F) being stable, if under a
given F all reliable units keep their states unchanged. When no
reliable unit exists the corresponding configuration is the empty
graph &. Along with this notation, {f (F;)}g g, is the pattern of
load detected locally at nodes of G (F).

In order to identify F,, along with the size of the smallest set of
reliable units, we increase the load stepwise, according to the
method known as quasi-static loading. In detail, when F = 0 all
units are reliable and the initial configuration is stable.
Consecutive load steps are adjusted according to the rule: if
F; >0 and the system attains a stable configuration G(F;), then
Fiq1 = Fr + min[{f (F;) - 8}g(g,] will either drive the system to
another stable configuration G (F) or initiate an avalanche of
failures that destroys all still reliable units, i.e., the system reaches
the configuration &.

From this, we derive the stopping rule:

G(F) #ONG (Fu1) = @=F, = FAn. = |G(F))| 3)

where n. = |G (F.)| is the size of G(F,), i.e., the size of the smallest
group of reliable units. We use this rule in simulations.

Load Sharing Rule

The load transfer requires a rule that indicates how a load released
by a failure is shared by other reliable units. We define our rule in
a following way: the reliable network neighbors are obliged to
equally share the load if they are accessible and all the reliable
units acquire the load in the contrary case.

From this definition’s point of view, our rule “dynamically”
switches between two rules, which are known in the FBM
framework as global load sharing (GLS) and LLS. These rules
correspond to two extremal ranges of load transfer. In the GLS
rule, a load originating from a failed unit is transferred equally to
all the reliable units and thus, the range of transfer is maximal.
The LLS rule, in turn, engages only the nearest neighbors of a
node that fails, so the range of load transfer is minimal. As a
consequence, the load distributed according to the GLS rule is the
least harmful for the system, whereas the LLS represents the most
damaging method of the load distribution.

In simulations, we call this rule the SLGS and assume that the
load transfer is an almost instantaneous process that happens
simultaneously. We can mathematically express the sLGS in a
framework for cascading processes on networks [18]. For this
purpose, let Ag be the adjacency matrix of G, whose nonzero
entries Ag = 1 appear only if the units i and j are interdependent
andletk; = ) ﬁ' ; Ag denotes the degree of node i at the stage tg of
evolution characterized by G. With this notation, a fraction of
load f; transferred from the failed unit i to a reliable unit j reads

i1 i1
M= | Ag- £+ (1-45) g | Fo @
where ng represents the number of nodes that fail at the stage tg
and are not neighbors to site i.

Equation 4 has a structure that resembles schemes of load
transfer known from the literature. Namely the mixed-mode load
sharing (MMLS) [19] and the heterogeneous load sharing (HLS)

[20] merge together the LLS and the GLS in order to study a
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crossover behavior in FBM on regular lattices. The MMLS
employs a constant quota g to split each transferred load into
two streams: a portion g of the load goes to nearest neighbors
under the LLS rule and the remaining portion is transferred
according to the GLS rule. Thereby, the MMLS folds the LLS and
the GLS in a manner that both rules are simultaneously activated
in each failure. This is in contrast to the HLS, which in turn
assigns units to two groups in order to discriminate between units
located in “rigid nodes” and those residing in a “flexible” fraction
of the support. If the “rigid” unit fails then the GLS transfers its
load whereas the LLS governs the transfer from the “flexible” unit.
The MMLS and the HLS are static, i.e., the corresponding values
of g and sets of nodes at which g-weighted sharing rules operate
are chosen and fixed prior to loadings. We also want to mention
the modified LLS rule [21]. By employing the scheme
Miei = Ag~ (fi/ki), this rule sheds loads released from isolated
clusters of failed nodes rather than transferring these loads to
remaining intact parts of the system.

It is worth noting that rules, similar to the sLGS have been
applied recently in such contexts as a strategy for stopping failure
cascades [22] or clogging in multichannel supply systems [23].

A Range of Possible Applications

The above-described load sharing rule operating among units
interconnected through a small world network may serve as a toy
model of cascading failures in economy or technology. A general
scenario we have in mind concerns a default initiated by an
unsupported on-site demand that spreads through the system in a
form of a contagion from the defaulter, either to units which are
closely associated or to other ones. Clearly, when a unit switches
into default this affects other units. Depending on the context,
units could be: a) institutions, as, e.g., banks belonging to an
interbank network, b) workers with beneficial loans from a

company, borrowers in micro financial markets or c) elements
of power grids, especially of small scale smart grids. With this
same spirit a load could be seen as a demand, e.g., for liquidity or
electric power. Below we list some basic facts that are relevant to
our model.

Interbank Market

Undirected graphs are suitable to modeling interbank networks,
especially in the context of a financial contagion [24, 25]. Among
representations which are convenient and applied in studies, a
possible one connects a pair of banks by an undirected edge
whenever there exists an interbank liability or claim [25]. When
an ensemble of interdependent banks is mapped onto a graph,
one can analyze its static and dynamic properties. A class of small
world graphs certainly is relevant in this context. It was shown,
e.g., that the interbank market of ~ 900 Austrian banks is a small-
world network [25].

Microeconomy

Many companies offer beneficial loans to its employees.
Specifically, to those suffering financial troubles. These
employees-debtors, being colleagues and friends, are frequently
mutual guarantors and can thus be considered as members of a
resulting social network.

Power Grids

The small world topology is frequently reported as present in
power grid networks [26-28]. This is equally true for large scale
installations involving nationwide power systems in the US or
Europe as well as for medium or small power grids [29, 30].
Particularly, in smart grids of renewable energy sources, such as
small-scale photovoltaic systems or small-wind turbines [31, 32],
the small world topology is beneficial. For example, networks
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corresponds to averaging over 10° samples.

with small world connectivity can significantly enhance their
robustness against different attack by simultaneous increase of
the rewiring probability and average degree [33].

RESULTS AND DISCUSSION

In order to acquire data necessary to build reliable empirical
distributions, we have adopted two computational schemes that
correspond to small and large numbers of units. In the first
scheme, for each N, an ensemble of M; load-threshold
distributions {8;};c(;, ny is generated. Then, for each selected
value of p € [0,1] a separate ensemble {G* (N, p)}-r,.. my Of
Watts-Strogatz graphs G(N,p) is formed and stored. This
means that for each chosen pair (N,p), two corresponding
ensembles {5;},-; y and G(N,p) allow us to probe M;- Mg
different realizations of failure evolution for the uniform as well
as for the Weibull distributions of {6}. To study networks with
N<10% we employ the first scheme with M; = 2500 and
Mg =400. The second scheme involves systems with
1,200 <N <21,600. For each chosen values of (N,p), a set
consisting of 10* pairs ({8;}i.;._n»G(N,p)) is generated. The
two computational schemes allow us to probe 10° or 10%
different realizations of failure evolution for a small or large
N regime, respectively.

We use both computational schemes for uniformly distributed
load thresholds. In simulations with the Weibull distribution we
consider p = 2,3,5 and 8. For all these p we conduct simulation
following the first computational scheme. In the large N limit, we
restrict ourselves to distributions with p = 2 only.

Subsequently, when averaging a quantity Y over either {6} or
{G} alone, we denote the respective mean by Y' and Y9, whereas
the symbol (Y) refers to averaging Y over both ensembles.

Maximal Supported Load and Minimal

Number of Reliable Units

Following the described computational schemes, we have
collected large data sets containing detailed information about
how the maximal load, together with the minimal number of
units, vary when we pass through all pairs {s;},_; 5, G(N,p) of
stored ensembles.

The gathered data turn out to be skewed independently of
what distribution governs {s}. Specifically, the data pointed to F.
are positively skewed whereas the data related to n. reveal
negative skewness. This can be seen in Figure 2 for chosen
values of N and p = 0.2. Interestingly, we were able to fit all
data by one family of probability distributions (p.d.), namely by
the three-parameter skew-normal p.d. [34] defined as:

,,,,,

erfc( - xi") x—u\’

V20 Au
=— 9/ - ) 5
) \2no exp[ < \/§a> ] )
where 4, 0 and « are the location, scale and shape parameters,
respectively.

We have rigorously examined the data sets employing a
number of goodness of fit tests, including the Cramer-von
Mises and Anderson-Darling tests [35] and have accepted
¢(-), Eq. 5, as the distribution that best fits the empirical
distributions of F/N and #n./N. A selection of correct
distribution for gathered data sets is an important task.
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data point.

Appropriate methods exist to establish confidence sets and
perform hypothesis tests, including an universal procedure
[36]. In this regard we should mention that a substantial
portion of our data sets is satisfactorily modeled by the three-
parameter Weibull p.d. also. We opt, however, for representing all
data by Eq. 5 because the skew-normal p.d. works correctly for
almost all data sets and for those when both models are

0.80 1.0
4 1T ~rr 17171 17 17 71T T 71T 71
{0}: Weibull distribution, 0=2

p=0.02 . . s
020 040 p 080

-8

FIGURE 7 | Amplitudes Ay, (Inset) and B,, of f; in the large N limit for
systems with {8} governed by the Weibull p.d., see Eq. 8. Each data point
results from an averaging of over 10* samples.

acceptable, the skew-normal p.d. returns higher values of
maximized likelihood function and greater p-values than the
Weibull p.d.

We have also estimated values of the parameters y, o and a.
The gathered data yield estimate functional dependences of y, o
and « on model parameters N, p and p. As an example, consider
empirical p.d. of F./N related to different values of rewiring
probability p € [0,1]. The corresponding skew-normal p.d.
reads:
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We have directly written that », o and « are functions of N
and p whereas parameters characterizing distributions of {s} are
omitted. We have estimated the functional dependences of
these coefficients on model parameters. For instance, in
Figure 3, we present how the location parameter y varies
with p, while keeping constant values of N. The resulting
fitting function turns out to be a polynomial of the third
order in p.

Since the location parameter yp grows with p and F/N is
positively skewed (ar >0) then the corresponding mean (F)./N
increases. This is because (F.)/N = up + V2« ap - op/\/n(1 + a?).
Similar calculations yield estimators related to n. and F./n.. As an
example, an average critical number of units {n.)/N is presented
in Figure 4 for uniformly distributed {s}. Data related to the
Weibull distribution with exemplary values of p are displayed in
Figure 12.

It should be pointed out that when p is growing, the resulting
networks become more and more disordered and the
probability that a given node has a low degree increases.
Hence, the sLSG activates all the reliable units more
frequently than it happens in networks generated with a
small value of p.

(6)

Failure Spreading in “Small-World” Networks

Large N Limit

Even though the applications mentioned in Section 2.4 refer to
networks composed of about 10>~10* units, it is worth addressing
the questions on how the sLGS drives a very large system and how
such the system converges to attain its ultimate strength. In the
following we report relevant details.

It is known that the LLS model on a complex network behaves
similarly to the GLS model giving rise to a non-vanishing critical
strength f, in the large N limit [5]. Formally, the family of Wats-
Strogatz graphs covers the spectrum of networks ranging from
the locally regular (p = 0) to the maximally disordered (p = 1)
ones. The locally regular network is the only exception in this
family because under the LLS the strength f. decays
as ~ 1/log(N). Is this thus obvious that, the sLGS, by
switching between the LLS and the GLS, does the same?

Based on results of simulations of large-N systems, we have
found that: i) f. — £ >0, ii) > depends quantitatively on p and
{0} g, and iii) > depends qualitatively on probability distribution
that generates {s},. For the uniform p.d.

fi'(z = 1/log(N).p) ~ f° (p) + A (p) - 2 )
while for the Weibull p.d. the best fit reads

£ (z=1/log(N), p,p) ~ £:° (b, p) + Aw (pp) - 2+ Bu (p.p) - 27,
(8)

where the subscripts u and w stand for the uniform and Weibull
distributions, respectively. The estimated system’s strength >
and the exponent « are displayed in Figure 5. Correspondingly,
for the Weibull p.d. fo° is presented in Figure 6 whereas the
amplitudes A,, B,, are shown in Figure 7.

These plots illustrate a variety of ways in which f. converges
toward f°. For both distributions of {s}, the locally regular
network (p =0) sustains £ >0. For small values of p the
ultimate system strength rapidly decreases, attains its
minimum and then increases. Until p ~ 0.2 the growth of f, is
fast, then moderate, until p ~ 0.5. For p > 0.5 the strength varies a
little and saturates around value 0.77 x £ (GLS), where
fX(GLS) is the wultimate strength for the GLS rule,
i.e, £ (GLS) = 0.25 for uniformly distributed {5} and f° (GLS) =
(p-e)’”” for the Weibull distribution. As shown in Figure 7,
except for p< 0.003, the amplitude B, is negative up to
0.11<p’<0.12, then becomes positive. This means that
f¥(1/log(N)) is concave down for p < p». Therefore, the speed
of convergence of f* (1/log(N)) grows when 1/log(N) tends to
zero. Passing p’, the function f becomes concave up and the
speed of its convergence toward f°° slows down.

A deep minimum of f° at p ~ 0.06, seen in Figure 5, and
correspondingly that of f° at p ~ 0.02, displayed in Figure 6,
result from an interplay between a slightly perturbed order of the
locally regular network and the activity of the GLS-component of
the sLGS rule. This can be qualitatively explained by adopting
arguments formulated in [5]: (i) when a complex network is
progressively loaded, the FBM with the LLS rule behaves as the
GLS model because clusters of failed units appear, continuously
grow and glue into a DLC, (ii) due to the small-world effect,

™)
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TABLE 1 | Estimated coefficients in Eq. 9: {Y) =u+w- (1 -¢& -p)3, for systems
with N = 100 units and uniformly distributed ds.

Y u w 13

(Fe)IN 0.2309 + 0.002 -0.0120 + 0.02 1.039 + 0.032
(ney/N 0.5802 + 0.004 0.0569 + 0.002 0.707 + 0.078
(Fo/ney 0.4042 + 0.002 -0.0519 + 0.0015 0.734 + 0.061
(o 0.0358 + 0.0004 0.4605 + 0.0008 1.099 + 0.007

reliable units remain closely to each other and to the DLC and
thus, the system resembles the GLS model, (iii) on an ordered
network which is spatially uniform, clusters of failed units
originate and extend in an equal condition and the DLC
emerges abruptly. Now consider the argument (iii)
conjunction with the sLGS rule engaged on a network with
p ~ 0. Since the network is almost regular and highly clustered
the LLS component prevails over the GLS one in the early stages
of the loading process. The sLGS rule with its frequently activated
LLS component continues operating until the network becomes

in
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fragmented. Then, the GLS component starts to allocate
terminal loads from failed fragments to units that are still
reliable. From there, the process behaves similarly to that
with the GLS rule. Contrary to the case of the LLS rule, the
resulting system strength does not vanish. It is, however, smaller
than that corresponding to the GLS rule. When p increases, the
arguments (i) and (ii) come into the picture. First,
for 0.01 < p< 0.1, the average path length begins to decrease
whereas networks are still highly clustered albeit no more locally
ordered. Even that such conditions support a gradual DLC
emergence, the average path length is not sufficiently small
to facilitate the DLC growth. This, combined with the lack of
local ordering favor the LLS component activity on clusters
bigger than those appearing within an almost ordered network.
In consequence, the system strength passes through its
minimum. Networks with p roughly bigger than 0.1 enter a
scenario characterized by the argument (i). The sLGS differs
from the LLS, however. As it was already stated in the beginning
of Section 2, whenever an island of reliable units appears its
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TABLE 2 | Estimated coefficients in Eq.

<Y> a100 b1o0 P~.P")100
(FeY/N 0.232:35%1 -0.0255*595% (0.02,0.60)
(ney/N 0.5865%! 0.120755% (0.12,0.40)
(Fe/noy 0.39873591 -0.105759%2 (0.12,0.50)
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FIGURE 10 | Mean strength of the system vs. mean global clustering
coefficient for growing number of units. The linear scaling (11) between the
ultimate strength £ and Co, = (1 - p®) is clearly seen.

terminal load is transferred by the sLGS to all other reliable units
and not to the closest ones. This inhibits the DLC growth and
increases the system strength correspondingly.

Within our numerical approach, it is difficult to precisely
estimate f*** in the very close vicinity of p = 0. For this reason, we
were unable to analyze the continuity of f when p—0.
Therefore the question arises whether £, (p = 0) is an isolated
point of the ultimate system strength.

Internal vs. External Load From a

Reliable-Unit’s Point of View
When considering its future reliability, a prospective unit behaves
as an outer observer whose forecast is limited to the external load
F. When entering the system, the unit is confronted with an
internal-load impact. It is thus worth discussing to what extent
these two points of view differ.
We have assumed that during the evolution, the external load
F is distributed identically on reliable units and is growing
stepwise along the rule that was discussed in Subsection 2.3.
Having initially Gy # &, Fy = 0, {f (0)}g, = {0}g,, the rule yields
consecutive F;:

Failure Spreading in “Small-World” Networks

10: (YY) =any + by - C}i, N =100 and 600, {6}: distributed uniformly over (0O, 1).

ae00 beoo (P~.P" )s00
0.2127+3.35% -0.03953.55% (0.10,0.38)
0.5924+5,35% 0.21303.9%¢ (0.10,0.38)
0.3579:595%8 -0.16407359 (0.24,0.40)

if G(F,) # & then

F.i = F, +min[{8 - f (F,)}
else

F. = FiAn, = |G(F))|
end if

G(Fr)]AG (Fy) =» G(Fn) € G(F,)

This iterative chain involves successive patterns of local load
{f (F)}g(r, that are strongly affected by the load-sharing rule,
i.e., the mLGS in our case.

Now, consider #; units that are reliable at the stage t of the
evolution. Let us choose one of them, say the i-th unit. This means
that ¢; > f;, where f; is the local load at node i. When F; — F;,; > F;
then n; —ny <ny and the pattern of local load becomes
{f (F1)}g(p,,» The state of our chosen unit is now
determined by the difference between the quenched value of ¢;
and the updated f;. While &; remains unchanged, the updated f;
increases because of a growing F;,1/n;1 > F;/n; and new shared
loads, possibly assigned to the unit at the stage t. Clearly, internal-
load distributions are subject to non-trivial variations that can be
observed during the evolution.

It is important to make a distinction between impacts of
external and internal loads on units. To obtain a closer look at
these different impacts, we compare F;/n; with {f (Fy)}gz, for a
given network G (F;) in the course of evolution. As an illustrative
example, we compare the impacts at critical configuration
resulting from averaging over 10° samples. Figure 8 displays
<Fc>/<”c> and <{f(Fc)}gL.> = <Fc/nc>~

Analyzing computed values, we detect that the mean internal
load prevails over the mean external one for all values of p. In
networks with N ~ 102, the relative difference is of the order of 0.01
and thus, is relevant to a prospective unit. Such a difference should
be taken into account when forecasting long-term reliability,
especially when considering units with low values of their ss.

Small-World Properties at Critical

Configuration

When the sLGS rule is in operation, a load is assigned according
to accessibility of reliable units, i.e., either locally or globally. If the
hosting network reveals a relatively strong local connectivity, then
the sLGS looks like the LLS.

A lasting presence of reliable nearest-neighbours depends on a
connectivity of an underlying network. Independently of the
value of rewiring probability p, random graphs generated by
the Watts-Strogatz model preserve the number of edges and
mean-node degree. This means that when p grows, we pass from
ordered to disordered networks, keeping the numbers of nodes
and edges unchanged. For intermediate values of p, the resulting
networks turn out to be locally clustered, whereas randomly
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rewired edges reduce the mean path lengths. Thus, there exists a
range of p, where networks belonging to {G, (N, p)} resemble a so-
called “small-world” environment, i.e., they reveal a relatively
strong clustering and a short mean path length.

We thus expect that the “small-world” properties would mark
their presence in data sets related to F,n, and F./n.. When
analyzing the data together with values of the global clustering
coefficient C, defined by the Eq. 2 and computed for
corresponding networks, we notice that for a given value of N,
formula

YY(p)=u+w-(1-&-p) (9)

best fits the quantity (Y) that represents the following mean:
(F/n:y,{(F;) and {n.). Detailed information is presented in
Table 1. Because the same fit (9) also holds for Eg(N, p) we
can relate (Y) directly to c’. Interestingly, it appears that the
corresponding relation is linear for a range p € {py,p}} that
depends on N, namely:

(YY=a+b.C° (10)

Figure 9 displays respective relations for systems with
uniformly distributed {6}. Appropriate coefficients are
presented in Table 2. In the large N limit, the relation (10) is
valid for uniformly distributed {6};. An example of such
persistence is shown in Figure 10 where for p € (0.14,0.44)
the ultimate strength scales linearly as:

12 =

with Co = (1/2) - (1 - p)’ [37]

When sets {s}; are drawn from the Weibull distribution the
relations (9) and (10) are present in systems with N ~ 102, see
Figure 11. When p > 5 the relation (10) disappears gradually with
an increase in N, as it is shown in Figure 12. This indicates that
when p grows an ascending degree of order among load
thresholds homogenizes the system and suppresses the linear
relation between network’s clustering and system’s strength.

(0.1982 + 0.0013) — (0.089 + 0.007) - Coo,  (11)
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It should be noticed that the expressibility of {-) in
Cg (N,p) is not due to a kind of approximation or
simplification that come from beyond the model but reflects
a role that the small world structure of networks plays in
maintaining functionalities of systems with strong to moderate
load-threshold-disorder. It is also worth mentioning that the
presented scaling results from: (i) the sLSG rule that allocates
loads and (ii) the quasi-static method of load’s growth. It
remains to be verified whether the scaling (10) is valid for other
loading schemes.

SUMMARY

We have investigated the evolution of failure among units that
live at nodes of “small-world” networks and are exposed to a
growing load. By introducing the sLGS rule of load transfer,
which switches between the LLS and GLS rules depending on
the accessibility of local interdependent nodes, we were able to
mimic unit failures, and thus follow the evolution of the system
toward the limit of its functionality. In particular, by

employing the Watts-Strogatz random graphs to simulate
the networks, we have collected data sufficient to form
empirical distributions of the maximal load F,, that would
be safely supported by the minimal number #, of reliable units.
These quantities have turned out to be skewed and adequately
fitted by appropriate skew-normal distributions. The obtained
distributions reflect: i) how F,, n. and F./n. depend on number
of units, and ii) how strongly they are affected by an amount of
a network’s disorder, which is controlled by the rewiring
probability p with which the links among interdependent
nodes are modified.

The simulations show that if p is within the range of values
given in Table 2 then (F.), {n.) and (F./n.) are linearly related
to the global clustering coefficient averaged over the set of
employed graphs. It should be noted, however, that even
though our model sits on the Watts-Strogatz “small-world”
networks, the obtained results are insensitive to the mean
shortest path between pairs of nodes. This due to the sLGS
rule that engages either the nearest-neighbouring nodes of a
given node or all the other ones. Therefore, no distribution of
distances appears in the presented results.
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We are conscious of the fact that our simplified model of

failure evolution involves some less realistic assumptions. Among
the most serious is that we have considered each link between a
pair of units as a reciprocally profitable relation. The other less
strict assumption is that we allow the load thresholds be
identically distributed. Our model can be tailored to fit a
particular realistic scenario, e.g., by employing directed graphs,
we would prevent some less reliable units from being
interdependent.
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The Three Extreme Value
Distributions: An Introductory Review

Alex Hansen*

PorelLab, Department of Physics, Norwegian University of Science and Technology, Trondheim, Norway

The statistical distribution of the largest value drawn from a sample of a given size has only
three possible shapes: it is either a Weibull, a Fréchet or a Gumbel extreme value
distributions. | describe in this short review how to relate the statistical distribution
followed by the numbers in the sample to the associate extreme value distribution
followed by the largest value within the sample. Nothing | present here is new.
However, from experience, | have found that a simple, short and compact guide on
this matter written for the physics community is missing.

Keywords: extreme value statistics, statistical analysis, Weibull analysis, Gumbel distribution, Frechet distribution,
Weibull distribution

1 INTRODUCTION

Extreme value statistics offers a powerful tool box for the theoretical physicist. But it is the kind of
tool box that is not missed before one has been introduced to it—perhaps a little like the smart phone. It
concerns the statistics of extreme events and it aims to answer questions like “if the strongest signal I
have observed over the last hour had the value x, what would the strongest signal expected to be if
measured over hundred hours?” Furthermore, if I divide up this hundred-hour interval into a hundred
1-h intervals, what would be the statistical distribution of strongest signal in each 1-h interval?

It is the latter question which is the focus of this mini-review.

There is no lack of literature on extreme value statistics, see e.g., [1-5] or simply google the
term. We find it used in connection with spin glasses and disordered systems [6], in connection
with 1/f noise [7], in connection with optics [8], in connection with fracture [9] or the fiber
bundle model [10], in diffusion processes [11] etc. There are plenty of examples from diverse
fields of physics.

So, there is no lack of material for the novice that has seen a need for this tool. The problem is that
it is not so easy to penetrate the literature, which is often cast in a rather mathematical language
which takes work to penetrate. The aim of this mini-review is to present the theory behind and the
main results concerning the extreme value distributions in a simple and compact way. We will
present nothing new. For a longer, wider and more detailed review of extreme value statistics, Fortin
and Clusel [12] or Majumdar et al. present exactly that [13].We have a statistical distribution p (x)
and its associated cumulative probability

P(x) = Ji p(x)dx', (1)

which is the probability to find a number smaller than or equal to x. We draw N numbers from this
distribution and record the largest of the N numbers. We repeat this procedure M times and thereby
obtain M largest numbers, one for each sequence. What is the distribution of these M largest numbers
in the limit when M — oo, which then defines the extreme value distribution?

Frontiers in Physics | www.frontiersin.org

L] December 2020 | Volume 8 | Article 604053


http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2020.604053&domain=pdf&date_stamp=2020-12-10
https://www.frontiersin.org/articles/10.3389/fphy.2020.604053/full
https://www.frontiersin.org/articles/10.3389/fphy.2020.604053/full
http://creativecommons.org/licenses/by/4.0/
mailto:Alex.Hansen@ntnu.no
https://doi.org/10.3389/fphy.2020.604053
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2020.604053

Hansen

It turns out that depending on p(x), the extreme value
distribution will have one of three functional forms:
o The Weibull cumulative probability
~C0% foru<0
O(u)=1° ’ 2
) { 1 foru>0, @

where we assume « > 0. Note that ® (—co) = 0. The corresponding
Weibull extreme value distribution is

_ el - (—w® f 0
s {"NTT S o
e The Fréchet cumulative probability
O (u) = 0 foru<o, ()
“le*" foru>o.

Also here we assume «>0. Note that ®(0co) = 1. The Fréchet
extreme value distribution is

0 foru<o,
¢ = {(xu‘“e”u for u > 0. )
e The Gumbel cumulative probability
d(u)=e*", (6)

where —co<u<o00, so that ®(-00) =0 and @(0o) = 1. The
corresponding Gumbel extreme value distribution is given by

d(u)=e"*". (7)

The questions are 1. which classes of distributions p(x)
lead to which of the three extreme value distributions and 2.
what is the connection between x and u in each case? It turns
out that.

o distributions ~ where p(x)=0 for x>x and
p(x) ~ (x0 — 2! as x —x;, see Eq. 10, lead to the
Weibull extreme value distribution,

o distributions where p(x) ~ x™! as x — 00, see Eq. 24 lead
to the Fréchet extreme value distribution,

e and distributions where p (x) falls of faster than any power
law as x — 00, see Eq. 53 lead to the Gumbel extreme value
distribution.

Furthermore, we will find that.

o for the Weibull extreme value distribution, u is given in
terms of x in Eq. 13,

o for the Fréchet extreme value distribution, u given in terms
of x in Eq. 27,

Three Extreme Distributions

o for the Gumbel extreme value distribution, u is given in
terms of x in Eqs 51 and 43.

We summarize these results in Table 1.

The discussion that will now follow, will be built on the
following relation. We draw N numbers from the probability
distribution p(x): x1,%2, '+, xn. The probability that all the N
numbers are smaller than or equal to a value x is

N
Prob[xlgx,ngx,---,xNSx]:lj p(x’)dx’] =Px)",

®)
where P (x) is the cumulative probability 1. Our task is to figure
out the limit Prob[x; <x,% <x, -+ xyv <x] = P(x)N > o (u) as
N — 00, and what is u = u(x) as we approach this limit.
Rather than the conventional approach (see e.g., [10]) to this
subject based on the Fréchet, Fisher and Tippett stability criterion
[1], T will base the entire discussion on the relation
(1 + i) =e".
N —- o0 N

lim

)

I believe this to be the simpler and more intuitive way.

2 WEIBULL CLASS

We consider here probability distributions p (x) having the form

ba(x — x)*"

o= e

where b is positive. We note that 0 <a <1 leads to a diverging
probability density as x — x;. We furthermore note that o« =1
implies that p (x) approach a constant when x — x; — which for
example is the case when the distribution is uniform. The
corresponding cumulative probability is given by

forx — xg,

10
for x > xo, (10)

1 for x > xy,
1-b(x— x)* forx—x;.

P(x) = { (11)

The extreme value cumulative probability for N samplings is
given by

P(x)" = [1-b(x - x)T, (12)
for x — x;. We introduce the variable change
u
et 13
X0 (bN)l/a ( )

where the reader should note that b is defined by the original
distribution 10. Equation 12 then becomes

(~w)* "
|

P(x)N = [1 - (14)

In the limit of N — oo, this becomes
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TABLE 1 | Summary of main results.

p(x)
Weibull ba(xg —x)*" for x —x;
0 for x = xp
Fréchet bax=! for x — co
Gumbel f' (x)exp[-f (x)] for x — co where d[1/f' (x)]/dx — 0
— 1 N _ (-
O(u)= lim P(x)" =e R (15)
N—- oo

for negative u. Hence, we have that

-0 foru<0
D) =1° > 16
() { 1 foru>0, (16)

which is the Weibull cumulative probability, valid for all values of
u even though we only know the behavior of p (x) close to x¢. The
Weibull probability density is given by

o (u) _ { a(-uw) e " foru<o, (17)

¢(u) = du 0 foru>0.

We note that the Weibull distribution resembles a stretched
exponential. This is correct for a« < 1. However, a > 1 is much more
common in the wild.

We express the Weibull cumulative probability in terms of the
original variable x using Eq. 13,

D (u) = O((BN)* (x = x0)) = e ™ =D (x).  (18)

Hence, in terms of the original variable x, the Weibull extreme
value distribution becomes

b (x) = dq;(cx) = Nba(—x)* e NoGo=" (19)

2.1 Weibull: An Example

We now work out a concrete example. Let us assume that p (x) is
given by

0 forx <0,
p(x) = (x(l — x)o‘_1 for0<x< 1, (20)
0 forx>1,

i.e, b =1andx, = 1in Eq. 10. The cumulative probability is then

0 forx <0,
P(x)=41-(1-x)* for0<x<l, (21)
1 forx> 1.

From Eq. 19 and we have that

¢ (x) = Na(1 - x)* e N7, (22)

Three Extreme Distributions

¢ (u) u=u(x)
a(-u)* e " foru<0 u= (bN)"* (x - xo)
0 foru>0
au e U™ for u>0 u = (bN)~"*x
0 foru<O
exp[-u-e™] for —co<u<oo u =Np(Xn) (x —xn) Where P(xy) =1-1/N

We show the distribution 20 with a = 3 together with the
corresponding extreme value distributions for N =100 and
N =1,000, Eq. 19 in Figure 1A.

Using a random number generator producing ITD numbers' r
uniformly distributed on the unit interval, we may stochastically
generate numbers that are distributed according to the
probability density p(x) given in 20. We do this by inverting
the expression P (x) = r, where the cumulative probability is given
by 21. Hence, we have

x=1-r" (23)

where we have also used that r may be substituted for 1 — r in 21. We
generate a sequence of sequences of numbers using this algorithm,
each sequence having length N. We then identify the largest value
within each sequence. We chose N = 100 and N = 1, 000, in each
case generating 107 such sequences. The histograms based on the
random numbers themselves, and of the extreme values for each
sequence of length either 100 or 1,000 we show in Figure 1B. This
figure should be compared to Figure 1A.

The Weibull distribution, Eq. 17 is much used in connection
with material strength [15]. This is no coincidence. Consider a
chain. Each link in the chain can sustain a load up to a certain
value, above which it fails. This maximum value is distributed
according to some probability distribution. When the chain is
loaded, it will be the link with the smallest failure threshold that
will break first causing the chain as a whole to fail. Hence, the
strength distribution of an ensemble of chains is an extreme value
distribution, but with respect to the smallest rather than the
largest value. The link strength must a positive number. Hence,
the link strength distribution is cut off at zero or some positive
value. The distribution close to this cutoff value must behave as a
power law in the distance to the cutoff, e.g., due to a Taylor
expansion around the cutoff. The corresponding extreme value
distribution, which is the chain strength distribution, must then
be a Weibull distribution.

3 FRECHET CLASS

We now assume that the probability distribution p (x) behaves as

—a—

! for x — 00, (24)

p(x) = bax

'IID variables. Independent and identically distributed random variables, a
terminology used in some communities.
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p(x)
12
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4
2
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p(x)
12
10
8
6
4
2
0 X
0.0 0.2 0.4 0.6 0.8 10 12
FIGURE 1 | (A) The curve that has its maximum at x = Qs the probability
distribution 20 with a = 3. The curve that has its maximum in the middle is
fp(x), Eq. 22 with N = 100 and the curve that has its maximum to the right is
(Z)(x) with N = 1,000. (B) The histograms shown here are based on data
according to the probability distribution 20 with « = 3. The histogram having its
maximum to the left shows all the generated data. The histogram having its
maximum in the middle shows the largest number among each sequence of
numbers of length 100, and the histogram having its maximum to the right
shows the largest number among each sequence of numbers of length 1,000.
We generated 107 sequences for both cases.

and the corresponding cumulative probability behaves as
P(x) =1-bx“forx— oo. (25)
The extreme value cumulative probability for N samplings is
given by
P(x)N = [1-bx, (26)
for x — co. We introduce the variable change
x = (bN)"u, (27)

where b comes from the original distribution 24. We now plug
this change of variables into Eq. 26 to find

PG = [1-b( 60" u) | = [1 —“%]N. 28)

In the limit of N — 0o, this becomes

«

®(u) = lim P ()N =e™", (29)

where u >0 is given by Eq. 27. We see that (1) — 0 as u — 0*.
Furthermore, for u <0, the function is no longer real. Hence, we

Three Extreme Distributions

p(x)

30

25

2.0

15

10

0.5

0.0 X

5 10 15 20
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0.5
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FIGURE 2| (A) The curve that has its maximum at x = 1 is the probability
distribution 34 with a = 3. The curve that has its maximum in the middle is
(L(x), Eq. 36 with NV = 100 and the curve that has its maximum to the right is
¢ (x) with N = 1,000. (B) The histograms shown here are based on data
according to the probability distribution 34 with « = 3. The histogram having its
maximum to the left shows all the generated data. The histogram having its
maximum in the middle shows the largest number among each sequence of
numbers of length 100, and the histogram having its maximum to the right
shows the largest number among each sequence of numbers of length 1,000.
For each sequence length, 107 such sequences were generated.

define @ (1) = 0 for u < 0. The ensuing extreme value cumulative
probability is then given by

0 foru<o,

@ (u) = {e'“a foru>0, (30)

which is the Fréchet cumulative probability. The Fréchet
probability density is given by

o (1) 0
") au

foru<o.
du “ e foru>0.

¢ (u) = (31)

We express the Fréchet cumulative probability in terms of the
original variable x using Eq. 27,

X

=2 Gy

> =™ = O (x). (32)

Hence, in terms of the original variable x, the Fréchet extreme
value distribution becomes
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(33)

3.1 Fréchet: An Example

We consider the distribution

0 forx<1,

ax %! forx>1, (34)

o |
The corresponding cumulative probability is given by

0 forx<l,

P(x) = { 1-x% forx>1. (35)

Using Eq. 33, we find the corresponding Fréchet extreme value
distribution to be

<;5(x) = Nax * eV, (36)

valid for all x > 1. We show p(x) and the corresponding ¢ (x) for
a=3and N =100 and N = 1,000 in Figure 2A.

In order to compare with numerical results, we generate
numbers distributed according to 34 by solving the equation
P(x) = r where r is drawn from a uniform distribution on the unit
interval. From Eq. 35, we get

—1/a.

xX=r (37)

We generate a sequence of numbers using this algorithm,
grouping them together in sequences of N = 100 or N = 1, 000.
We generate 107 such sequences. The histograms based on the
random numbers themselves generated with Eq. 37, and of the
extreme values for each sequence of length either 100 or 1,000 we
show in Figure 2B. This figure should be compared to Figure 2A.

4 GUMBEL CLASS

We now assume we have a probability distribution that takes the
form

p(x) =f (W)l

where f' (x) = df (x)/dx. We have that x; is any number, positive
or negative, and f (x) is an increasing function of x. We will later
on introduce a sufficient criterion imposed on p (x) to produce
the Gumbel distribution, see Eq. 53. This criterion is equivalent to

f (x) fulfilling

for x > x,, (38)

df 1
lim — =0. 39
xL%dx(f’(x)) (39)
This criterion is e.g., fulfilled by any polynomial f (x).
The cumulative probability is
P(x)=1-¢/@ forx>x,. (40)

Three Extreme Distributions

We do not care about the form of p(x) or P(x) for x <xq.
The extreme value cumulative probability for N samplings is
given by

PN = [1-e7W], (41)
for x > xy. We introduce the variable change
u=f(x)=f(xn)s (42)
where xy is given by
1
P(.xN) =1- N, (43)

Even though xy is defined by 43, we may interpret its meaning.
We do so in the conclusion, see Eq. 71. From Eq. 40 we then have
that

f(xy)=In N. (44)
Let us now define
Ax = x — xy. (45)
We then expand f (x) around xy,
£ (x
f(x) =f(xy +Ax) = Z%Ax”, (46)
n=0 °
where f(”) (x) = d"f (x)/dx". If we now set
1
Ax=——, (47)
f(xn)

so that the first order term in the expansion becomes constant as
N increases, we will have that

, < f("> (xn) | _ v f<") (xn)
f (on)Ax + Zz — A=l ZZ T o) (48)
Hence, if we have that
f(") (xn)
=0, 49
NE%o f(an)" (49)
for n>2, then in this limit, we will find
Fx) =f(xn) +f (xn)Ax = f (xn) + 1 (50)
where we define
u=f"(xn)Ax = Np (xn) (x — xn). (51)

Here we have used Eqs (40) and (44).

4.1 Sufficient Criterion for the Gumbel Class
If we combine Eq. 49 for n = 2 with Eqs 38 and 40, we find

o £ 1[1—P<x)] o
PO .,

Naoof’ (XN)Z - NHOOdX

(52)

which is equivalent to
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d [1—71’(’0] “0 (53)

lim — e

xﬂoodx

Equation 53, which is equivalent to Eq. 39, is in fact a
sufficient condition for 49 to hold for all n>1. We may show
this through induction. We have that

f(n+l) (x) ~ 1 i(f(n) (x)) .
et f ) de\ f (0"

If condition 52 is fulfilled, that is when the expression above is
zero in the limit x — co for n = 2, we also have that

(3)
lim f (x}) =0
¥ ()
since both terms on the right hand side of Eq. 54 are zero in this

limit. We now assume Eq. 49 to be true for some n> 3. We then
have that

f(n) (%)
f, (x)n+2‘

(54)

(55)

im LGN (56)
N—oo f'(xy)

again due to both terms on the right hand side of Eq. 54 are zero
in this limit. This completes the proof.

4.2 Return to the Derivation
We now combine Eq. 42 with Eq. 41 to find

—U N
P N: 1- —u—f(xN)N: 1- —u—lnNN:[l_e_] . 57
" = 1= < [ < 12
In the limit of N — oo, this becomes
D (u) = Nlim Px)V =", (58)

which is the Gumbel cumulative probability. Here —co < u < co.
The Gumbel probability density is given by

(59)

We express the Gumbel cumulative probability in terms of the
original variable x using Eq. 51,

D (u) = O (Np(xy) (x—xy)) = "M = d(x).  (60)

Hence, in terms of the original variable x, the Gumbel extreme
value distribution becomes

- dO(x)
() =—

= Np (xy)e X000 (- WENEmN) g1

4.3 An Example: The Gaussian
Here is an example: the Gaussian. The Gaussian probability

density is given by

Three Extreme Distributions
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FIGURE 3 | (A) The Gaussian and the corresponding Gumbel
distributions for e = 1and N = 100and N = 1,000. (B) The histograms shown
here are based on data generated using the Box-Miller algorithm which
produces numbers distributed according to a Gaussian. Here o = 1. The
histogram with the maximum to the left shows all the generated data. The
histogram with its maximum in the middle shows the largest number among
each sequence of numbers of length 100, and the histogram with the
rightmost maximum shows the largest number among each sequence of
numbers of length 1,000. For each sequence length, 107 such sequences
were generated.

(62)

where o is the square of the standard deviation. The cumulative
probability is

1 X
P(x)==|1+erf| — | |, 63
=3 1rer( )| (63
where erf (z) is the error function. In order to verify that the
Gaussian generates the Gumbel extreme distribution, we use the
sufficient condition 53,

d [1—P(x)] - lim \/2_zex2/znx|:1_erf<\/iz_a>:| = 0.

p(x)
(64)

xaoodx

The Gaussian cumulative probability in Eq. 63 has the
asymptotic form
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o e*XZ/ZU

Px)=1-
(x) 2n x

(65)

for large x. We determine xy solving Eq. 43 using this asymptotic

form. We find
NZ
XN = 0‘W<>)
2

where W (z) is the Lambert W function, also known as the
product logarithm, which is the solution to the equation
W (2)exp[W (2)] = z. For large arguments, it approaches the
natural logarithm, W (z) —log(z) as z— oo [16]. This gives us

1 <N2>
,W — 1,
o 2

when inserting the expression for x = xy, Eq. 66 into Eq. 62.
Thus we may now express the variable # in the Gumbel
cumulative probability 57 in terms of the variables x, s and N

using Eq. 51,
1 N2 N?
-Wl —|-W|—)
o 2m 2m

We show in Figure 3A the Gaussian and the corresponding
Gumbel distributions for ¢ = 1 and N = 100 and N = 1,000. We
find that x99 = 2.375 and x;999 = 3.115. These are the confidence
intervals for 99% and 99.9%.

We show in Figure 3B a histogram based on numbers
distributed according to a Gaussian distribution using the
Box-Miiller algorithm [14]. These numbers were grouped
together in sets of either N =100 or N =1,000 elements. I
generated 107 such sets. The figure displays the two extreme
distributions for the two set sizes. This figure should be compared
to Figure 3A. In contrast to the two other extreme value
distributions, we see that there are visible discrepancies
between the calculated Gumbel distributions in Figure 3A and
the extreme value histograms in Figure 3B. We see furthermore
that the histogram for N = 1,000 is closer to the calculated
Gumbel distribution than the histogram for N = 100. This is
due to the very slow convergence induced by the Lambert W
functions. Slow convergence is typical for the Gumbel extreme
value distributions. This slow convergence has been analyzed and
recently and through clever use of scaling methods remedied [17].

(66)

Np (xy) = (67)

u=x (68)

5 CONCLUDING REMARKS

We summarize the main results presented in this mini-review in
Table I.
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We discuss the cooperative failure dynamics in the fiber bundle model where the individual
elements or fibers are Hookean springs that have identical spring constants but different
breaking strengths. When the bundle is stressed or strained, especially in the equal-load-
sharing scheme, the load supported by the failed fiber gets shared equally by the rest of the
surviving fibers. This mean-field-type statistical feature (absence of fluctuations) in the load-
sharing mechanism helped major analytical developments in the study of breaking
dynamics in the model and precise comparisons with simulation results. We intend to
present a brief review on these developments.

Keywords: fiber bundle model, dynamic cooperation, fixed-point solution, Universality, noise-induced failure
dynamics, self-organization

1 INTRODUCTION

Fiber bundle model (FBM) has been used widely for studying the fracture and failure [1] of
composite materials under external loading. The simplicity of the model allows us to achieve analytic
solutions [2-4] to an extent that is not possible in any other fracture models. For these very reasons,
FBM is widely used as a model of breakdown that extends beyond disordered solids. In fact, FBM was
first introduced in connection with textile engineering [5]. Physicists took interest in it recently to
explore the critical failure dynamics and avalanche phenomena during such stress-induced failures
[6-9]. Apart from the classical fracture-failure in composites, FBM has been used successfully for
studying noise-induced (creep/fatigue) failure [10-14] where a fixed load is applied on the system
and external noise triggers the failure of elements. Furthermore, it was used as a model for other
geophysical phenomena, such as snow avalanche [15], land slides [16, 17], biological materials [18],
or even earthquakes [19]. In this review article, we concentrate only on the cooperative dynamical
aspects in FBM.

F. T. Peirce, a textile engineer, introduced the fiber bundle model [5] in 1926 to study the strength
of cotton yarn. Later, in 1945, Daniels discussed some static behavior of such a bundle [20] and the
model was brought to the attention of physicists in 1989 by Sornette [21] who started analyzing the
failure process. Even though FBM was designed initially as a model for the fracture or failure of a set
of parallel elements (fibers), having different breaking thresholds, with a collective load-sharing
scheme, the failure dynamics in the model shows all the attributes of the critical phenomena and the
associated phase transition. It seems, due to the usefulness and richness, FBM plays the same role (in
the field of fracture) as the Ising model in magnetism [22].

In FBM, a number of parallel Hookean springs or fibers are clamped between two horizontal
platforms (Figure 1). The breaking strengths of the springs or fibers are different. When the load per
fiber (stress) exceeds a fiber’s own threshold, it fails. The load it carries has to be shared by the
surviving fibers. If the lower platform deforms under loading while the upper platform remains rigid,
fibers in the neighborhood of the just-failed fiber will absorb more of the load compared to fibers
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‘ Force (F)

FIGURE 1 | A cartoon of the fiber bundle model where a macroscopically
large number (V) of Hookean springs, with identical spring constants but
different breaking thresholds, hang parallelly from an upper rigid bar and a load/
force F is applied at the lower horizontal rigid bar (not allowing any local
deformation of the bar and consequent local stress concentration). If any spring
fails at any time, the (extra) load is shared by the surviving fibers at that time. In the
equal-load-sharing scheme, considered here, this extra load is shared equally by
all the surviving fibers (x denoting the strain of the surviving fibers).

sitting further away, and this arrangement is called the local-load-
sharing (LLS) scheme [23, 24]. If both the platforms are rigid, the load
has to be equally distributed among all the surviving fibers, which is
called the equal-load-sharing (ELS) scheme. Intermediate load
redistribution schemes are also studied (see, e.g., [25]), where a
part of the load is shared locally within a few fibers and the rest is
shared globally among all the fibers.

How does cooperative dynamics set in? In the case of ELS, all the
intact fibers carry the load equally. When a fiber fails, the stress level
increases on the remaining fibers and that can trigger more fiber
failures (successive failure). As long as the initial load is low, the
successive failures of the fibers remain small, and though the strain
(stretch) of the bundle grows with increasing stress (load), the bundle
as a whole does not fail. Once the initial load reaches a “critical”
value, determined by the fiber strength distribution, the successive
failures become global (catastrophic) and the bundle collapses.

We arrange this review article as follows: In the short
introduction (Section 1), we elaborate the concept of the
fiber bundle model and its evolution as a fracture model.
Section 2 deals with the equal-load-sharing FBM where we
demonstrate the dynamic behavior of FBM with evolution
dynamics and their solutions. Analytic results are compared
with numerical simulations in this section. In Section 3, we
discuss noise-induced failure dynamics in FBM through
theory, simulation, and real data analysis. The self-
organizing mechanism in FBM is discussed in Section 4.
We reserve Section 5 for discussions on some works that
would help to understand the cooperative dynamics in FBM.
Finally, we have a short Summary and Conclusion section
(Section 6) at the end.

Cooperative Dynamics in the FBM

2 EQUAL LOAD SHARING FBM

We consider an FBM having N parallel fibers placed between two
rigid bars. Each fiber follows Hook’s law with a force f to the
stretch value x as f = xx, where x is the spring constant. To make
things simpler, we consider x = 1 for all the fibers. Each fiber has a
particular strength threshold value and if the stretch x exceeds
this threshold, the fiber fails irreversibly. We are interested in the
equal-load-sharing (ELS) mode (the bars are rigid), and by
construction of the model, the applied load has to be shared
equally by the intact fibers.

Other than the analytical treatment of the model, several
aspects of the model are also explored numerically. The
implementation of the model, particularly in the equal
load sharing version we discuss here, is straightforward.
The load is initially applied to each fiber equally. The
fibers having failure thresholds less than the applied load
are irreversibly broken. The load carried by those fibers is
redistributed equally among the remaining fibers, which can
cause further breaking. The redistribution continues until no
new fibers are breaking. The external load is held constant
during the whole redistribution process. This is due to the
separation of time scales of externally applied loading rate
and the internal (elastic) relaxation processes within
materials. After the end of each redistribution cycle, the
external load is further increased to the
dynamics. This process continues until the entire system is
broken. The critical strength, avalanche statistics, and other
critical exponents are calculated from this dynamics, which,
as we will see, match well with the analytical results.

continue

2.1 Fiber Strength Distributions
The fiber strength thresholds are drawn from a probability
density of p(x). The corresponding cumulative probability is

P(x) = ij(y)dy. (1)

The most used threshold distributions are uniform and
Weibull distributions (see Figure 2) in the FBM literature.
For a uniform distribution, we can write

p(x) =1;P(x) =x, )
where, the range of function is between 0 and 1. The cumulative
Weibull distribution has the form:

P(x)=1- exp(—xk), (3)

where, k is the shape parameter or the Weibull index. The
corresponding probability distribution takes the form:

p(x) = kx*exp(—x*). (4)

The shapes of the uniform and Weibull distributions are shown
in Figure 2. The range of definition is between 0 and co.

2.2 The Critical Values

When we stretch the bundle by applying a force, the fibers fail
according to their thresholds, the weakest first, then the next
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FIGURE 2 | The uniform and Weibull distributions of fiber strengths (thresholds).
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FIGURE 3 | Normalized force (F/N) against extension x for a fiber bundle with uniform (x. = 0.5) and Weibull x, = 1, (1/3)"%, (1/5)"® for k = 1,3, 5, respectively,

weakest, and so on. If Ny fibers have failed at a stretch value of x,
the force on the bundle is

F=(N-Np)x=N(l-Px)x (5)

as k¥ = 1. The normalized force (F/N) versus the stretch x curve
looks like a parabola (Figure 3).

It is obvious that the maximum of the force value is the
strength of the bundle, and the corresponding stretch value (x,) is
called the critical stretch beyond which the bundle collapses.
Therefore, we can define two distinct phases of the system: stable
phase for 0 < x<x. and unstable phase for x > x,.

The critical stretch value can be obtained easily by
setting dF (x)/dx = 0:

1-xp(x)—P(x)=0. (6)
1. Uniform threshold distribution

Substituting the p(x;) and P(x.) values for uniform
distribution, we obtain
1
c=1=) 7
K (2) O

Now inserting the x. value in the force expression (Eq. 5),
we get

F. 1
. 8
N-7 ®)
which is the critical strength of the bundle (Figure 3).
2. Weibull threshold distribution

In the case of Weibull distribution, at the force-maximum, by

inserting the P (x) and p (x) values into the expression (Eq. 6), we
obtain

exp(—xf) - (xckxf’1 exp(—xf)) =0. 9)

One can get the critical stretch value

xe =k (10)
and the corresponding critical force value
F, 1
NC =V exp(—%). (11)

For k =1, x, = 1.0 and (F./N) = (1/e) (Figure 3).
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2.3 Different Ways of Loading

Now, we will discuss how the load or stress can be applied on the
bundle. In the FBM literature, the most common loading
mechanism discussed [26, 27] is the -weakest-link-failure
mechanism of loading. This loading process ensures a
separation in time scales between external loading and internal
stress redistribution. This is equivalent to a quasi-static approach,
and noise/fluctuation in the threshold distribution influences the
breaking dynamics as well as the avalanche statistics.

A fiber bundle can also be loaded in a different way by
applying a fixed amount of load at a time. In that case, all fibers
having a failure threshold below the applied load, fail. The stress
on the surviving fibers then increases due to load redistribution.
The increased stress may drive further failures, and so on. This
iterative breaking process continues until an equilibrium is
reached where the intact fibers (those who can support the
load) is reached. One can also study the failure dynamics of the
bundle when the external load on the bundle is then increased
infinitesimally, but by a fixed amount (irrespective of the
fluctuations in the fiber strength distribution as discussed
above). Indeed, as shown recently in Biswas and Chakrabarti
[28], the universality class of the dynamics of such fixed loading
(even for the same ELS mode of load redistribution after
individual fiber failure) will be different from that for the
quasi-static (or weakest link failure type) loading discussed
above and is given by the Flory statistics [29] for linear
polymers, accommodating the Kolmogorov-type dispersion in
turbulence [30].

2.4 The Cooperative Dynamics
We are going to discuss the cooperative dynamical behavior of the
breaking processes for the bundle loaded by fixed amount per step
(following the formulations in the References [1, 2, 4, 8, 26,
27, 31]).

Let us assume that an external force F is applied to the fiber
bundle. The stress on the bundle (the external load per fiber) is

o =F/N. (12)

Let us call N; to be the number of surviving fibers after f steps
in the stress redistribution cycle, with Ny = N.
Now, the effective stress becomes

0, = No/N,. (13)

Therefore, NP(No/N;) of fibers will fail in the first stress
redistribution cycle. The number of intact fibers in the next cycle
will be

N,.; = N - NP(Ng/N)). (14)

Using #n; = Ni/N, Eq. (14) takes the form of a recursion
relation,

1 =1—=P(a/n,), (15)

with o as the control parameter and 7y = 1 as the start value.
The character of an iterative dynamics is determined by its

fixed points (denoted by *) where a dynamical variable remains

exactly at the same value it had in the previous step of the

Cooperative Dynamics in the FBM

dynamics. In other words, a fixed point is a value (of a dynamical
variable) that is mapped onto itself by the iteration. The dynamics
stops or it becomes locked at the fixed point.

One can find out the possible fixed points n* of (15), which
satisfy

n" =1-P(c/n"), (16)

and the solutions of the breaking dynamics at the fixed point.

2.5 The Critical Exponents
If we consider that the fiber strengths follow uniform distribution,
the recursion relation can be written as

fe = 1—a/ny, (17)

Consequently, at the fixed point, the relation assumes a simple
form

(nY =n"+0=0, (18)

with solution

=== (0.-0)"* (19)

1
2

Here the critical stress value is g, = (1/4), beyond which the
bundle collapses completely. In Eq. 19, the upper sign gives
n* >mn,, which corresponds to a stable fixed point. From this
solution, it is easy to derive the order parameter, susceptibility,
and relaxation time (all defined below).

The fixed-point solution gives the critical value (o = o,).

n = (20)

Therefore, the fixed-point solution can be presented as

n'(0) —n, o (0. - 0), ﬁzi (21)

Clearly, n* (o) - nz can be considered like an order parameter,

which shows a clear transition from nonzero to zero value at o..

The susceptibility is defined as y = —dn*/do and the fixed-
point solution gives

y=s (22)

_ -y
xo(o.—0)", 5

which follows a power law and diverges at the critical point o..
The dynamical approach very near a fixed point is very
interesting, and this can be investigated by expanding the
differences n; — n* around the fixed point. In the case of
uniform distribution, the recursion relation (Eq. 17), gives
c o o " O

My = 1" :;—n—:m(”t—n*):n*z (n; —n"). (23)
t t

Clearly, the fixed point is approached with exponentially
decreasing steps:

ne—ntoce V™ (24)

where T is a relaxation parameter, dependent on stress value:
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FIGURE 4 | The linearly increasing fiber strength distribution.

T= 1/1n(n*2/a) = l/ln|:<%+ \/i——0>2/0:|. (25)

At the critical stress, o = 0, = 1/4, the argument of the
logarithm is 1 and apparently t is infinite. As the critical stress
is approached for 0 — o,.

1 1
r==(0.—0)% with 6 ==.

4 2 (26)

This divergence clearly shows the character of the breaking
dynamics, that is, it becomes very slow at the critical point.

2.6 Universal Behavior

The recursion relation and the fixed point solutions demonstrated
the dynamic critical behavior for the uniform distribution of the
breaking thresholds. Now the question arises—how general the
results are? The universality of the cooperative breaking dynamics
can be verified by considering a different distribution of fiber
strengths. We are now going to examine the situation for a

linearly increasing distribution (Figure 4) within the
interval (0,1),
2x, 0<x<1,
p) = { 0, x>L @7

From the force-stretch relationship, the average force per
fiber is

F(x)/Nz {x(l;xz), Ost.l, (28)

Therefore, the critical point is

2
=37

In this case, the breaking dynamics can be written as a
recursion relation:

o, (29)

Cooperative Dynamics in the FBM

e = 1 — (0/n,)%, (30)
and the fixed-point equation is
(n) = (')’ +0° =0, (31)

that is, a cubic equation in #*. Clearly, there are three solutions of
n* for a value of 0. At the critical stress value, 6, = 2/34/3, the only
acceptable solution of Eq. 31 is

. 2
n.= g (32)
We want to investigate the breaking dynamics in the

neighborhood of the critical point. Therefore, we insert n = 2/3 +
(n—n.) into (Eq. 30), with the result

2
2 (n-n) - (n—nc)3=02=<2+0_06)

27 343
4 4 )
—27+3\/§(0 o)+ (0 —0.)".
(33)
We get (to leading order)
(n—n )2 _ 4 (0. -0) (34)
c - 3\/5 c .
Obviously, for o <o, the order parameter behaves as
1
n(@)-n.oc (0-o)f, B=>, (35)

in accordance with (Eq. 21). The susceptibility y = —dn/do gives

(36)

N —

xoc(oc—o0)’, y=

We can also discuss how the stable fixed point is
approached from below. From Eq. 30, one can write,
around the fixed point,

o o ., . 20?
N —n' =——-—==—= (1 -n?)=m-n")— (37)
n? n n?a2 n*
The approach is clearly exponential,
ne—n"oce” with 7= 1 (38)
! In(n*3/20%)

The argument of the logarithm becomes 1 exactly at the
critical point; therefore, T diverges when the critical state is
approached. The nature of such divergence assumes the same
form,

Toc (o.—-0) % 0= %, (39)

which is similar to the model with a uniform fiber strength
distribution, Eq. 26.

We can now conclude that the ELS FBM with a linearly
increasing fiber strength distribution possesses the same
critical power laws as the ELS FBM with a uniform fiber
strength distribution. This confirms that the critical properties
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FIGURE 5 | Postcritical and precritical relaxation: Numerical data are for a
bundle with N = 10° fibers having uniform threshold distribution and averages
are taken over 10° samples. Lines are showing theoretical estimates.
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FIGURE 6 | Phase boundary (o vs. T plot) for three different types of
fiber strength distributions with N = 20000. Data points are simulation results
and solid lines are analytic estimates (Eq. 50) based on mean-field arguments.

of cooperative breaking dynamics are universal. A general
treatment for verifying universality in ELS FBM can be found
in Reference [26].

2.7 Two-Sided Critical Divergence

When a fixed amount of load is applied on the system, the
iterative breaking process ends with one of the two possible end
results. Either the whole bundle collapses, or an equilibrium
situation is reached where intact fibers can hold/support the
applied load/stress. Thus, the final fate of the bundle depends on
whether the external stress o on the bundle is postcritical (o> a,),
precritical (o <0.), or critical (0 = o). It is interesting to know
how the breaking dynamics is approaching the critical point
(failure point) from below (precritical) and above (postcritical)
stress values.

In the case of uniform fiber strength distribution when the
external stress approaches the critical value of o, = 1/4 from a
higher value, that is, in the postcritical region, the number of
necessary iterations needed for the whole system to break increases
as the critical point is approached. Close to the critical point, the
number of iterations shows a square root divergence [8]:

172. (40)

1 -
y=smo-0)

Similarly, in the precritical region, when the external stress

approaches the critical value of 0. = 1/4 from below, the number

of iterations has again a square root divergence [8] (for uniform
distribution) close to the critical point:

1

=4 In(N) (0. - 0) " (41

The only difference is that, in precritical case, the amplitude of

the square root divergence has a system-size-dependence, which

is absent in the postcritical case.

We can conclude that in ELS FBM, the breaking dynamics
shows a two-sided critical divergence in terms of the number of
iteration steps needed to reach critical points from below
(precritical) and above (postcritical) (Figure 5). The
theoretical details of the exact solutions can be found in
References [8, 26].

2.8 Avalanche Dynamics With Fixed Amount
Loading

The number of fibers (S) breaking between two successive stable
conditions of the fiber bundle is called an avalanche. The distribution
of the avalanche sizes P(S) shows a power-law tail for the large S
limit [6], which is a sign of the criticality discussed above. This is
experimentally widely observed for driven disordered systems in
general [31] and for quasi-brittle/ductile fracture in particular. While
the details of the avalanche dynamics seen in the fiber bundle model
with quasi-static load increase has been discussed elsewhere in this
special issue [32], here we briefly describe the avalanche dynamics
for fixed amount load increase, that is, when the system is in a stable
condition, a fixed amount of load § is added, which restarts the
dynamics. As before, the number of fibers breaking until the system
reaches the next stable state constitutes an avalanche. Clearly, this
type of avalanche is a result of the cooperative breaking dynamics,
and it is not arising due to any fluctuations in stress levels or in fiber
strength distribution. We will describe below how to calculate
theoretically the distribution of such avalanches.

The load curve, in terms of the threshold values, can be
written as

F(x) = Nx(1-x). (42)

For the uniform threshold distribution in (0,1) (see Eq. 5).
The load increases between 0 and N/4 with an increment of 6.
Therefore, the values of the load are mé, with
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FIGURE 7 | Failure time versus o (left) and versus T (right) for a homogeneous bundle having identical fibers with a strength of 1 (o = 1 as well). The data are for
simulations over a single realization with a system size of N = 1000000, and the solid lines are the theoretical estimates following (Eq. 55).
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m=0,1,2,...,N/48. The threshold value for load md can be
obtained from (Eq. 4) as

xmzé(l—w/l—4m8/N). (43)

The average number of fibers broken due to the increase of
load from md to (m +1)d is

soNPm_ 0 (44)

dm 1 —ams/N

The number of avalanches of size between S and S+ dS is
obtained from the corresponding interval of the variable m, that
is, P(S)dS = dm. From the equation above, we have

s 28° )
dm ~ (N&)
Therefore, the avalanche size distribution is given by
1
P(S) = dm _ ~N38S~, for $24. (46)

as 2

Indeed, it is possible to show [26] that for an arbitrary
threshold distribution, p(x), the large S asymptotic limits of
the avalanche size distribution is

P(S) ~ CS, (47)

with C = (N6p (xc)2/2p (x) + xcp' (x.)), with the mild assumption
that the load curve has a generic parabolic form with a
critical point.

3 NOISE-INDUCED FAILURE IN FBM

So far we have discussed the classical stress-induced failure of fibers
without the presence of noise. A noise-induced failure scheme for
the fiber bundle model can be formulated [13, 14, 33] for which the
cooperative failure dynamics can be solved analytically.

As in the previous sections, we consider a bundle of N parallel
fibers clamped between two rigid bars. A load or force (F = oN)

is applied on the bundle. The fibers have different strength
thresholds (x), and there is a critical strength o, [1] for the
whole bundle, so that the bundle does not fail completely for
stress 0 < o, but it fails immediately for 0 > o.. Now we introduce
noise (T) in the system and assume that each fiber having the
strength of x; has a finite probability Py (o, T) of failure at any
stress 0 induced by a noise T:

cop| (5 -1)]. 0=os
X - — 5 S0 X;,
Pl 7\5% (48)

1, 0> X;.

Pf (0, T) =

Here Cis a prefactor. Pr (o, T) increases as T increases and for
a fixed value of T'and o, as we increase o, the bundle breaks more
rapidly. The motivation behind (Eq. 48) comes from the time-
dependent behavior or the so-called creep behavior of materials,
observed in real systems [10, 26]. It is obvious that the strength of
elements/fibers degrades in time due to external influences like
moisture, temperature, etc.

Such a noise-induced failure scheme will produce two
different failure regimes depending on the stress and noise
levels—continuous breaking regime and intermittent breaking
regime. In the continuous breaking regime, we can calculate the
failure time (step) as a function of stress and noise values.
However, in the intermittent breaking regime, one can define
the waiting time between two consecutive failure phases.

The phase boundary can be determined through a mean-field
argument that at 0 = 0y, at least one fiber must break to trigger
the continuous fracturing process. After this single failure, the
applied load has to be redistributed on the intact fibers (due to
ELS) and the effective stress will surely increase (more than o),
which in turn enhances failure probability for all the intact fibers.
Following this logic, in the case of a homogeneous bundle where
all the fibers have identical strength, x; = 1 (and o, = 1), at the
phase boundary NPy (0o, T) 21 giving

Nexp[—%(%—l)]zl. (49)

which finally gives
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FIGURE 8| Failure time versus o (left) and versus T (right) for bundles having uniform strength distributions. The data are for simulations over 1000 realizations with a
system size of N = 10%, and the solid lines are the theoretical estimates following (Eq. 56).
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FIGURE 9 | Left: The simulation results for the waiting time distributions for three different types of fiber strength distributions, with N' = 20000. All the curves can be
fitted with the Gamma form exp ( —tW/a)/tD,L}y, where y = 0.15 s for the homogeneous case and y = 0.26 is for uniform and Weibull distributions. Right: we show the data
collapse of the waiting time distributions with system sizes for uniform fiber strength distribution.

1

92T " Tlog(I/N) (50)

In absence of noise, when T = 0, the above equation gives
0o = 1 = 0., which is consistent with the static FBM results [1].
This analytic estimate overlaps with the data obtained from
simulation (Figure 6). It shows that the continuous and
intermittent fracturing regimes are separated by a well-defined
phase boundary, which depends on both the stress level and the
noise level [33].

In the case of heterogeneous FBMs where fibers have different
strength thresholds, keeping in mind that in absence of noise T,
we should always get 0y = 0., one can make a conjecture that

oc

%02 " Tlog (1/N) (5D

The numerical data for the heterogeneous cases (Figure 6)
having uniform and Weibull-type fiber strength distributions
supports the conjecture well [33].

Identification of such a phase boundary has important
consequences in material-fracturing and in other similar
fracture-breakdown = phenomena.  During  material/rock
fracturing, acoustic emission (AE) measurements can record
the burst or avalanche events in terms of AE amplitude and
AE energy [34]. Therefore, AE data could reveal the correct
rupture-phase of a material body under stress. Once a system
enters into continuous rupture phase, the system collapse must be
imminent. Thus, identification of the rupture phase can guide us
to visualize the final fate of a system. It can also help to stop
system collapse, if it is possible to withdraw external stress in time
before the system enters into continuous rupture phase.

We will now discuss cooperative dynamics in both these
regimes in the following sub-sections.

3.1 Continuous Breaking Regime

In the continuous breaking regime, one can describe the breaking
dynamics in an FBM through a recursion relation [14]. Let us
consider a homogeneous bundle having N fibers with exactly the
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same strength thresholds of 1; therefore, critical (or failure)
strength of the bundle is 0. =1. Now, we consider a noise-
induced failure probability for breaking of each fiber in the
continuous regime:

coo 55 )] s
—e&Xp| — = — — > SOS X,
Pi(0,T) =14 0 P77\ (52)

1, o> X;.

As all the fibers are identical, x; = 1 = .. The prefactor is a
function of stress level o, and this is a careful choice to get a
solution of the recursive dynamics, which we will describe below.

We denote the fraction of total fibers that remain intact at time
(step) t by n, and the breaking dynamics can be written as

o
Ny = nt[l —Pf<n—, T)]
t

In the continuum limit, the above recursion relation can be
presented in a differential form

(53)

dn o [ 1 (ocn 1)] (54)
e Cexp| = (-
dt o, T\o
Giving the failure time
1 o,
tr = Texp(—T>[exp<ﬁ> - 1}. (55)

The simulation result shows (Figure 7) the exact agreement
with this theoretical estimate.

In the case of heterogeneous bundles where fibers have
distributed strengths, the failure times seem to follow another
form [14]:

tr = Texp(—%) [exp(% + %) - 1]. (56)

This form was obtained through a trial and error approach. It
is extremely difficult (as of now) to write the recursion relation for
noise-induced failure dynamics in the case of heterogeneous
systems. The simulation results have been compared with the
formula above, and the agreement (Figure 8) is quite
satisfactory [14].

3.2 Intermittent Regime

As we discussed before, in the intermittent fracturing phase,
simultaneous breaking events (avalanches) are separated by
waiting times (ty) of different magnitudes. The waiting time
distribution can be fitted with a Gamma distribution [33] for both
homogeneous and heterogeneous bundles

D(tw) ocexp(—tw/a)/t%,;y (57)

where y=0.15 for homogeneous case and y=0.26 for
heterogeneous cases (Figure 9). Here a is a measure of the
extent of the power law regime, and it seems that the power
law exponent does not change with the variation of o, T,
and N [33].

In the waiting time distributions, the power law part
dominates for small ty, values and exponential law dominates
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FIGURE 10 | Gamma-fitting (dotted lines) to the waiting time
distributions in California catalog (1984-2002).

for bigger t values. The inherent global load sharing nature is
responsible for the power law part of the Gamma distribution, as
power law usually comes from a long range cooperative
mechanism [6, 35, 36]. The exponential part of the Gamma
distribution is contributed by the noise-induced failure factor
Py (0, T). For large ty values, one can eventually treat the failures
to be independent. If P indicates the noise-induced failure
probability within tw, then the probability
D(tw) = A(1 -P)"N ~ exp (—PtyyN), where A is a constant.
The normalization of D(tw) requires A ~N. Though for
smaller values of ty, one cannot ignore the correlations
between successive failures (responsible for the power law part
in D(tw)), the exponential scaling behavior for D(ty) can be
easily obtained from the above. As shown in the inset of Figure 9,
the plot of D(ty)/N against tyN gives good data collapse for
different N values. Such a data collapse indicates the robustness of
the Gamma function form. It is not clear yet whether the Gamma-
type distribution is a direct consequence of the failure probability
function (Eq. 48). It needs more investigations with various other
types of possibilities for Eq. 48.

Apparently, the modeling scheme for noise-induced rupture
process is not limited to any particular system, rather it is a
general approach and perhaps it can model more complex
situations like rupture-driven earthquakes. In literature, we
can find evidences of stress-localization around fracture/fault
lines in an active seismic-zone. Also, there are several factors
that can help rupture evolution, like friction, plasticity, fluid
migration, spatial heterogeneities, chemical reactions, etc. To
some extent, such stress redistribution/localization can be taken
into account through a proper load sharing scheme and a noise
term (T) can in principle represent the combined effect of all
other factors.

To compare the waiting time results of the model system with
real data, the California earthquake catalog from 1984 to 2002
[37] has been analyzed [33] to study the statistics of waiting times
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FIGURE 11 | A schematic representation of locally loaded fiber bundle model and the resulting interface propagation. From [44].
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[38-40] between earthquake events. First, a cutoff () has been
set in the earthquake magnitude, so that all earthquake events
above this cutoff magnitude will be considered for the analysis.
The distribution of waiting times shows similar variation for
different cutoff values. It seems [33] waiting time distributions for
all the data sets follow a Gamma distribution [38]:
(1-7),

D(t) o exp (~tw /a) / £, (58)
with same y (= 0.1) and different a values for different cutoff
levels: a = 30, 120, 500, 2000, respectively, for m, = 2.5, 3.0, 3.5,4.0
(see Figure 10).

The similarities in waiting time statistics and scaling forms
suggest that slowly driven (noise-induced) fracturing process and
earthquake dynamics (stick-slip mechanism) perhaps have some
common origin.

4 INTERFACE PROPAGATION IN THE
FIBER BUNDLES: SELF-ORGANIZATION
AND DEPINNING TRANSITION

So far we have considered FBM versions that are globally loaded,
that is, all the fibers in the system are loaded equally from the
initial time, and the load remains equal on each surviving fiber,
given that the load sharing is equal. This necessarily implies that
the damage or failures in the system could occur at any point;
indeed, there is no notion of distance in this form of the model.

However, in fracture dynamics, particularly in the mode-1
variant of it, a front could propagate in the direction transverse to
that of the loading. A fracture front necessarily implies damage
localization within a region with a lower dimension than that of
the system, that is, a front-line in two dimensions or a front
surface in a three-dimensional system. Indeed, front propagation
driven through a disordered medium is not limited to fracture; it
also happens in the vortex lines in superconductors [41],
magnetic domain walls in magnetic materials with impurities
[42], contact line dynamics in wetting [43], and so on.

In the context of FBM, it is possible to capture the dynamics of
a front propagating through a disordered medium by considering
a localized loading of the system (when the fibers are arranged in

a square lattice and the load is applied at an arbitrarily chosen
central site; see Figure 11) in dimension higher than one (in one
dimension, the damage interface is a point and hence cannot
increase). The external load is increased at a low and constant rate
(maintaining the separation of time scales between applied
loading rate and redistribution process) [44]. Initially, the
system is not loaded anywhere except for the one fiber at an
arbitrarily chosen central site. As the external load increased
beyond the failure threshold of the said central fiber, it breaks and
the load carried by that fiber is redistributed among the fibers that
are in the damage boundary (in the beginning just the four
nearest neighbors). Therefore, the fibers that are newly exposed to
the load after an avalanche carry a lower load compared to those
accumulating loads from the earlier avalanches. This process
keeps a compact structure of the cluster of the broken fibers. The
localized nature of the load redistribution is justified from the fact
that the newly exposed fibers are further away from the point of
loading and therefore carry a smaller fraction of the load at the
original central site.

D(S)

.k
10!

102

FIGURE 12 | The avalanche size distributions are plotted for zero and
finite lower cutoffs for Model II. The distribution function is a power law with an
exponent value of 1.50 + 0.01, which is also our estimate from scaling
arguments. Inset: The distribution of avalanche duration is plotted for
Model Il. This also shows a power law decay with an exponent value of
2.00 + 0.01. From [44].
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As the damage perimeter increases, so does the number of
fibers on that perimeter. This implies that for an avalanche, the
load per fiber will decrease along the damage boundary. But due
to a further increase in the load, this value will subsequently
increase, initiating another avalanche. In the steady state, the load
per fiber value will fluctuate around a constant and the system is
said to have reached a self-organized state. In this state, the failure
of fibers in the process of avalanches has a scale-free size
distribution, which suggests that it is a self-organized critical
(SOC) state (where external drive and dissipation balance and the
critical point becomes an attractive fixed point [31]).

The steady-state value of the load per fiber and the
corresponding avalanche size distribution can be calculated
for a variant of this model where the load redistribution is
uniform along the entire damage boundary, that is, every fiber
along the damage boundary gets the same fraction of load in a
redistribution process. We discuss this for the Weibull
distribution below, but this is true for other distributions
as well.

The Weibull distribution in its general form can be written as

Wap(x) = ocﬁx""l e P, (59)

where a and B are the two parameters. We can consider the
particular case when a = 2 and 8 = 1. The failure threshold of a
fiber is greater than x with a probability that is proportional to
_[jo xi¢ ' dx, ~ ™. Given that the probability density function
for force is uniform, the probability of a fiber having a load
between x and x+dx is e”‘zP(x)dx, with P(x)=c¢
(unnormalized). The normalization gives ngo e¥dx =1,
implying ¢ = 2/+/m. Hence, the normalized probability density
function for the load on the surviving fibers is

2 .

D, (x) = \/ﬁe .

Similarly, the probability that the load is lower than x is
proportional to x. Using the form for threshold distribution
(~xe™), the probability density function for the threshold
distribution of the survived fibers becomes

4 2
Dy, (x) = \/—ﬁxze"‘ .

Both of these functions are in good agreement with numerical
simulations. Also, the saturation value of the average load per
fiber can be calculated as

(60)

(61)

J~oo xDg (x)dx = 2 Joo xe ™ dx (62)

1
0 v Jo NG

which is again in good agreement with simulations.

The size distribution of avalanches is a power law with the
exponent value close to 3/2 (see Figure 12), which is in agreement
with the scaling prediction of avalanche size distributions in SOC
models for the mean field. The distribution of the avalanche
duration, that is, the number of redistribution steps for an
avalanche, is a power law with an exponent value close to
2.00 £ 0.01, which is again in agreement with the scaling
predictions of the SOC models in mean field.

Cooperative Dynamics in the FBM

For estimating the avalanche size exponent, it can be assumed
that the average load per fiber on the damage boundary has a
distribution, which is Gaussian around its
P(o) ~ e (0=00100 Hence, from a dimensional analysis, mean-
squared fluctuation is §o ~ (0 — 0.). Also, the avalanche size S
scales as (80)7 !, as it may be viewed as the number of broken
fibers after a load increase of §o. This gives

mean:

(6-0,)~S" (63)

The probability of an avalanche being of the size between S and
S+ dSis D(S)dS. Now, the deviation from the critical point scales
[1] with the cumulative size of all avalanches up to that point;
giving (0 - 0;) ~ J:O D(S)dS. If we take D(S) ~ S, then

(0-0.)~S. (64)

By comparing Eqs. 63 and 64, we have y = 3/2. So, the
probability density function for the avalanche size becomes
D(S) ~ 732, which fits well with simulation results (Figure 12).

5 SOME RELATED WORKS ON THE
DYNAMICS OF FBM

In this section, we would like to bring attention to some related
works on the dynamics of FBM which, we believe, may be
regarded as essential reading in this field.

As we have discussed in detail in the earlier sections, there has
been considerable progress in characterizing the failure dynamics
in the fiber bundle model through tools describing critical
phenomena. One crucial step toward that direction is to
identify the universality class of the model. That often needs a
coarse grained description of the model, writing down the free
energy form suited for the dynamics and then identifying the
symmetries and consequently the universality class. One such
step was done in Ref. [45] by writing down a mesoscopic
description of the ELS-FBM. By specifically, writing the time
evolution of the order parameter 1 (o) — . = # and the driving
field (stress increase) as J = o, — 0, the dynamics is described by

on _

=2+ 65
prin ) (65)
Writing in terms of the density of intact fibers n,
0
a—’Z:/\n(l—n)—a, (66)

with A = 1. This equation has a particle-hole symmetry for zero
external field o = 0; hence, it is generally expected to be in the
CDP or compact domain growth universality class of non-
equilibrium phase transition [46]. Although done for the ELS
version, this approach of relating fiber bundle model dynamics to
nonequilibrium critical phenomena through a Langevin equation
could provide useful insights into more realistic versions.
Among other attempts to relate fracture and in particular FBM
dynamics with different universality classes, a relatively less
explored route is that of the hydrodynamics of turbulence.
The analogy between the velocity fluctuation in turbulence
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FIGURE 13| The phase diagram in the b — g, plane (b represents the anisotropy in the load redistribution process) is shown for (a) discrete step and (b) quasi-static
loading for various fractional errors in the knowledge of the threshold values of the individual fibers (curves from top to below are for e = 0.0,0.1,0.2,0.3,0.4,0.5,0.75).
The upper bounds for both cases are shown, which are reached for b = 1 (a) and b — oo (b). From [51].

and surface roughness due to fracture have been explored before
[47]. However, given that FBM is able to provide a reasonably
consistent picture for fracture dynamics, its association with
hydrodynamics of fracture is a crucial question. In Ref. [28],
the relation between the Kolmogorov energy dispersion in
turbulence and avalanche dynamics in the FBM was explored.
Specifically, the vortex lines in a fully developed turbulence can be
mapped to self-avoiding walk (SAW) picture of polymers [48].
Then, following Flory’s theory [29], the Kolmogorov energy
dispersion becomes

E;~q " (67)

where q is the wave number, g is the Flory exponent, and d is the
spatial dimension. Then, drawing the parallel with the energy
dispersion in avalanche dynamics in the FBM (see Eq. 47), we get
E; ~ g3 for the mean field case (i.e., d = d,, the upper critical
dimension). By taking d, = 6, which is consistent for the FBM
[49], we get back the Flory mean field result E;, ~ 7. In parallel,
by taking the correlation length as inverse of the wave number ¢,
and using finite size-scaling arguments, one can show that vd =
2/3 in the mean field limit, where v is the correlation length
exponent. Again using d = 6 as the upper critical dimension, one
gets v = 1/4.

It may be noted that there is also a gratifying consistency in the
main results discussed above. In the ELS FBM, the critical
exponents 8, y and v for the order parameter, breakdown
susceptibility and correlation length respectively satisfy the
Rushbrooke scaling relation (incorporating the hyperscaling
relation) [50] : 2B +y =dv, with f=1/2 =y along with the
value of the upper critical dimension d = 6 and v = 1/4.

Given that the fiber bundle is essentially an ensemble of
discrete elements having finite failure thresholds, under the

condition of conserved load, it can serve as a generic model
for intermittent progress toward catastrophic failure in a wide
variety of systems. Such systems can be roads carrying traffic,
power grids, or redundant computer circuitry. In several of such
cases, the load redistribution following the failure of an individual
element (say, traffic jam along one road, failure of one power
station, etc.) is controllable to some extent-a freedom lacking in
the case of stressed disordered solids. Under such circumstances,
it is useful to ask the question as to how the total load-carrying
capacity of the system could be maximized by a suitable load
redistribution rule [51].

It is rather straightforward to establish that the maximum
limit of o. would be achieved when the maximum number of
fibers carry loads to their fullest capacity. For a uniform
distribution of the failure thresholds in (0, 1), it is possible
to show that for loading in a discrete step the limiting value for
the critical load is V2 — 1 and for quasi-static loading, it is 3/8.
The remaining question, therefore, is to find the rule of load
transfer following a local failure that can achieve the global
failure threshold in the closest proximity to the
abovementioned limits.

Intuitively, it is clear that a higher share of load should be
transferred to the fibers with higher capacity. Generally, it is
useful to assume that the transfer rule would be of the form
A(f; — 0:)%, where f; and 0, are, respectively, the failure threshold
and load of the i-th element; A is an appropriate constant to
ensure load conservation and b is a parameter.

The dynamics, as discussed before, depends on whether the
load is applied in a discrete step or gradually. The maximization
of the strength of the system would also, therefore, depend on the
loading protocol. The only parameter to tune here is b. It is
possible to calculate analytically that the maximum strength is
indeed achieved with this redistribution rule for b =1 for the

Frontiers in Physics | www.frontiersin.org 60

February 2021 | Volume 8 | Article 613392


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Chakrabarti et al.

discrete step loading and b — oo (practically achieved for b = 10)
for quasi-static loading (see Figure 13).

An important information in implementing the redistribution
rule is the exact knowledge of the failure thresholds of all the
surviving elements. This requirement may not be always fulfilled.
Assuming that there is a (fractional) error e in the knowledge of
the failure thresholds, numerical simulations show (see
Figure 13) that the redistribution rule still gives better results
than a uniform redistribution. Therefore, in situations where the
load redistribution is controllable, the redistribution rule
mentioned above gives the best possible outcome.

We would like to mention that cooperative dynamics appears
in another class of fiber bundle models where fibers are treated as
viscoelastic elements [52-54]. The readers can go through [55]
(appearing in the same research topic: The fiber bundle) for a
review on viscoelastic fiber bundle models.

6 SUMMARY AND CONCLUSION

One can easily see that the fiber bundle model (FBM) introduced
by Peirce [5] in 1926 as a model to understand the strength of
composite materials is extremely elegant. As mentioned before,
the model consists of a macroscopically large number of parallel
fibers/springs with linear elastic behavior and of identical length.
The breaking thresholds, however, are different for each fiber and
are drawn from a probability distribution. All these fibers/springs
hang from a rigid horizontal platform. The load on the bundle is
applied at the lower horizontal platform. This lower platform has
been assumed here to be rigid, implying that the stress or load
share per surviving fibers/springs is equal, irrespective of how
many fibers or springs might have broken (equal load sharing or
ELS scheme). It may be mentioned that we have not discussed
here the extensive studies on fiber bundle models with local load
sharing (LLS) schemes, for which the readers may be advised to
consult Refs. [1, 26], and the “impregnated fiber bundle” models
for which the readers may be referred to Refs. [56, 57].

As discussed in this review, the failure dynamics of the FBM
under the ELS scheme of load sharing have been analyzed for
long, both analytically as well as numerically by several
distinguished groups of investigators from engineering,
physics, and applied mathematics. The results may be briefly
summarized as follows: After introducing the model, we have
described the dynamics of the equal load sharing (ELS) fiber
bundle model in Section 2. Specifically, in this section, we discuss
and summarize works (Refs. [1, 2, 4, 8, 28], see also [26, 40, 41])
related to the cooperative failure dynamics in the ELS fiber bundle
model having a large number of fibers with different strength
thresholds. We start this section by describing the force
displacement relation (load curve) when the bundle is
stretched by an amount x. The maximum point of this curve
gives the strength of the whole bundle. One can easily derive the
strength of the bundle for different fiber threshold distributions.
We have chosen uniform and Weibull distributions as examples
and derive bundles’ strength as critical displacement (x.) and
critical force (F.). Next, we describe how to formulate the
dynamics of failure through a recursion relation in case of
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loading by discrete steps when fiber thresholds are uniformly
distributed. The solution of the recursion relation at the fixed
point gives some important information of the failure dynamics:
Order parameter goes to zero following a power law as the applied
stress values approach a critical value and both susceptibility and
relaxation time diverge at the critical stress following well-defined
power laws (see [4, 8, 42]). To check the universality of the failure
dynamics, we choose different types of fiber strength distributions
(linearly increasing) and derive the fixed-point solutions. The
exponent values of the power laws for order parameter,
susceptibility, and relaxation time variations are exactly the
same as the model with a uniform distribution and therefore
the failure dynamics in ELS fiber bundle model is universal. In
addition, we present the exact solutions for pre- and post-critical
relaxation behavior which we believe is one of the most important
theoretical developments in this field. In the last part of this
section, we present an analysis on the avalanche statistics for
loading by a fixed amount. Such a loading scheme introduces a
different mechanism for the avalanche sizes of simultaneous
breaking of fibers. We discuss using analytical calculations that
the exponent of the avalanche size distribution (P (S)) for discrete
loading would be -3, which is different (—5/2) from the same in
the case of quasi-static loading situation [6].

In Section 3, we summarize some recent developments
(Refs. [11-16, 47, 49, 56]) in the cooperative dynamics of
noise-induced failure in ELS fiber bundle models. In addition
to applied stress, the noise factor plays a crucial role in
triggering the failure of individual fibers. The trick here is
how to define the failure probability of individual fibers as a
function of applied/effective stress and the noise level.
Normally, noise-level remains constant during the entire
failure process, but the stress level increases gradually due
to stress redistribution mechanism. The choice of the
probability function should satisfy the fact that without the
noise factor the noise-induced failure model must reproduce
the classical failure scenario (discussed in Section 2). We start
this section by presenting a noise-induced failure probability
for individual fiber failure. The choice of stress and noise level
dictates whether the system is in continuous breaking regime
or in intermittent breaking regime. Through a mean-field
argument, one can easily find out the phase diagram
separating these regimes (Eq. 50; Figure 6).
Apparently, the continuous breaking regime is easy to
analyze. For a homogeneous bundle, where all the fibers are
identical (strengths are the same), one can write down the
failure dynamics as a recursion relation (Eq. 53). The solution
gives an exact estimate for the failure time (steps) as a function
of applied stress (o) and noise level (T) (Eq. 55). Simulation
results show perfect agreement with the theoretical estimates
(Figure 7). When we consider a strength distribution among
the fibers in the model, it becomes extremely difficult to
construct the recursion relation for the failure dynamics.
One reason could be that during the failure process the
strength distribution gets changed with time. However, the
simulation results (Figure 8) for the failure time of
heterogeneous bundles follow similar variation with applied
stress and noise level with an extra noise factor (Eq. 56). Next,

two
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we discuss the other regime, that is, the intermittent failure
regime where there is waiting time between the two failure
phases. The distribution of the waiting time is the most
important aspect in this regime. Simulation results on
homogeneous and heterogeneous bundles show that the
waiting time distribution follows a Gamma distribution
(Eq. 57) and a data collapse confirms the universal nature
of such distribution function (Figure 9). Surprisingly, waiting
time distribution from earthquake time series (California
catalog) seems to follow a similar Gamma distribution
(Figure 10).

In Section 4, we have considered self-organized fracture front
propagation in a fiber bundle model where the fracture front
adjusts its size in a self-organized way to meet the increasing load
on the bundle and several features of the self-organized dynamics
can still be analyzed in a mean field way; see, for example,
Figure 12 for the avalanche size distribution, which fits well
with D(S) ~ §732,

As already mentioned (in Section 2), the universality class of
the dynamics of fixed load increment during the ongoing
dynamics of failure in the bundle (until its complete failure)
will be different from that for the quasi-static (or weakest link
failure type) loading during its dynamics. And, as discussed in
Section 5, it is given by the Flory statistics for linear polymers,
when fracture dynamics in the bundle is mapped to turbulence
and one utilizes the Kolmogorov-type dispersion energy cascades
[28]. In particular, we already obtained ([3]; see Eqs. 35 and 36)
the order parameter exponent, 8 =1/2 =y, the susceptibility
exponent. Employing the Rushbrooke scaling 28 +y=dv
(where v denotes the correlation length exponent), we get dv =
3/2 here in conformity with finite-size scaling results. As
discussed in [28] (see also the discussions in Section 5), by
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We present an extension of fiber bundle models to describe the mechanical response of
systems which undergo a sequence of stick-slip cycles taking into account the changing
stiffness and the fluctuating number of slip events of local material elements. After
completing all stick-slip cycles allowed, fibers can either ultimately break or can keep
their final stiffness leading to softening or hardening of the bundle, respectively. Under the
assumption of global load sharing we derive analytic expressions for the constitutive
response of the bundle with both quenched and annealed disorder of the failure thresholds
where consecutive slips occur. Our calculations revealed that on the macro-scale the
bundle exhibits a plastic behavior, which gets more pronounced when fibers undergo a
higher number of stick-slip cycles with a gradually degrading stiffness. Releasing the load a
permanent deformation remains, which increases monotonically for hardening bundles
with the maximum deformation reached before unloading starts, however, in the softening
case a non-monotonous behavior is obtained. We found that the macroscopic response of
hardening bundles is more sensitive to fluctuations of the number of stick-slip cycles
allowed than of the softening ones. The quenched and annealed disorder of failure
thresholds gives rise to the same qualitative macro-scale behavior, however, the
plastic response is found to be stronger in the annealed case.

Keywords: fiber bundle, stick-slip, plastic behaviour, varying stiffness, fluctuating slip number

1 INTRODUCTION

Fibre bundle models (FBM) are one of the most important theoretical approaches to the damage and
fracture of disordered materials [1]. In the framework of FBMs, the specimen is discretized as a
bundle of parallel fibers which are subject to an external load along the fibers’ direction [2, 3]. The
Young modulus of fibers is typically assumed to be constant so that materials’ heterogeneity is
entirely represented by the randomness of the strength of fibers. Even in their simplest form, FBMs
provided a deep insight into the process of damaging of heterogeneous materials [2, 4, 5] making also
possible to embed fracture processes into the general framework of statistical physics [1, 6, 7] and to
clarify its analogy to phase transitions and critical phenomena [8-13].

Soon after the introduction of the basic concept of FBMs by Peires in 1927 [14], the model had
been extended to capture time dependence and fatigue effects [15]. During the past decades
subsequent developments of the model have demonstrated that varying the mechanical response
[16] (brittle, plastic) and rheological (visco-elastic) behavior [17-20] of individual fibers,
furthermore, the degree of strength disorder [21-23], range of load sharing (local, global) [11,
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24, 25] following breaking events, and the way of loading [19, 20,
26] (quasi-static, creep, fatigue) the model is able to capture a
broad spectrum of materials’ behavior. Due to this flexibility, the
model has gained a wide variety of applications from the fracture
of fiber reinforced composites [25, 27], through granular
materials, where force chains were treated as load bearing
fibers [28, 29], to the rupture of biological materials [30].

Recently, we have proposed an extension of FBMs [31, 32] to
describe the mechanical response of systems with a complex
micro-structure which respond to external loading by local
rearrangements, for instance, of particles like in granular
materials [28, 33] and in agglomerates of dipolar particles
[34], or by an activation of internal stored length such as
spider silk [35]. A special area where stick-slip dynamics can
be exploited for technological applications, is the development of
nanocomposites, in particular carbon nanotube (CNT)
composites, where CNTs are embedded in a polymeric matrix.
One of the interesting properties of CNT nanocomposites is the
ability to absorb vibrational energy which, together with high
strength and fatigue tolerance, makes them perfect candidates for
new multifunctional composite structures [36]. Recent
experimental studies have revealed that the damping
enhancement can be attributed to the CNT-matrix stick-slip
caused by the severe elastic mismatch which leads to shear
stress localization at the interfaces [37]. To represent the
microscale complexity underlying stick-slip dynamics, fibers of
our model were assumed to undergo a sequence of stick-slip
events: when the local load reaches a failure threshold the fiber
does not break, instead its load drops down to zero but the fiber
has the ability of support load again. The model has been
successfully applied to analyze the mechanical response of
sheared granular materials [33] and the effect of root
reinforcement on the stability of soils [29]. Complementing
the stick-slip FBM with a healing mechanism it proved to be
capable to describe the failure process of snow [38, 39].

In the basic setup of the model it is assumed that fibers keep
their original stiffness during their entire damage history [31,
32], which is a crude simplification. It is reasonable to assume
that restructuring events give rise to a degradation of the local
stiffness or to hardening, e.g., due to damage or activating
stored length inside the material, respectively. Additionally,
fibers of the bundle are allowed to undergo the same number of
slip events although in an extended sample the number of
possible restructurings may have a spatial variation. To make
the stick-slip FBM more realistic, in the present paper we
resolve these limitations by allowing for the change of the
stiffness of fibers as a result of slip events, and we capture the
fluctuations of the number of stick-slip cycles allowed for fibers.
Under the assumption of global load sharing, we derive analytic
expressions for the macroscopic constitutive response of the
bundle both for quenched and annealed disorder of failure
thresholds where slip is activated. The stiffness change is
treated in a multiplicative way which allows for a unified
framework of stiffness degradation and stiffening. We
demonstrate that the stick-slip dynamics results in a plastic
behavior on the macro-scale and explore consequences of the
new degrees of freedom of the model.

Stick-Slip Dynamics in FBMs

2 STICK-SLIP DYNAMICS WITH VARYING
STIFFNESS

The model consists of N parallel fibers which are characterized by
the same initial stiffness value E = 1. Under an increasing external
load o fibers have a linearly elastic behavior up to a threshold load
os. When the load on a fiber exceeds the failure threshold we
assume that the fiber does not break, instead it slips and gets
extended by increasing its equilibrium length until the load drops
down to zero. Heterogeneity of the material is represented by the
randomness of the slip thresholds, which are sampled from a
probability distribution p (o). The slip event is instantaneous in
the sense that it does not take time, however, after slipping has
been completed the fiber can support load again. As an important
step of generalization of the model we let the fibers’ stiffness
change after slipping in a multiplicative way, i.e. the stiffness is
updated as

E' = aE, (1)

where a >0 is the stiffness parameter of the model. Note that the
special case a = 0 captures the immediate irreversible failure of
the fiber right at the first slip which essentially results into the
same dynamics as the classical fiber bundle model [2, 4, 40]. The
parameter choice a =1 recovers the original stick-slip model
where stiffness does not change during the loading history of
fibers [31, 32]. In our present study we focus on the parameter
ranges 0 <a <1 and a>1, which represent stiffness degradation
and stiffening of fibers following slipping, respectively. For
practical applications of the model, stiffness degradation
(a<1) is typically caused by internal damage of material units
represented by fibers. Stiffness increase (a<1) occurs, for
instance, in granular materials under compression where the
restructuring of force chains may be accompanied by stiffening
[28], and in biological materials like spider silk which respond to
an increasing load by the activation of stored length [41].

After the slip has been completed, the fiber gets sticked so that
it can support load again described by the constitutive law

2

where ¢ denotes the strain of the fiber. Eq. 2 takes into account
that the relaxed length of the fiber is extended with the strain
threshold &y = ow/E of slipping. This dynamics has the
consequence that fibers may fulfill again the slipping condition
and can eventually undergo a stick-slip sequence representing the
gradual restructuring of the material. In order to describe such
sequences we set the number of allowed slip events K > 1, which is
first assumed to have a fixed value for all the fibers of the bundle.
It follows from Eq. 1 that after k stick-slip cycles the stiffness E; of
the fiber has the value

0 =aE (e - ¢&y),

E = d'E, 3)
which can be greater or lower than the initial value E, for a > 1 and
a < 1, respectively. It is a crucial question at which threshold loads
the subsequent slip events occur. In the simplest case we can
assume that the threshold value oy, is fixed for the entire history
of a fiber which provides a representation of the quenched
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FIGURE 1 | Mechanical response of a single fiber in the case of quenched disorder when the slipping threshold o4 is fixed for the entire damage history of the fiber.
The value of a is set to a = 0.8 so that gradual stiffness degradation occurs through the subsequent stick-slip periods. Since the stiffness is changing, the threshold
in spite of the fixed stress threshold oy, of the fiber.

disorder of the materials’ micro-structure. It can also occur that
after restructuring events the local physical properties of the
system change which can be captured by assigning a new
threshold value to the fiber from the same probability
distribution p(oy) each time a slipping occurred (annealed
disorder).

For the interaction of fibers we assume global load sharing in
such a way that fibers are stretched between two hard loading
plates which ensure a global response of the entire system
following local slipping events. However, global load sharing
does not imply equal load of fibers in our stick-slip system
since fibers which suffered a different number of slips have
different stiffnesses and relaxed lengths, hence, they keep
different loads. After fixing the type of disorder the threshold
strains of slips can be determined from the corresponding stress
thresholds. A fiber which has slipped k times at the consecutive
strain thresholds sf,}),et(,f), ceo st(h) up to the externally imposed
strain ¢, keeps the load

(2)

_ Kk (1) 0!
o—aE(s—eth —&; — gy, ),

where the sum of failure thresholds & = Z]]leeg) determines the
relaxed length & of the fiber. In the following we derive the
macroscopic constitutive relation of the bundle for the cases of
quenched and annealed disorder of slipping thresholds with
global load sharing. Our main goal is to explore the
consequences of the changing stiffness and of the fluctuations

of the number of slip events fibers can experience.

4

2.1 Quenched Disorder of Failure
Thresholds

Quenched disorder means that slips of a fiber always occur at the
same stress threshold oy, assigned to it in the initial state of the
system. However, the corresponding threshold strains are not
constant, which is illustrated in Figure 1, where the damage
history of a single fiber is presented with a stiffness parameter

a< 1. It can be observed that in spite of the constant threshold
load oy, the strain values st(hl),sfhz),et(; ) ... where slips occur,
gradually increase due to the degrading stiffness. It follows from
Eq. 4 that the threshold strains st(,lf ) (k=1,...,K) of consecutive
slips of a fiber are determined by its initial strain threshold st(hl)

and by the stiffness parameter a of the model as

(1)

®)

The relaxed length (" of the fiber after the kth slip is the sum
of all previous threshold strains which yields

1

NOT LR
_Sth +;+;+ +ﬁ.

(k)
&

(6)

For the sum of the geometric series inside the brackets we
introduce the shorthand notation S(a, k) so that Eq. 6 simplifies
to eék) = st(hl )s (a, k). Here the value of S(a, k) can be cast into the
closed form S(a,k) = (% —1)/(a' - 1) for a#1. The above
expressions are valid both for gradual degradation a<1 and
stiffening a>1, resulting in an increasing and decreasing
sequence of strain thresholds of slip events, respectively. Note
that in the particular case of the original stick-slip model with
a = 1, the sum S(a, k) takes the value S(a, k) = k.

2.1.1 Derivation of the Constitutive Equation With
Varying Stiffness

To obtain a closed analytic form for the constitutive equation, we
assume strain controlled loading of the bundle between two hard
plates. At a given strain € during the loading process, the bundle is
a mixture of subsets of fibers which are either intact (no slip), or
have suffered different number of slip events k, where 1 <k<K
holds. Based on Eqs 4-6 the failure index k of fibers can be
expressed in terms of their initial failure thresholds st(hl ) and the

externally imposed strain ¢ as
e <e, k=

0, ™
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FIGURE 2| Constitutive behavior of the stick-slip bundle with quenched FIGURE 3 | The effect of the value of the stiffness parameter a on the
disorder of the sliding thresholds according to Eq. 8 including both cases of macroscopic behavior of a bundle where all fibers are allowed to perform
remaining stiffness (continuous lines) and ultimate failure of fibers (dashed K =10 stick-slip cycles. Constitutive curves of hardening (continuous lines)
lines) after completing K slip events. The arrows highlight unloading and softening (dashed lines) bundles are also included. The slip
curves, which start at different strains ey, of the constitutive curve of the thresholds are exponentially distributed. Fibers keep their final stiffness so that
softening bundle of K = 5. The value of the stifiness parameter is a = 0.8. all bundles are hardening even if the asymptotic regimes are not visible for the
lowest a.

£ ceWe_ % 1ck<K
S(a,k) " "S(ak+1) T ’
€ )
<e,’, k=K,
S(a, K)o

where the failure index k = 0 stands for intact fibers.

The macroscopic constitutive response of the system can be
obtained by summing up the load oy (¢) kept by the subsets of
fibers which suffered exactly k slip events

K
a(e) =) 0x (o). ®)
k=0

The partial loads ok (¢) can be expressed in terms of the
disorder distribution as

0o(e) = E¢[1-P(¢)] for k=0, 9)
e/S(ak)
oy (€) =akEJ [e—&S(a,k)p(e)de, for 1<k<K,
/S (ak+1)
(10)
e/S(a.K)
ok (&) = aKEJ [e—&S(a,K)]p(e))de; for k=K,
min
(11)

where the first, second, and third terms provide the contribution
of intact fibers, of the fibers which have suffered exactly 1 <k <K
slip events, and of the fibers which have completed all the K stick-
slip cycles, respectively. Note that the integration limits capture
the separation of the subsets of fibers given by Eq. 7. In the
limiting case of small deformation ¢ — 0 only the first term Eq. 9
has a finite contribution recovering the expected linear behavior
0 (&) = Ee with the initial stiffness. In the opposite limit e > + co

only the last term Eq. 11 survives which expresses that after the
number K of allowed slip events the fibers still keep load and a
linear behavior emerges

o(e) = aKE(s—S(a, k)(sf,?)) (12)

With the asymptotic stiffness E, = aXE. On the right hand side
(st(hl)> denotes the average slip threshold in the initial state of the
bundle. Between the two limits, at intermediate strains the second
term Eq. 10 controls the macroscopic response as fibers gradually
undergo more and more slip events.

The constitutive behavior of the stick-slip bundle is illustrated
in Figure 2 for several values of the maximum number K of slip
events at a fixed value of the stiffness parameter a = 0.8. For the
explicit calculations we considered exponentially distributed slip
thresholds with the probability density function

plog) = Aem, (13)

where the parameter A is set to A = 1. This disorder distribution
has the advantage that all the expressions of Eqs 9-11 can be
obtained analytically. When presenting the results we rescale the
stress o and strain € with the fracture strength ¢? and € of a
simple equal load sharing FBM of the same threshold distribution
where fibers break when the load exceeds their strength. Note that
the constitutive equation of this classical FBM coincides with
0o (&) of Eq. 9. It can be seen that at intermediate strains a plastic
behavior emerges which gets more pronounced for higher values
of K, i.e. the hardening curves tend to asymptotic straight lines
according to Eq. 12 which are preceded by longer and longer
plateau regimes in spite of the degrading stiffness. The model can
also account for the ultimate breaking of fibers after completing
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FIGURE 4 | Emergence of the plateau regime as the stiffness parameter a decreases at a fixed value of the maximum number K = 5 of stick-slip cycles allowed for
fibers. The partial loads ok (&) Egs 9-11 kept by the subsets of fibers which have suffered exactly k slip events are also shown fork = 0, 1, 2, 3, 4, 5 for four different values
of the stiffness parameter a: (A) 0.8, (B) 0.5, (C) 0.2, and (D) 0.05. The constitutive curve of the entire bundle o (¢) is also presented for both hardening (continuous red
line), and softening (dashed red line). On the horizontal axis logarithmic scale is used due to the large strains involved at low a.

the allowed number K of stick-slip cycles by omitting the term of
ok (&) in Eq. 8. Fiber breaking implies that in the limit ¢ — co the
load bearing capacity of the bundle gradually diminishes so that
o (&) — 0 follows, however, increasing the number of slip events K
a broader plastic plateau emerges similar to the hardening
bundles (see Figure 2).

2.1.2 Effect of the Varying Fiber Stiffness on the
Macroscopic Response of Stick-Slip Bundles

The value of the stiffness parameter a has an important effect on
the overall behaviour of the system. It can be inferred from Eqs 5,
6 that for the stiffening case a > 1 consecutive slip events rapidly
follow each other so that the asymptotic regime Eq. 12 is reached
at a relatively low strain. Decreasing a at a constant value of K, the
plastic regime preceding hardening gets more-and-more
extended (see Figure 3 for illustration). For the lowest values
of the stiffness parameter a the hardening regime is approached
only at very high strains which hinders the precise structure of the
o(e) curves in Figure 3. That’s why we further analyze the
emergence of the plateau regime at low a values in Figure 4
using logarithmic scale on the horizontal axis presenting also the
partial loads o4 (¢) of the subsets of fibers of different failure
indices. It can be observed that lowering the stiffness parameter,

the plastic plateau develops as a steady regime decorated with
some oscillations. It can be seen that for higher a values, where the
stiffness slowly degrades, the curves of ox(¢) strongly overlap
each other and their peak load rapidly decreases with k. As a
decreases the steady state emerges because the oy () curves get
more-and-more separated while their peak load increases
approaching o, of the classical FBM, which coincides with
0k=1(¢). In the limit of a—0 the steady stress regime
disappears because the oy(e) functions become almost
completely separated (see Figure 4D).

The separation of the oy (¢) curves in the low a limit also
reveals that their functional form is essentially the same,
determined by the constitutive equation of the classical fiber
bundle model o4 (¢). The overall shape of the constitutive curve
of FBMs has a high degree of robustness for a broad class of
disorder distributions [2], which implies the robustness of the
macroscopic behaviour of the stick-slip FBM presented above,
against the distribution of slip thresholds p(ezt(h1 ).

It is a very important consequence of the stick-slip dynamics
that upon unloading o — 0 the bundle a permanent deformation
& remains which depends on the maximum deformation &,
reached before unloading sets on. If fibers keep their last stiffness
value after K stick-slip cycles, the permanent deformation
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FIGURE 5 | Permanent deformation e, of hardening (continuous lines)

and softening (dashed lines) stick-slip bundles as function of the maximum
deformation ¢, reached before unloading started for different values of the slip
number K at the stiffness parameter a = 0.8. The remaining deformation

& is scaled with the corresponding maximum value ¢ of the hardening case
given by Eq. 14. For softening bundles a non-monotonous behavior is
obtained. Additionally, even the maximum values of the ¢ (en,) curves fall
below the corresponding curves of hardening bundles.

monotonically increases and it has an upper limit /"™, which can

be realized if the unloading starts along the asymptotic linear
regime of a hardening bundle. The value of €/"** can be obtained

from Eq. 12 using the condition o (/") = 0, which yields

£ = §(a, K) ey, (14)

For intermediate starting points ¢,, the remaining
deformation ¢, can be determined by applying the condition
o(g) =0 in the constitutive equation Eq. 8 taking also into
account that along the unloading curve no slip events occur.
This leads to the final form

em/S(ak) £m/S(a.K)

lakS(a, k) Is,,,/s(a.kﬂ) &p(e)de; +akS(a,K) L’Z‘" ep(e)de
& = _ £m/S(ak) sml S(a,K)
1= P(EW’) + Z;‘(:llak .[Cm;S(a,kH)P(sldsl) +ak J‘s'f"( p(sl)dsl

(15)

which converges to &* in the limit ¢, — co. Note that the

starting point of unloading ¢,, appears in the upper bound of the
integrals. The permanent deformation ¢, of hardening bundles is
presented in Figure 5 for several values of the maximum slip
number K. It follows from Eqs 14, 15 that for increasing the
number of slip events K and decreasing the stiffness parameter g,
hardening bundles store a higher plastic deformation, which is
also supported by the numerical results of the figure.

Examples of unloading curves are presented in Figure 2 for the
case of softening bundles, where fibers break after K slips. Since
no slip can occur under a decreasing load, the unloading curves
are always straight lines and their slope, ie. the unloading
modulus decreases with increasing ¢,,. The analytic expression

Stick-Slip Dynamics in FBMs

of the unloading modulus E, coincides with the denominator of
Eq. 15 multiplied by the initial stiffness E of fibers

K-1 4

em/S(ak)
oy @ J ple)de
o em/S(ak+1)

em/S(a.K)
+af J p(el)del].

min
i

E, = E[l —P(ey) +
(16)

The expression shows that the unloading modulus E, at a
given &, is the weighted average of the moduli Ea* of the subsets
of fibers with slip numbers k = 0, 1, ... ., K, where the weights are
determined by the distribution p (¢;) of the slip thresholds. In the
limit ¢, — 0o, the unloading modulus E, converges to the
asymptotic value E, — E, = EaX.

For the unloading modulus of softening bundles the last term
inside the brackets has to be skipped to take into account the
ultimate breaking of fibers. It can also be inferred from Figure 2
that the permanent deformation of softening bundles is not
monotonous, i.e. the ¢ (g,) function has a maximum and
decreases when unloading along the tail of the softening
regime of the constitutive curve o(e). This behavior can be
realized in Figure 2 by the changing order of the end points
of the unloading curves. Figure 5 demonstrates that even the
maximum value of the remaining deformation of softening
bundles is significantly smaller than the corresponding
maximum permanent deformation &"* of the hardening ones.

It follows from Figure 4 that once a plastique plateau can be
identified, its extension is practically the same for hardening (no
breaking) and softening (breaking after K slips) bundles. At a
given parameter set a, K, the extension of the plateau can be
characterized by the asymptotic value ¢"* of the remaining
deformation Eq. 14 of hardening bundles. It is interesting to
note that in the case of a>1 the value of S(a,K) in Eq. 14
converges to S= 1/(1 - a™') for K — oo, which implies a finite
limit of the permanent deformation

1
max _,

r 1-—

£ — e, (17)
and hence, of the extension of the plateau, when fibers get stiffer
after slip events. However, for the case of stiffness degradation
a<1, the sum S(a,K) does not have a finite limit for large K
values giving rise to a monotonically broadening plateau as the

maximum slip number K increases.

3 FLUCTUATING MAXIMUM NUMBER OF
SLIP EVENTS

Fiber bundle models with stick-slip dynamics can be applied to
understand damage accumulation and fracture in a large variety
of systems where micro-scale restructuring plays a dominating
role. However, in the present form of the model the maximum
number of allowed stick-slip cycles is fixed for all the fibers, which
is a very strong constraint and limits the applicability of the model
under realistic conditions. In this section we extend the model to
capture the effect of the fluctuating slip number K.
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FIGURE 7 | Comparison of the constitutive curves of stick-slip bundles
FIGURE 6 | Comparison of the constitutive curves of stick-slip bundles with constant (dashed lines) and fluctuating (continuous lines) maximum
with constant (dashed lines) and fluctuating (continuous lines) maximum number of slip events for the case of softening at the stiffness parameter
number of slip events for the case of hardening at the stiffness parameter a = 0.8.The constant K values are set to be equal to the average (K of
a = 0.8. The constant K values are set to be equal to the average (K of the Poissonian distribution.
the Poissonian distribution. A natural choice for g (K) is the Poisson
distribution.

We assume that K is a random variable which is sampled from
a probability density function g(K) defined over the range
0 <K < 0o with the normalization condition

Y g(K)=1. (18)
K=0

Note that the possibility of fibers with K = 0 is included, which
implies that some fibers remain always intact during the loading
process.

The constitutive equation o (¢) of the stick-slip fiber bundle
with fluctuating maximum number of slip events K can be
obtained by averaging the contributions of subsets of fibers of
constant K Eqs 9-11 with the distribution g (K)

o(e) = (g(0) + [1—g(0)][1 - P(e)])Ee+

0 K-1 &/S(ak

Z g(K) Z Ed* J - [e = S(a, k)& ]p (e1)der+
K=1 k=1

&/S(ak+1)
&/S(ak)
[e — S(a, k)e1]p (e1)de;.

(19)

M8

g(K)Ea® J

min
Etn

=
l

The first term of the right hand side of Eq. 3 represents the
load kept by intact fibers taking into account that a fiber can be
intact either because it can never slip K =0, or because it is
damageable K > 0 but at the current strain it has not experienced
any slip k = 0. The second term stands for those fibers which have
slipped exactly k times and still can undergo further stick-slip
cycles k < K with the same maximum value K, while the last one is
the contribution of the fibers which have completed all allowed
stick-slip cycles and still support load with their final stiffness.

(KYfe®

K (20)

g(K) =
which we use for explicit calculations to demonstrate the
outcomes of the generic derivations. Here the parameter (K)
denotes the average of the slip number K inside the bundle.
Assuming that flaws responsible for slip events occur in an
uncorrelated manner along fibers, the Poissonian distribution
controlled by the average (K) gives an adequate description of
the statistics of the maximum slip number K [42]. Figure 6
presents a comparison of the constitutive curves of the stick-slip
bundle with constant and Poisson distributed maximum number
of slip events in such a way that the constant Ks are set to be equal
to the average (K) of the Poissonian. It can be seen that the
functional form of the two sets of constitutive curves is practically
the same. For low values of K = (K the corresponding curves fall
relatively close to each other, however, deviations increase with
increasing (K). The reason is that the standard deviation of the
Poissonian distribution growth as the square root of the average
/(K so that at higher (K the distribution Eq. 20 gets broader
and the fluctuations of K become more relevant. The fluctuating
K affects also the asymptotic form of o (¢) of hardening bundles

() = Ee [g(O) + i g(K)aK] — E¢ely i g(K)a*s(a, K),
K=1

K=1
21)
which yields
E, = E[g(o) + i g(K)aK] = E{a*), (22)

and
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Y8 (K)akS(a,K)
(aky ’

for the asymptotic Young modulus E, and for the maximum
value of the permanent deformation €"**, respectively. Note that
the average value (aX) is calculated with the distribution g (K) of
the maximum slip number K, while the average threshold (st(hl)>
is determined by the disordered strength of fibers p (es).

The constitutive response of softening bundles with
fluctuating maximum slip number can also be obtained from
Eq. 3 by skipping the last term, which represents the contribution
of fibers with failure index k = K. Figure 7 compares the behavior
of softening stick-slip bundles with constant and fluctuating
maximum slip numbers where the average (K) was set to be
equal to the fixed K values of the corresponding bundles. It is
interesting to note that contrary to the hardening case, deviations
of the corresponding constitutive curves are more pronounced
for small deformations. The position of the maxima of the
corresponding o (e) curves nearly coincide, however, bundles
of fluctuating K keep a lower load than their constant K
counterpart. As the deformation ¢ increases the curves cross
each other indicating the higher load bearing capacity of bundles
with fluctuating K. For large deformation ¢ — co the stress must
converge to zero with a constant maximum slip number,
however, the final stiffness of bundles with fluctuating K is not
zero. This is the effect of those fibers which are not allowed to
slide K =0, resulting in a finite asymptotic stiffness
E, =g(0)E = e<KF, Increasing the average slip number (K)
the fraction of unbreakable fibers exponentially goes to zero
making the difference of constant and fluctuating K bundles
larger for low values of K (see Figure 7).

max _
- =

ey

£ (23)

4 ANNEALED DISORDER OF FAILURE
THRESHOLDS

In materials with a complex micro-structure slip events may be
followed by a change of the local material properties. In our fiber
bundle model this behavior can be captured up to some extent by
assigning a new threshold value to the fiber after each slip event
from the same probability distribution p(oy,). This type of
annealed disorder leads to a constitutive behavior qualitatively
similar to the case of the quenched one, however, with a more
complicated dynamics. After k slip events the load o kept by a
fiber is given by Eq. 4 of the general model construction, however,
now the stress threshold o, is not fixed for the fiber, instead after
each consecutive slip event a new threshold is generated (Tt(;;) from
the same distribution p(oy). It has the consequence that the
threshold strains et(hl), stﬁ), ..., &k of consecutive slips events can
be obtained as

(k)

*® _ 9 _ &

=T _ & 24
T GkE gk 24)
where ¢ = at(}f)/E are strain values which have the same
distribution p(eg) for the entire history of the fiber. Eq. 24
shows that although the stress thresholds of}f) are generated with

the same distribution, the corresponding strain values ¢ still have
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to be transformed to obtain the strain thresholds, where fiber slips
occur. The constitutive behavior of a single fiber and the relation
of the variables ef:) and Gt(,{‘) are illustrated in Figure 8.

Based on the above expressions the constitutive equation o (¢)
of the entire bundle with a fixed number of allowed slip events K

can be cast into the form

o= Ee[l-P(e)]+

k
S = T W [d
E z a
enin in min

k=1 th & i

astff (S (<Eor)-

+EaX J“ ’’’’ J‘:Efzu‘?/a jildsjp(sj/af)(s,isj/ul>‘

th th J

(25)

where again the load bearing contributions of the subsets of fibers
of different slip numbers k=0, 1,...,K are summed up: the
first term represents the load kept by fibers which are intact k = 0
at the deformation & the second one is the sum of the
contributions of fibers which have undergone exactly 1 <k<K
slip events, and the last term captures the load bearing capacity of
fibers after completing all the allowed K slip events. Note that the
products of probability density functions occur due to the
independence of consecutive slip events, additionally, the
upper bounds of the integrals have also complex dependencies.

The constitutive responses of stick-slip bundles with quenched
and annealed disorder are compared in Figure 9 for the case of
hardening with fixed values of the number of slip events K. It can
be observed that the two sets of curves have a qualitatively similar
behavior. For K = 1 there is no difference between the two types
of disorder so that the corresponding curves must coincide,
however, larger quantitative differences of quenched and
annealed responses are observed for higher K values. The
sequence of independent identically distributed failure
thresholds of annealed disorder gives rise to broader plateau
regimes with a higher value of the mean stress along the plateau.
For large deformation both sets of curves converge to asymptotic
straight lines whose slope E, = aKE does not depend on the type
of disorder. Due to the qualitative similarities of the macroscopic
responses of quenched and annealed disorder stick-slip bundles,
we skip the details of further comparisons.

5 DISCUSSION

We presented an extension of fiber bundle models of stick-slip
dynamics incorporating the effect of stiffness change of the fibers
after slip events, and the fluctuations of the number of stick-slip
cycles fibers can experience under an increasing external load.
Stick-slip dynamics implies that when the load of a fiber exceeds
its local strength the fiber does not break, instead it slips which
increases its relaxed length. As a consequence, the load of the fiber
drops down to zero, however, the fiber retains its load bearing
capacity. The stick-slip FBM has a high degree of complexity
making it flexible to describe various materials’ behaviors. In
order to enhance the applicability of the model, we introduced a
parameter which controls the change of fibers’ stiffness after slip
events in a multiplicative way allowing for both gradual
degradation and stiffening. During their loading history fibers

Frontiers in Physics | www.frontiersin.org

n

March 2021 | Volume 9 | Article 613493


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Halész et al.

Stick-Slip Dynamics in FBMs

)
Oth

(1

3
Oth

(n 2)
Eth Eth

FIGURE 8 | Constitutive behavior of a single fiber with annealed disorder of the slip thresholds. The value of the stiffness parameter is a = 0.8 so that the fiber
stiffness gradually decreases (compare to Figure 1). The consecutive thresholds oz‘hk’ are drawn from the same probability distribution p (o1, then the corresponding

strain thresholds Sz(nk) are obtained from Eq. 24.
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can undergo a sequence of stick-slip cycles. In our model
construction the failure thresholds where slip is activated can
be either fixed for the entire failure process of the fiber (quenched
disorder), or it can be sampled from a probability distribution
(annealed disorder) representing fixed structural disorder of
materials and the effect of the local change of the material’s
behavior after slip events, respectively. As another novel element
of our study, the maximum number of slip events is treated as a
random variable inside the bundle sampled from a probability
distribution. The total number of slip events allowed and the
threshold loads where slip is activated are independent random
variables. After completing all the stick-slip cycles a fiber can
either keep its final stiffness or it can suffer ultimate breaking,
which result in global hardening and softening of the bundle in
the limit of high deformation, respectively.

We analyzed the model in the mean field limit, i.e. global load
sharing (GLS) was assumed. However, in stick-slip FBMs GLS
does not imply equal load on fibers, because at a given strain fibers
of the bundle can have different relaxed lengths and stiffness
values. We derived closed analytic forms for the macroscopic
constitutive response of the bundle both for quenched and
annealed disorder of the slip thresholds. These results showed
that on the macro-scale the bundle exhibits a plastic behavior, i.e.
the o (¢) curves develop a plateau regime which becomes broader
with increasing number of slips. We analyzed in details the role of
the changing stiffness of fibers in the emergence of the plastic
plateau. Our calculations revealed that the stiffness parameter
controls the degree of overlap of the contributions of fiber subsets
of different failure index. In the limit of low stiffness parameter
a< 1, the plastic plateau is decorated with well separated
maxima, while for slowly degrading stiffness a<1 and high
values of the slip number K a smooth horizontal plateau is
obtained.

Releasing the load on the bundle, a permanent deformations
remains, which increases monotonically with the maximum
deformation reached before unloading started for hardening
bundles, while in the softening case a non-monotonous
behavior is obtained. The permanent deformation of softening

bundles proved to be smaller than that of their hardening
counterpart. The asymptotic value of the permanent
deformation of hardening bundles can be used to characterize
the extension of the plateau regime at different stiffness
parameters a. Our calculations revealed that increasing the
number of allowed slips K the extension of the plateau has a
finite limit for stiffening bundles a>1, while it diverges for
stiffness degradation a < 1.

We showed that fluctuations of the number of stick-slip cycles
allowed for fibers affect the behavior of both hardening and
softening bundles. Comparing hardening bundles of constant and
fluctuating slip numbers with the same average value revealed
that larger fluctuations result in a narrower plastic regime
affecting also the asymptotic stiffness and the permanent
deformation of the bundle. For softening bundles the
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FIGURE 9 | Comparison of the constitutive curves of hardening stick-slip
bundles with quenched (dashed lines) and annealed (continuous lines) failure
thresholds for several values of the fixed number of allowed slip events K at the
stiffness parameter a = 0.8.
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fluctuations of the slip number result in lower and higher load
bearing capacities at small and large deformations, respectively,
compared to their constant slip number counterparts.

Annealed disorder of slip thresholds results in a qualitatively
similar macroscopic response to quenched disorder, however, its
description involves a higher mathematical complexity.

Here we focused on the effect of the changing stiffness and
fluctuating slip number of fibers on the macroscopic behavior of a
stick-slip FBM, and demonstrated that varying its parameters the
model is capable to capture several aspects of the macro-scale
consequences of stick-slip dynamics. The constitutive curves with
the softening regimes and oscillations along the plateau can only
be realized in strain controlled experiments. Under stress
controlled loading slip events are followed by a load
redistribution inside the bundle which can induce further slips
and eventually can trigger an entire avalanche of slipping fibers
until the bundle gets stabilized. As to the next, we are going to
explore the effect of the varying stiffness and fluctuating slip
number on dynamics and statistics of slip avalanches, which can
have a relevance for the understanding of restructuring
avalanches of granular materials and of earthquakes.

Although, the model is complex, still it could be further
extended to fit to specific applications. For instance, when
consecutive slip events result in the accumulation of internal
damage of fibers, the degradation of fibers’ stiffness may be
accompanied by the reduction of fibers’ strength. This
correlation of local strength and stiffness can be captured by
the model in such a way that at slip events fibers get a new failure
threshold (annealed disorder) from a distribution which has the
same functional form as the original one, however, its average is
gradually reduced. Due to its flexibility, the model can serve as a
starting point to develop more realistic micro-mechanical models
of carbon nanotube reinforced polimeric composites where the
high damping ability of the material originates from the stick-slip
occurring at the CNT-matrix interface. Our approach can
complement recently developed micro-mechanical models of
CNT nanocomposites [43-45] providing an efficient
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Breakage and Matrix Creep for the
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Creep Effects

Amy Engelbrecht-Wiggans ™ and Stuart Leigh Phoenix?

" Theiss Research, La Jolla, CA, United States, ? Sibley School of Mechanical and Aerospace Engineering, Cornell University,
Ithaca, NY, United States

Stress rupture (sometimes called creep-rupture) is a time-dependent failure mode
occurring in unidirectional fiber composites under high tensile loads sustained over long
times (e. g., many years), resulting in highly variable lifetimes and where failure has
catastrophic consequences. Stress-rupture is of particular concern in such structures as
composite overwrapped pressure vessels (COPVs), tension members in infrastructure
applications (suspended roofs, post-tensioned bridge cables) and high angular velocity
rotors (e.g., flywheels, centrifuges, and propellers). At the micromechanical level, stress
rupture begins with the failure of some individual fibers at random flaws, followed by
local load-transfer to neighboring intact fibers through shear stresses in the matrix.
Over time, the matrix between the fibers creeps in shear, which causes lengthening
of local fiber overload zones around previous fiber breaks, resulting in even more fiber
breaks, and eventually, formation clusters of fiber breaks of various sizes, one of which
eventually grows to a catastrophically unstable size. Most previous models are direct
extension of classic stochastic breakdown models for a single fiber, and do not reflect the
micromechanical detail, particularly in terms of the creep behavior of the matrix. These
models may be adequate for interpreting experimental, composite stress rupture data
under a constant load in service; however, they are of highly questionable accuracy under
more complex loading profiles, especially ones that initially include a brief “proof test” at a
“proof load” of up to 1.5 times the chosen service load. Such models typically predict an
improved reliability for proof-test survivors that is higher than the reliability without such a
proof test. In our previous work relevant to carbon fiber/epoxy composite structures we
showed that damage occurs in the form of a large number of fiber breaks that would not
otherwise occur, and in many important circumstances the net effect is reduced reliability
over time, if the proof stress is too high. The current paper continues our previous work
by revising the model for matrix creep to include non-linear creep whereby power-law
creep behavior occurs not only in time but also in shear stress level and with differing
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exponents. This model, thus, admits two additional parameters, one determining the
sensitivity of shear creep rate to shear stress level, and another that acts as a threshold
shear stress level reminiscent of a yield stress in the plastic limit, which the model also
admits. The new model predicts very similar behavior to that seen in the previous model
under linear viscoelastic behavior of the matrix, except that it allows for a threshold shear
stress. This threshold allows consideration of behavior under near plastic matrix yielding
or even matrix shear failure, the consequence of which is a large increase in the length-
scale of load transfer around fiber breaks, and thus, a significant reduction in composite
strength and increase in variability. Derivations of length-scales resulting from non-linear
matrix creep are provided as Appendices in the Supplementary Material.

Keywords: failure probabilities, stress rupture behavior, proof testing, composite overwrapped pressure vessels,

local load sharing model, Weibull distribution, non-linear viscoealsticity

INTRODUCTION

From a materials engineering perspective, stress rupture
(sometimes called creep-rupture) is a time-dependent failure
mode in unidirectional, continuous fiber composites that are
primarily loaded in tension over long time periods and
whose failure is typically catastrophic. Such composites, often
consisting of carbon fibers in an epoxy matrix, operate at
either ambient temperatures, or temperatures well below the
matrix glass transition temperature. Examples of such structures
include composite overwrapped pressure vessels (COPVs),
tension members in infrastructure applications such as cables
in suspended roofs, post-tensioned bridge platform cables,
and rotors spinning at high angular velocity such flywheels,
centrifuges and propellers, where hoop and radial stresses
become very large. In such cases, stress rupture failure is explosive
resulting in sudden release of potential and/or kinetic energy and
in the case of COPV's the stored contents can also be combustible.
Typically, stress-rupture occurs with little or no warning, and its
unpredictable nature necessitates large safety factors even when a
considerable experimental data base exists to support various life
prediction methodologies.

In engineering applications, which are often subject to life-
safety requirements, much of the concern stems from the fact
that reliabilities in such structures must be extremely high (e.g.,
probability of failure <107%) over a specified lifetime (typically
many years) under a specified service load. No amount of brute-
force testing can directly demonstrate such reliabilities, especially
when test objects in the laboratory necessarily differ from actual
service components in key respects, such as being much smaller
in overall material volume under load. Thus, size effects are a key
issue, and predicting stress-rupture lifetime, and particularly the
lower tail of the lifetime distribution for a given load, inevitably
requires sophisticated modeling in light of any previous, or
simultaneously generated, test data.

The general experimental approach to characterizing the
stress-rupture behavior of such a carbon fiber/epoxy structures
in applications is to first determine the strength distribution
of subscale artifacts, such as epoxy-impregnated strands, or
small laboratory scale pressure vessels, which have been filament

wound using the same materials. Typically, a Weibull strength
distribution is observed, and the Weibull scale and shape
parameter values are estimated. Then several fixed stress levels
are selected, and for each level multiple test artifacts are placed
under test and failures recorded over time, which in many cases
requires many months and sometime years to gather sufficient
lifetime data for prediction purposes. Typically, the lifetime data
is also found to be of Weibull form, but with extremely high
variability (low Weibull shape parameter value typically less than
unity). Furthermore, statistical estimation techniques, such as
maximum likelihood, must be used to deal with censored test
samples, since at lower stress levels, only a few of the test samples
may have failed.

While methods vary for analyzing and presenting such
strength and stress-rupture data, the general approach is often
to plot the mean lifetime (or Weibull lifetime scale parameter)
vs. fixed stress level on log-stress vs. log-lifetime coordinates, and
to fit a power law, i.e., lifetime varies as stress level to a negative
power, which is often of the order of 100 in magnitude. Some
effort may also be made to estimate the shape parameter for
Weibull lifetime at each stress level, hopefully the same for each,
and from the results, to determine a stress level that results in
the desired high reliability, i.e., low probability of failure over the
chosen structural component lifetime.

The previously mentioned approaches to modeling stress-
rupture lifetime are discussed in detail in [1-4] where it is
shown that such a lifetime estimation approach is fraught with
many serious difficulties some of which are as follows: First,
there are serious practical limitations in sample sizes that can
be tested at each stress level. Second, since the variability in
lifetime is very high, the uncertainty in any reliability estimate
is also very high to the point of resulting in unusable reliability
bounds (much less providing the ability to select between
competing models, which are typically phenomenological).
Third, the typically used “proof test” approach to screen
out weaker, and presumably, lower reliability specimens is
fraught with difficulties, such as what proof stress level to
use, and whether damage is caused to the structure in the
act of proof testing that cancels any potential benefit, perhaps
even making the structure even less reliable. Thus there is
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a need for the development of sophisticated models that
consider the micromechanics and statistics of fiber load-sharing
and failure, and which are reasonably tractable and whose
predictions can be defended. Since we are most interested
in the high reliability (low probability of failure) region of
various distributions, we are able to take advantage of various
power-law approximations to the lower tails of various Weibull
distributions to construct reliability estimates. This is seen
throughout the derivations.

Before developing the model, and in view of the broad
audience, we provide some context regarding the breadth of
fiber bundle models that have played a key role in the study
of failure processes in a heterogeneous materials, as conducted
in statistical physics, materials, and mechanics communities.
Some excellent reviews from various perspectives are provided
in [5-10]. The simplest versions focus on material strength
in response to an applied load, and where individual fibers
are assumed to have variability in their strengths following
some probability distribution, such as uniform or Weibull,
the latter being common to engineering applications [9, 10].
Under a tensile bundle load some fibers fail, and their
loads are transferred to their survivors, some of which may
also fail due to their increased loads, leading to more load
redistribution, and so on. Depending on applied bundle load,
the bundle may either reach a stable state where some smaller
group of surviving fibers are strong enough to support the
bundle load, or, all survivors are exhausted and the bundle
collapses. As discussed below, details on the evolution of this
failure process depend on the bundle load magnitude, the
fiber strength distribution, the bundle size (number of fibers),
and critically on the mechanism by which fibers share and
redistribute load.

In the simplest bundle models, load-sharing mechanisms fall
between two extremes: (i) equal load-sharing (ELS) where the
loads of failed fibers are redistributed equally onto all survivors,
and (ii) local load sharing (LLS), where the loads of failed
fibers are transferred onto their closest surviving neighbors,
as expanded upon in [5-10]. Under ELS fiber failure patterns
tend to be diffuse and percolation-like, whereas under LLS,
clusters of breaks nucleate and grow reminiscent of catastrophic
cracks. The contrast in the two pattern types depends on
the variability in fiber strength. Larger variability results in
increasingly similar failure patterns across the load redistribution
range from ELS and LLS, however, that the bundle strength
statistics ultimately differ as bundle size grows indefinitely, as
shown in [9, 10].

In statistical physics, various aspects are of interest, such as
critical behavior, recursive failure dynamics, universality classes,
burst distributions and avalanches, precursors (warnings) of
global failure, cross-over behavior, and localization in terms
of forming of critical clusters vs. mean field analysis [5-
8]. In both the physics and engineering communities size
effects are a key issue [9-13] because the size scales of
multiple laboratory test samples are necessarily orders of
magnitude smaller than their monolithic structural counterparts
in applications. Approaches to the study of such models vary
from being purely analytical (requiring various simplifying

assumptions but yielding profound insight) to numerical Monte
Carlo methods where fiber strengths and load redistribution for
evolving failure configurations are directly calculated. Numerical
simulation has limitations, however, because bundle structures
of interest can have more than 10% fiber elements (e.g., carbon
fiber/epoxy composite overwrapped pressure vessels) whereas
eventual scaling behavior may be inconclusive in bundles of
10* to 10°fiber elements, and require 103replications to obtain
accurate statistics. Additionally, while some researchers use
mean field approaches, attempting to calculate the limiting
strength of bundles approaching infinite size, others focus
on obtaining distributions for strength of finite-size bundles
especially deep into their lower tails particularly when high
reliability is of concern. For instance finding a particular
bundle load for which the failure probability is <10~ may
be of interest, where 8 > 8 (sometimes referred to as the
“number of nines” of the reliability, 1 — 10~%) would require
at least 10%! = 107 replications, currently a computationally
prohibitive number. How to extend to such low probability levels
for large-scale structures such as carbon-fiber/epoxy pressure
vessels is a key challenge and is where theoretical modeling and
scaling arguments become powerful tools, as is addressed in
this paper.

Generalizations of simple fiber bundle models for material
strength, particularly for longer structures, typically assume
fiber flaw occurrence along an individual fiber following a
compound Poisson point process in distance and flaw strength
(local failure stress). When the flaw strength follows a power
law, the result is a Weibull distribution for fiber strength
vs. length that satisfies weakest link statistics. We call this a
Weibull-Poisson (WP) fiber strength model. For long bundles
with fibers bonded together in a flexible matrix, or in a stiff
matrix but where the matrix has a low yield strength or the
fiber-matrix interface is weak and slip occurs, ELS generalizes
to global load-sharing (GLS). Under GLS a fiber can fail at
multiple locations along its length, however, at any cross-
sectional composite plane, a locally failed fiber may still carry
some load depending on the distance from the plane to its closest
break. In cases where LLS still applies at a cross-section, behavior
also depends on whether the bundle is planar (i.e., each fiber
has only two flanking neighbors) or the fibers are packed in a
square, hexagonal or random array in which case failing fibers
have many neighbors onto which to redistribute their loads.
Thus, milder versions of LLS emerge at a plane where some
load is transferred to next-nearest and even further neighbors
following some power-law decay in lateral distance. In both
GLS and LLS failure tends to concentrate in transverse planes
whereby material failure is well-described using a chain-of-
bundles approach [9, 13], which means that size effects become
important [11-13].

The failure of heterogeneous materials typically involves time-
dependence of some form, and in accommodating such features,
fiber bundle models become more complex, but also richer
in features, as can be seen in [14-55]. Time dependence can
enter into the bundle failure process in various ways: First,
the fiber breakdown process may be thermally activated as for
instance in [14-29], or may involve time-dependent kinetics of
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flaw growth in the fiber as in [30, 31]. On the other hand, the
matrix may creep, or the fiber/matrix interface may slip over
time, thus causing relaxation in broken fibers and overloading
of others [32-55], thus altering the length scale of fiber-to-fiber
load transfer.

In the case of the former where fiber load-sharing, ranging
from ELS to LLS, is by itself time independent, many models
for time-dependent fiber failure involve a breakdown rule with
the fiber failure rate depending on fiber stress level raised to a
power, or as an exponential in fiber stress level. These rules are
often tied to activation energy ideas of molecular bond failure,
depending on the absolute temperature. In such cases, the fiber
lifetime distribution under fixed load may be taken as exponential
(constant hazard rate over time) and in others, a memory integral
of past stress history is involved. This integral then becomes
the argument of a second function controlling the shape of the
lifetime distribution, and when of power form and the fiber is
under a constant stress, Weibull fiber lifetime results. Several
works specifically focus on such time-dependent fiber bundles as
well as more elaborate network and lattice extensions, a sampling
of which are discussed in [14-29]. In papers involving varying
ranges of lateral load transfer somewhere between the ELS and
LLS extremes, crossovers from mean-field to short range behavior
are seen where break clusters form and instability is seen. To
span ELS to LLS, the degree of localization also depends on
the magnitude of the power-law breakdown exponent. Even in
LLS bundles, one may see ELS-like diffuse fiber failure when the
power-paw exponent approaches two and especially below 1 as
shown in [24-27].

The works [14-29], which span the last 25 years of research,
reveal surprising consistency in the overall behavior observed, in
terms of size effects, localization in cluster growth and the types
of lifetime distributions obtained, especially in the lower tails.
Numerical Monte Carlo methods have become more efficient
and computational power has increased, for a bundle with a
given geometric and load-sharing complexity, by two to three
orders of magnitude in size, which has been critical to providing
insight into ultimate convergent (or divergent) behavior as the
size scale increases. Fortunately, analytical models with various
idealizations based on LLS and GLS modeling approaches have
proven very effective in uncovering characteristics of bundle
lifetime distributions deep into their lower tails. In cases where
a clear choice between an LLS vs. a GLS modeling approach is
ambiguous, it often happens that the two approaches result in
surprisingly similar lifetime distribution shapes.

Other bundle models with time-dependent fibers (or analogs
at the molecular scale) involve unique approaches [32-34]
to specialized circumstances. For instance [32], which models
a metal-matrix composite, involves a creeping, elasto-plastic
matrix, and fibers that have some mix of strength behavior
and time dependent degradation, all treated in a finite-element
framework. Another approaches fiber behavior using a kinetic
Monte-Carlo algorithm based directly on thermal fluctuations
[33]. In another, fibers constitute a molecular network and a
molecular dynamics approach is used [34].

Yet another group of models [35-37], involve fibers that
are essentially elastic but upon failure undergo slow relaxation

behaving as Maxwell elements. In [35], the fiber strength follows
a uniform distribution and the modeling is purely GLS with
broken fibers slowly shedding load to their survivors. In [36] fiber
strengths are assumed Weibull a with shape parameter of two,
whereupon bundle lifetime was found to be lognormal. In [37]
the load-sharing ranged between GLS and LLS using a power-
law, variable range of interaction rule, and again Weibull fiber
strength. The two universality classes associated with GLS vs. LLS
extremes appeared robust.

The focus in the current paper is on time-dependent bundle
models where the fibers are brittle, initially continuous, time-
independent, and that are aligned in a polymer matrix that
itself supports negligible tensile load. The fibers have WP
strength properties and time dependence enters through matrix
shear creep around fiber breaks, which over time increases
the length-scale of fiber load transfer at breaks. Examples of
models in an ELS-GLS framework are described in [38-41],
where in [38-40] plots of stress level vs. the logarithm of
the mean lifetime is of interest, whereas in [41] the interest
is on the residual composite strength after considerable time
spent under constant load. These models do not focus on
the nature of the lifetime distribution over time given the
applied stress level. Of particular interest are such bundle models
under LLS, several of which are discussed in [42-55]. The
first two models [42, 43] are predecessors to the model we
develop later and involve both theory and experiments on the
strength and creep-rupture of seven-fiber, micro-composites
of carbon fibers in an epoxy. They demonstrate various
features of interest in the current paper, including Weibull
fiber strength, distributions for micro-composite strength with
Weibull “envelopes” having segments predicted by LLS theory,
Weibull lifetime distributions also having Weibull envelope
segments, and lastly, plots of log-load vs. log-lifetime behavior
whose slopes depend on the shape parameter for fiber strength
and the power-law creep exponent in time. Also, [44] contains
a supporting analytical/numerical model for composite creep-
rupture involving Weibull fibers with planar and hexagonal fiber
packing in a linearly viscoelastic matrix.

Two related works [45, 46], present both theory and
experimental results on the strength and lifetime of epoxy-
impregnated carbon fiber strands. The models, however,
are largely phenomenological and do not directly build on
micromechanical LLS behavior with matrix creep. Nonetheless,
such microstructural behavior arguably underlies the behavior
observed. Time-dependence is reflected in the epoxy creep
compliance, including time-temperature shift factors. This
framework provides coherence to both the strength and the
lifetime distributions obtained, respectively, at various strain
rates and fixed stress levels, and at temperatures from 298°K
to 443°K. Strand strength followed a Weibull distribution, and
lifetime distributions were shown where the scale parameter had
log-log dependence through a function of normalized time based
on the matrix creep response. Overall, the experimental behavior
seen is consistent with the model results we develop later.

In a sequence of papers by Bunsell et al. [47-55], a model
has been developed that considers the lifetime of unidirectional
carbon fiber-epoxy composites under sustained loads, and where
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the main application is filament wound pressure vessels. In
[47] the work begins with numerical modeling of the micro-
mechanisms of fiber-to-fiber load transfer resulting from WP
fiber failures. In [48], the load-transfer mechanism over time
is altered by relaxation due to the viscoelastic and plastic
behavior of the matrix, also causing locally increasing loads on
neighboring fibers. In larger scale structures, these processes are
used in [49] to model fiber break progression in a multi-scale
framework, involving representative volume elements (RVEs)
applicable to both strength and lifetime testing. In the latter,
delayed fiber failures occur as new flaws are exposed thus leading
to growing fiber break clusters and their coalescence into a critical
damage state causing composite failure. Their model is applied
in [50] to carbon fiber-epoxy matrix pressure vessels where the
issue of proof testing is raised, and where the authors comment
as follows:

“At present, there are mno proof testing techniques or in-
service reliability assessments techniques, which are mentioned in
standards that are suitable or based on the failure processes known
to control lifetimes of composite structures.”

Later in the same paragraph, the authors say:

“A hydraulic [proof] test on a composite pressure vessel has only one
clear outcome, which is that fibers, which ordinarily would not have
broken, fail during the test and the vessel is closer to failure than it
was before the test, as is illustrated in Figure 2.”

Much of their work in [50] is directed at determining an
appropriate proof test level, for both new pressure vessels and
pressure vessels that have seen pressurized service over long time
periods. Investigating the issue of proof-testing is also a primary
focus in the model we develop later.

In later works [51-55], these authors extend their RVE
modeling in terms of the formation and evolution of small
clusters of breaks called of i-plets of various sizes (e.g., two-
plets, four-plets, eight-plets, 16-plets, 32-plets, ...). The focus
is on critical damage states in tension testing [51], sustained
loading over time [52], and laminated structures [53]. The work
in [54, 55] looks deeper into critical damage states in terms of i-
plets as precursors to imminent failure and on the possibility of
determining a lower threshold for applied composite stress below
which the lifetime becomes infinite [55]. Overall, the impressive
multi-scale model developed in [47-55] is computationally
intensive so that Monte Carlo replications beyond a few 100
samples are currently impractical. Except in [55] where 100
replications were performed, the focus was largely on mean
lifetime behavior, rather than the form of lifetime distributions,
particularly in their lower tails. Nonetheless the overall failure
process is qualitatively very similar to that which we develop later,
and thus, some of our results may be of use in extending their
models in [47-55].

As with many models described previously, a key assumption
in the model we develop later is that individual carbon fibers are
time independent, that is, essentially immune from creep rupture
at typical temperatures of interest. This has been established in

the work of Farquhar et al. [56]. A second assumption is that
the mechanics of fiber stress-relaxation and load transfer around
fiber breaks is accurately described by a non-linear matrix creep
law, including a matrix plastic-like yielding effect. Over the past
two decades there have been many papers [57-62], that have used
micro-Raman spectroscopy and other techniques to measure
time-dependent stress-relaxation and load transfer around fiber
breaks in arrays of carbon fibers in an epoxy matrix. These
experiments have been interpreted using sophisticated shear-
lag modeling in [59-62] assuming elastic fibers and a linearly
viscoelastic matrix, and which reveal the occurrence of varying
degrees of shear yielding and debonding at the fiber-matrix
interface, particularly at fiber strains approaching fiber failure.
Thus, the assumption of a linearly elastic-perfectly bonded matrix
requires revision, as will be key in our modeling approach in later
sections. Indeed, there are several theoretical works [63-67] that
allow us to make such revisions.

Our model involves the growth of clusters of fiber breaks to
critical size. The concept of critical cluster formation under LLS
has been a feature of various models discussed earlier. In this
work we draw heavily on the mechanics of fiber load transfer
around breaks as pioneered in the work of Hedgepeth and NASA
associates [68=70]. The clusters in our model are idealized as
growing in a planar fashion, whereas one might expect fiber
breaks to be staggered out of plane. However, near planar cluster
growth is often seen [71], and in effect clusters act as though
they are increasingly planar as the length scale of load transfer
increases over time [44]. We especially note a body of work
[9, 10, 44, 72-76] specifically devoted to growth of clusters of fiber
breaks to critical size, and the associated probability calculations
through analysis and Monte Carlo simulation. Actual clusters
seen in Monte Carlo simulations over time often have a far more
random shape than the idealized clusters we consider. However,
despite their differing appearance, upon reaching catastrophic
instability the resulting failure distributions are remarkably
similar to the point where only a small scaling adjustment is
necessary to create congruence deep into the lower distribution
tails. This behavior holds up even for Weibull shape parameters
in the range of 2 or 3, which is below those for carbon fibers
of interest in this paper. A group of recent papers [74-76]
is very insightful regarding the nature of the critical cluster
concept in LLS, and the limited role played by local ELS behavior
within small groups of fiber failures but embedded within an
overall LLS framework, and resulting distributions shapes and
size scaling. These findings are remarkable and when experiment
does not match theory, one may better focus more broadly on
variability introduced in fabrication of a structure, rather than
just on shortcomings in modeling assumptions. For instance, in
[77] various fiber packings were considered including square,
hexagonal and random, and yet the results proved surprisingly
robust. Similar robust behavior was noted in [26, 27] working
with distorted triangular lattices. Such details are less important
that might first be suspected, which perhaps explains why fiber
bundle models, with all their idealizations, work so well in the
first place.

The focus of this paper, therefore, is to revisit and further
develop our previous model [78] that took into account not
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only the statistical failure of individual fiber elements in the
composite, but also linearly viscoelastic matrix behavior in shear
as the matrix locally transfers loads from broken fibers elements
to neighboring intact fiber elements over a length-scale that
increases over time.

As was described above in the context of a wide range of
fiber bundle models, stress rupture is caused by fiber breakage
occurring over time, where individual fiber breaks ultimately
form clusters that increase in size until one becomes unstable
and the composite fails catastrophically. A key aspect is that the
load once carried by a broken fiber is locally transferred to its
neighboring fibers through shear in the matrix, thus creating
stress concentrations in these neighbors, which then grow in
time especially as fiber breaks form in clusters that grow. A
key driver of the failure process is that the local length-scale
of these overloads increases over time as the matrix creeps in
shear so that, over time, more and more fiber flaws are exposed
to stresses that cause them to fail, despite having survived the
applied service load absent any stress-concentrations, or even
loads from a proof test. Thus, a critical aspect of this stress-
rupture process occurring in the composite over time, is that it
occurs even if the fibers themselves are immune to stress-rupture,
which is essentially the case for carbon fibers.

The stress rupture failure process described above is the
basis for the stochastic fiber breakage (SFB) model [78], which
accounts for the relevant micromechanics of fiber-to-fiber load
transfer in the presence of matrix creep, and the statistics of
fiber strength and flaw occurrence in determining the overall
lifetime distribution. Several other models have been applied
to describe stress-rupture composite lifetimes; however, these
models have largely been phenomenologically based on single
fibers, as described in [14-19, 79], some of which are compared
in [1]. In developing the micro-mechanically based SFB model in
[78], many simplifying assumptions were necessary.

One key assumption was that the matrix is linearly
viscoelastic, and creeps in shear following a power-law in time.
This assumption has been used in shear-lag modeling [63-65]
and mathematically builds on models assuming elastic fibers
and an elastic matrix. Associated with this assumption, however,
is that the matrix and the fiber/matrix interface are immune
to failure in shear, which may be an unrealistic assumption
when fiber breaks first occur, or clusters become large. Of
course, over time, matrix creep relaxes these initially high
shear stresses, however, it is known that in many circumstances
of high fiber volume fraction and fiber strength the initial
shear stresses around fiber breaks exceed the matrix yield
strength or interfacial shear strength for fiber-matrix debonding.
The SFB model in [78] does not accommodate such non-
linear matrix phenomena, although qualitatively and using
rough approximations, their consequences can be appreciated as
significant when they occur. Thus, to accommodate such non-
linear matrix behavior in shear, Mason et al. [66] investigated
the case where the matrix undergoes non-linear creep in shear,
both in stress and time. The current paper extends the SFB by
incorporating the non-linear results in [66] into our previous
model in [78].

Lastly, we discuss the effect of proof testing on composite
lifetime in this revised version of the SFB model with non-linear
matrix behavior, and how the additional parameters that arise
allow us to accommodate non-linear matrix behavior such as
plastic-like matrix yielding, yet preserve the overall character of
the results.

Section Overview of Context of the Stochastic Fiber
Breakage Model and Forms of Key Results provides a brief
overview of the context of the SFB model in applications as
well as various distribution forms that will expanded upon
in subsequent sections. Section Modeling the Instantaneous
Composite Strength and Determining its Distribution provides
a derivation of the distribution for “short-term” composite
strength, in circumstances where the timescale for matrix creep
is assumed too short to affect the strength behavior, as was
the case in [78]. However, certain parameters will be defined
in anticipation of non-linear matrix effects that will require
revisions to the model of [78].

Section Modeling Composite Lifetime in Stress Rupture
and Determining its Distribution derives the distribution
for composite lifetime, building on the methods used in
Section Modeling the Instantaneous Composite Strength and
Determining its Distribution and previously in [78], but also
incorporating non-linear viscoelastic behavior to the matrix,
using a variation of the load transfer length explored in [66]
and expanded upon in Appendices A-D (All Appendices are
provided in the Supplementary Material linked to the paper).
In Appendix A, context is provided for how various parameters
arise and the roles they play, particularly with respect to
the growth in time of the characteristic load-transfer length.
Appendices B,C derive results accommodating shear-driven
increases in the length scale of load-transfer on surviving fibers
around a growing cluster of fiber breaks. In Appendix D we
discuss a simpler version of the non-linear creep model in
[66], which is analytically solvable for all the 3-fiber cases in
Appendix A, including those where the exponent on time is not
unity. The behavior of crucial quantities, such as the length scale
of fiber load transfer over time, turn out to be virtually identical.

Section Lifetime Distribution of a Composite Component that
has Survived a Proof Test derives the distribution for lifetime of
a composite component that has survived an initial proof-test up
to some fraction of its initial strength (or has been overloaded by
some multiplier of its ultimate service stress). Section Results and
Discussion summarizes the influence of non-linear matrix creep
on various parameters governing the distributions for composite
strength and lifetime, and illustrates various results and non-
linear effects in graphical form where the effects of varying certain
key parameters are discussed, paying special attention to more
subtle volume effects.

Section Conclusions concludes with some comments on key
distinguishing features of the model that result from extending
into the non-linear range the viscoelastic matrix creep behavior
in our previous work [78]. We also provide some additional
context on the overall stress-rupture problem in unidirectional
composite structures that goes beyond the task of developing a
model, as was done in this paper.
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OVERVIEW OF CONTEXT OF THE
STOCHASTIC FIBER BREAKAGE MODEL
AND FORMS OF KEY RESULTS

Load Profiles Applied to the Composite
and Desired Strength and Lifetime

Distributions
Ramp Loading to Determine Composite Strength
The first load history of interest is the ramp loading for
determining the composite strength. This is given by:
oc(t)=Rt, t>0 (1)
where t is time and the parameter, R > 0, is the loading rate
or stress rate. Typically, R is sufficiently fast to cause failure
in 20-200s, and where such failure times are shorter than
a particular characteristic time, f., for matrix creep in shear,
especially the fraction of time spent closer the failure load where
most fiber breakage occurs. As such, the time-dependence of the
matrix is typically ignored when modeling composite strength
behavior, and we can treat the matrix as though it is purely
elastic (though there will be exceptions and subtleties worthy
of discussion).

In this case, the goal is to calculate the distribution function,
Hy (o), for the strength of the composite, in terms of applied
stress level, 0 > 0, which will turn out to be approximately
of Weibull form with scale and shape parameters, 6y and @&,
respectively, that are to be determined from the model and where
V is the composite volume expressed as the total number of fiber
elements it contains, each with characteristic length, 8. Note that
applied stress is to be interpreted as applied force divided by
some overall fiber material cross-sectional area of the structure,
and will not the same as the elevated local stress on a particular
fiber element that happens to be next to a newly broken fiber
element, and thus, is also supporting part of that fiber element’s
original load.

Constant Load in the Study of Composite
Stress-Rupture Lifetime
The second load history of interest is that used in modeling
composite lifetime in stress rupture. In this case, applied stress
is assumed to be constant over all time, i.e.,

o()=6, t>0 (2)
where 6 > 0 is the applied stress level (fiber force over overall
fiber material cross-sectional area of the loaded structure), and in
practice, is typically only a fraction of the Weibull scale parameter
for composite strength measured using the ramp loading (1), that
is, @ < &y. In reality, the initial loading of the composite up to
stress level, &, cannot be performed instantaneously and typically
requires an initial ramp loading following load-history (1), where
R is sufficiently rapid. However, time-dependence of the matrix
under such initial loading rates, typically has a negligible effect
on the resulting lifetime distribution at times of interest well-
beyond the characteristic time, f., mentioned above. Note that

this applied stress can only be supported as long as the elevated
local fiber stresses near some growing cluster of fiber breaks in
the material, have not reached the point where cluster growth
becomes unstable and catastrophic.

In this case, the goal is to calculate the distribution function,
Hy (t; &), for the lifetime of the composite, for times, ¢t > f,
which will also be of the Weibull form with scale and shape
parameters, 7y and B, respectively, and where V is the previously

defined composite volume. We will find that ty = t. (6 /ov )_p
where p is a power-law exponent that will characterize the
dependence of the lifetime on the inverse of the applied stress
level, 7.

Stress-Rupture Lifetime of a Composite Following a
Brief Proof Test at Higher Load

Typically manufactured composite structural components, prior
to being put into service, are subjected to a “proof test” where
a ramp loading (1), is applied up to proof stress level, o}, which
may be significantly higher than the ultimate service stress, &', and
which is maintained for some proof hold time, #,, typically several
minutes, after which the applied stress is lowered to the service
stress level, 0 < oy, which is kept constant thereafter (Here we
admit the possibility that the proof test is minimal, i.e., the stress
level is simply the ultimate service stress). There can be variations
to this loading profile whereby after time, #,, the applied stress is
lowered from oy, to near zero and the component is stored for
some time before later being put into service at constant stress
0. For the purposes of this paper, however, it suffices to use the
simplified load profile:

qp, O§t<tp
o, tztp

o(t)= l 3)

The rationale for this practice is that applying a proof test
to stress level, o, > &, will “weed out” inferior composite
structural components, thus improving the overall reliability of
components that pass the proof test and are put in service. As
is discussed later, classic models used for composite lifetime
in stress rupture typically support this strategy, and the higher
the proof stress, the better. We shall show, however, that the
more detailed model developed in this paper does not universally
support such a strategy, since proof-testing inflicts damage in the
form of broken fibers that otherwise would have remained intact.
This can negatively influence composite reliability at much longer
times. This is a critical issue raised by Bunsell and Thionnet [50],
as previously mentioned.

In this case we are interested in the conditional distribution
for lifetime, Hy (tl t> tp,ap,é), given t > tp, that is, given the
component survived the proof test loading under stress o}, up to
time ¢ = t,, which means Hy (¢t > tp,0p,6) = 0 when t = t,.
The resulting lifetime distribution has a complex but insightful
structure, though it does not neatly collapse to a Weibull form,
even when op, = 6.
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MODELING THE INSTANTANEOUS
COMPOSITE STRENGTH AND
DETERMINING ITS DISTRIBUTION

Distribution for Fiber Strength in Tension
and Size (Length) Effect

Fibers in the composite are initially continuous having diameter,
d, and Youngs modulus, E. We assume the WP fiber strength
model applies, such that a fiber element of length, §, follows a
Weibull distribution for tensile strength, o, of the form:

8§ (o \*
F@(U):l—exp<—8(aa> ),UZO (4)

where 8. is a characteristic length mentioned earlier and
described in more detail below, and o3, and ¢ are the fiber
Weibull scale and shape parameters, respectively, corresponding
to length 8. A critical feature of (4) is that increasing the element
length, 8, increases the probability of element failure at stress
level, o, since more strength limiting and randomly occurring
flaws are exposed. Note also that the Weibull scale parameter for
fiber strength at length, §, is simply:

o5 = 05.(8c/8)'¢ (5)

which reveals the inverse dependence of fiber strength on length,
8, and its sensitivity to ¢. This becomes a key component of
the stress-rupture model for lifetime since matrix creep in shear
has the effect of increasing over time, t, the effective overload
lengths on fiber segments adjacent growing clusters of fiber
breaks. However, the fibers and their randomly occurring flaws
are themselves time independent, and segments of fixed length
and under a fixed load do not undergo stress rupture.

A Taylor series expansion of (4) results in a convenient lower
tail approximation, namely:

S ¢
Fa(a)%§<i> ,0<0 <oy, (6)

c \ 05,

which is of power-law form. This approximation happens to
be extremely accurate for typical values of ¢, since fiber stress
levels, o, in the composite failure model typically satisfy 0 <
0 K05, Later the composite stress-rupture model will involve the
formation and growth of clusters of fiber breaks that have formed
under an applied composite stress level, o. Intact neighbors
next to a cluster of i fiber breaks will thus be subject to stress
Kijo > 1, where K; is the fiber stress concentration induced by the
cluster (as will be described in more detail in sub-section Stress
Concentrations and Break Cluster Growth Parameters for Failing
Fiber Elements below). If the cluster grows in size such that
[[Mathtype-mtefl-eqn-77.mtf]], then under (6), Fs (Kijo) — 1,
whereas under (4), Fs (Kjo) — 0.632 > 1/2 . Either way, the
fiber break cluster has reached instability and catastrophic failure
results. However, (6) greatly simplifies the calculations.

Characteristic Elastic and Statistical
Length Scales for Fiber Load

Redistribution Near Breaks
Using the classic shear-lag model [68, 69], Hedgepeth et al.
described the load transfer process from broken to intact fibers in
a composite where fibers are arranged in either a planar, square
or hexagonal array within a flexible matrix. Fundamentally, a
characteristic elastic length, 8¢, emerges that depends on various
mechanical and geometric parameters of the fiber and matrix
and their spacing, these being the fiber Young’s modulus, E, fiber
cross-sectional area, A, fiber diameter, d, matrix instantaneous
elastic shear modulus, Ge, effective width, w, of matrix between
two fiber surfaces, and the effective matrix thickness, which is also
taken as d.

For fully elastic behavior, 8. is typically expressed in terms of
these parameters as [9, 63-65]:

E Aw Ew
Se=d | —>—~d|—= 7
¢ \/Gedzd G d @

the latter assuming the approximation A ~ d?, The dominating
influences on §. are the fiber diameter, d, the square root of
the fiber to matrix stiffness ratio, «/E/G. , and the square root
of the matrix width between the fibers divided by its thickness
Vw/d . In simple terms, the ratio w/d is related to the fiber
volume fraction, Vi, and whether the fibers are arranged as a
planar tape (planar fiber array) or as a hexagonal array, whereby
A 1/(1 + Kw/d) where ¥ & 2 for a planar fiber array
and k ~ 3 for a hexagonal array. Thus, for a given fiber volume
fraction, the ratio w/d will be smaller for a hexagonal vs. a planar
array, however, the effect is mitigated by the square-root since
V2/3 = 0.816, and thus, for a given V; the effect on &, is no
more than 20%.

Along a neighboring fiber close to a fiber break, its overload
profile in terms of fiber stress is roughly triangular with the
peak stress occurring adjacent to the break. However, the
effect of the triangular stress profile, in terms of determining
its probability of failure can be modeled using an “effective,
rectangular overload profile” at peak stress, but over some shorter
length depending on the Weibull shape parameter, ¢, for fiber
strength. This calculation requires accounting for the statistical
rate of occurrence along the fiber of flaws of varying strength,
as characterized by the WP fiber strength model [9, 10]. In
our earlier work [78], this characteristic length, called §. in (4)
through (6), was chosen as 35, which in our current notation and
under linear viscoelastic behavior in [78] is:

4

§o=
c C+1

Se. (8)

One factor of “2” arises because the overload profile extends over
length 28, spanning the break. The other factor, 2/(¢ +1) ,
arises from triangular nature of the over-stress profile and its
integration within the WP fiber model over length 23, [For more
details see Equations (85-88) in [9] and associated discussion
there]. The scaling factor, which is inversely proportional to ¢ +1,
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results from the fact that the higher the value of ¢, the lower
the variability in fiber strength, which means there is a sparser
distribution of weaker flaws along the fiber. Thus, only the higher
stresses near the peak of the triangular overload region are likely
to cause fiber failure. Overall, the overloaded region is shortened
for larger values of { [We caution that the notation used here
is different from that in [78], since 28, here is Se in the previous
paper where both sides of the break were included. The definition
of 8¢ in (7) is more in line with that in the literature, [9, 10, 68, 69],
and will simplify later comparisons].

In the current work the introduction of non-linear creep, and
in particular, effects associated with the applied composite stress
level, will require modification of 8., and we will find that taking
S = 6. = 48./(¢ + 1) , as in [78], does not account for the
matrix yielding effect that will need to be incorporated. A new
form of §. will be developed in Section Modeling Composite
Lifetime in Stress Rupture and Determining its Distribution
Fiber-to-Fiber Load Transfer at Fiber Breaks Under Linear
and Non-linear Matrix Creep in Shear and in Appendix A in
the Supplementary Material once the non-linear matrix creep
model has been introduced, and a scale parameter for composite
strength has been formulated; however, in this section . needs
no further characterization.

Stress Concentrations and Break Cluster
Growth Parameters for Failing Fiber

Elements

In the absence of time dependence of the matrix, the failure
process in the composite involves the growth of clusters of fiber
breaks resulting from local stress local concentrations on intact
neighbors that are candidates for the next fibers to fail. Thus, in
accordance with the definitions in both [10] and [78], we let:

1+ i /4, planar fiber array, .
Ki = = 1=
1 + /4i/7r /7 , hexagonal fiber array,

0,1,2,...

9)

be the stress concentration on a fiber next to a cluster
of i broken fibers, where we note that /4i/m = D, is
the diameter (dimensionless) of an approximately disc-shaped
cluster containing i tightly-packed fiber breaks (That is, the actual
cluster diameter is of order Dd). Also,

k—1
a=]][Np k=123, (10)
j=0

is approximately the number of ways a cluster of k breaks can
grow one break at a time from a single triggering break, where
No = 1 and N; is the effective number of overloaded neighbors
next to a cluster of size j, one of which becomes the next fiber
failure. The number, N, is given in [10, 44, 78] as approximately,
2, planar fiber array .

= {¢jy, hexagonal fiber array * 7/ ~ L2 3. 4y

where in a hexagonal array, ¢ and y are parameters having the
respective ranges, 2.5 < ¢ < 6 and 0 < y < 0.5 depending on

subtleties of the fiber packing geometry and other factors. These
all apply to the case of a linearly viscoelastic matrix.

In Appendix C in the Supplementary Material we consider the
effects of non-linear matrix creep behavior of the matrix in shear
on the overload lengths of fibers next to a cluster of breaks of
size j, and find that the definitions of N; change in both cases,
and in a hexagonal array y can increase by as much as 1/2
depending on the degree of non-linearity in shear stress level.
These aspects will be explored in terms of determining Nj in (11)
and calculating ¢ in (10) when applying the model in Section
Results and Discussion.

Distribution Function for Composite
Strength

In determining the probability of composite failure as a function
of stress level, o, under a ramp loading as described in (1), we
first focus on a quantity Wy (), which is the probability of a
cluster of k fiber breaks forming at a particular location in the
composite under arbitrary stress, o, starting with a single fiber
break, and where k > lis an arbitrary integer. These results are
used later in connection with a specific value of k = k, called the
critical cluster size for instability. Any group of k adjacent fiber
elements has the potential to become a cluster of k breaks, despite
being a rare event for a given group of k fibers. However, the
probability of obtaining at least one cluster of size k somewhere
in the composite is much larger, and the overall probability of
occurrence takes the weakest link form:

Hyp(o)=1-[1=W;(©)]", 0 >0, k=1,2,3,... (12)

where V is the dimensionless volume of the composite in terms
of number of fiber elements of length 8¢, That is, V, is the total
length of fiber in the composite, A, divided by §.. Note that (12)
holds even though two nearby groups of k fiber elements can
overlap each other and might ostensibly be viewed as statistically
dependent. In reality, they satisfy the concept of k-dependence
and essentially act independently (see Smith et al. for theorems
on the concept of k-dependence associated with rare events [72]].

Since V is large (12), is well-approximated by the
exponential form:

Hyy(o)~1—exp[-VWi(0)], o >0, (13)

reminiscent of the Weibull form, as described by Smith et al. [72].
The general expression for the strength of a cluster of k fibers,
Wy (0), as described in [9, 10, 78], is well-approximated by:

k—1
Wi@) ~ o | [[Fs Kio) |, k=1,2,3,..., 0 20. (14)
i=0

where Fs_(0), K; and cywere given previously by (6) and (9-
11), respectively.

Using the lower tail approximation in (6), we can rewrite
(14) as:

(o2 k{
Wi (o) = Ck(KOKlKZ"'kal)Z (0*) , k=1,2,3,4,....

(15)
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Combining Equations (13) and (15), and taking k = IAc, which
is the critical cluster size whose value is determined below,
we obtain an approximation for the failure probability of the
composite, Hy (o), at a stress level o, where:

Hy (0) = Hyx (0)|,_; (16)
This can be rearranged into the Weibull form:
o &
HV(O—)Q'l_eXp -\ ~ )O'ZO’ (17)
oy
Where,
. 1/k
2 k—1
—1/(ke R
oy = o5, (VC;{) ( ) HKi s k=1, (18)
i=0
is the effective Weibull scale parameter for strength and
a=ke, k>1, (19)

is the corresponding effective Weibull shape parameter.

In [78], we defined the critical cluster size, IAc, as the value k
satisfying K;_ 6y < o0s. < K;Gv. The idea there is that at such
composite stress level o v, the probability of failure of an
adjacent element to a cluster of size, of size k — 1 is approaching
1—e~! = 0.632 and adding one more break to increase the cluster
to size k pushes the failure probability to the point of instability,
and thus, catastrophic cluster growth with any further breaks.

For typical values of ¢, this choice works well in the case of a
planar array, since there only two neighboring fibers to a growing
cluster. However, in the case of a hexagonal array, the number
of overloaded neighbors, Nj, to a cluster of size, j, grows large,
especially for smaller ¢ values. Thus, a point of instability for a

given stress value o, will likely occur at a smaller cluster size, k,
than the k value above, that s, the true k would be overestimated
by the definition given in [78].

To address this issue, a more refined approach to determining
the k associated with the onset of cluster instability is to first seek
stress values, 0 = oy, for integer values, k > 1, where Wy_; (o)
happens to intersect with Wy (o) when o is locally varied; that
is, where Wy (o) = Wi (0k). These intersections result in a
set of stress values satisfying - - - < o < 0} < -+ < 03 <
o1 < 05, thus placing the focus on the probabilities of instability
and failure associated with a given stress level, o, that happens to
fall between two successive values, say, oy < o < 0}_;. Thus,
using (15) in the equality Wi (o) = Wiy (0%) and canceling
common factors leads simply to Kyo = os_/N, 11/ ¢ . Then for 6y
satisfying oy < 6y < oy_; for a particular k value that we call
critical cluster size, k, we find that:

— =K (20)

Thus, this result adjusts for the increased probability of instability
and failure resulting from a growing number, Ni(, of overloaded

neighbors to a cluster, any one of which could break and trigger
unstable cluster growth before the stress on such neighbors has
reached o5 (The exponent, 1/¢ arises from an equiprobability
tradeoff of increasing N, vs. decreasing stress level, o, so that
N o¢ remains fixed).

From (9), (18), and (20) we find that solving for the correct
value of k requires satisfying:

({1 o pav ) —1)],
- ’7723{(Ni(—1/{ 0s./6v )2 - 1]2—‘ , hexagonal fiber array

1)

planar fiber array
k

where “[.]” corresponds to the ceiling function, i.e., rounding up
the value of the argument to the next integer, since instability
requires growing to the next highest cluster size. While this
change in definition decreases k as compared to that calculated
in [78], it has a negligible effect in the planar case for typical
values of ¢. However, it results in a major improvement in the
hexagonal case for smaller values of ¢, particularly since Nl} also

rapidly decreases with decreasing k.

Note that the approach in the current paper results in a
single Weibull distribution for strength for all stress levels
and associated probabilities of failure, whereas a more refined
analysis, as in [9, 10], leads to a strength distribution with a
more concave shape in stress level noticeable over probability
levels decreasing by many orders of magnitude (Later on, the
same will be true of the distribution for lifetime given the
applied load level). However, apart from greatly complicating the
analysis, such refinements make little if any practical difference
to the predictions for the material volumes and range of failure
probabilities of interest.

MODELING COMPOSITE LIFETIME IN
STRESS RUPTURE AND DETERMINING
ITS DISTRIBUTION

The fiber breakage model for stress-rupture of a unidirectional
composite relies not only on the elastic stiffness properties of
the fibers in tension, but also on the elastic stiffness and creep
properties of the matrix in shear. The fiber and matrix viscoelastic
or viscoplastic properties and their dimensions with respect to
their local packing geometry (e.g., 2D hexagonal, or 1D planar)
determine the length scale, generally called 6 (), t > 0 (of
with subscripts as appropriate), over which load is transferred
from a broken fiber to its adjacent intact neighbors. It is the
matrix creep behavior in shear, scaled by its elastic behavior,
that determines how this length-scale of fiber load transfer
grows over time, the consequence of which is the occurrence of
additional fiber failures over time at newly exposed flaws. Thus,
over time clusters of fiber breaks emerge and grow in both size
and length of overloading until a point of instability is reached,
and catastrophic failure is triggered. Below we explain how is
determined in both the linear and non-linear matrix creep.
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Length-Scales for Fiber Load Transfer

Under Linear Viscoelastic Matrix Creep
Previously in [78] we considered the case where the matrix is
linearly viscoelastic and that the matrix creeps in shear according
to a creep compliance with the power-law form:

¢ 0

where Jo = 1/G. is the instantaneous elastic creep compliance
(being the inverse of, G., the instantaneous elastic shear
modulus), £, is a characteristic time for creep, and 6 is a power-
law exponent, all being positive in value. Generally, under a time
varying shear stress, 7 (s), t > 0, the shear strain follows the
convolution integral.

(22)

t
y (1) = /](t—s)
0

t

1 t—s\? dz (s)

_Ge/<1+< le )) ds &
0

Under a given fixed shear stress, T, the matrix shear strain is
y (t,T) = T] (t), and from (23) is,

(t,7) ‘ 14 (L '
)T = — -
v Ge i

ot t)\f .y

G\ & » c-

Typically t. is of the order seconds to minutes, whereas
the ultimate failure time of the composite in stress-rupture
applications is of the order of months to years, and even many
decades. Also, a typical value for a polymer matrix is 6 ~
0.25. In the case of a unidirectional composite with a large
number of fibers, the stress redistribution from a broken fiber to
its closest intact neighbors can be calculated using well-known
shear-lag models, which assume the fibers primarily support
tension and the much more flexible matrix primarily supports
shear. In the case of the linear viscoelastic creep function for the
matrix, and using the convolution (23), in an extensive analysis
using Laplace transforms, Lagoudas et al. [63] showed that the
length scale grows beyond the elastic length scale according to

(23)

(24)

Sey/1+ (t/t)?, t > 0, and thus the characteristic length scale is
accurately described by:

¢ 6
5 () = 8¢ 1+(t—> ,t>0

C

(25)

where & is the characteristic statistical-elastic length scale for
instantaneous fiber load transfer given previously by (8), that
is, in this special case of linear viscoelasticity, 8. = d.
Furthermore, the fiber stress concentrations, K;, near clusters of

i fiber breaks still follow (9), and as time passes, transversely
somewhat misaligned breaks in a cluster act as though they are
increasingly aligned [58].

At much longer times, t, relative to the characteristic time for
creep, t = t¢, and in keeping with the approximation in (23) we
simplify (24) to,

6/2
8(t)%8c<t—> L 0<0<1 (26)

C

where we note that the exponent on normalized time has now
become 6/2 . This reduction by one-half of the effect of the
matrix creep exponent on time, i.e., from 6 to 6/2 , occurs
because matrix creep causes growth over time of the length-scale
along a fiber over which stress-redistribution occurs as the fiber
stress drops from the nominal far-field value, say o, to zero at
the break. Consequently, to maintain force balance in the fiber,
the magnitude of the matrix shear stress necessarily diminishes
with time, effectively slowing down the growth of matrix creep in
shear compared to what one might deduce from (5).

Despite the reduction of the exponent, 8, in (24), to 6/2 in
(26), this approximation accurately describes the behavior of (25)
for longer times, t > t., and at t = f. gives the same value,
8¢, as (25) does at t = 0. Thus, when considering probabilities
of failure associated very short times, or even when measuring
strength at times, 0 < t < f, accurate predictions are obtained
from lifetime probability calculations based on using the simpler
(26), and taking t = t., as we discuss again later.

A key feature of matrix creep is ignored in simply using (25)
and (26), but is potentially important when a composite has an
isolated break or a small break cluster, and the applied composite
tensile stress suddenly increases or decreases at certain times, or,
when the composite stress is constant but a small break cluster
induces additional neighboring breaks at times ¢ >> t., and grows
in size, or some combination of the two. In such cases, the shear
stress near fiber breaks can change substantially over time, and
the amount of stress redistributed from broken to intact fibers,
and the length scale over which it is applied, also changes over
time in ways we model using (26) but not accounting for behavior
implied by the stress history convolution (23). That said, the
key elastic length-scale of load transfer, &, for a single break or
its counterpart for a small break cluster does not change (other
than increasing slightly in a stepwise fashion as more breaks
are added).

It turns out, however, that these result are surprisingly
accurate even for the case of a viscous matrix where (26) applies
exactly with 0 = 1, and where the matrix viscosity is interpreted
as t.Ge [44, 64, 65]. Thus, despite these potential complications
we are still able to use the forms (25) and (26) as well as the
instantaneous load-redistribution factors, Kj, around fiber breaks
obtained from elastic shear-lag analysis, as given in (9). That is,
in the case of elastic fibers and a linearly viscoelastic matrix, these
K; happen to be determined from the elastic problem, via the
so-called “correspondence principle.”

Thus, for all breaks, we assume (25) and (26) apply irrespective
of when new breaks occurred; that is, the time of occurrence for
any new break is retroactively set to zero. Since 6 is typically
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small (and /2 smaller still), the effect of retroactively assigning
all break times to zero, once they occur, makes little practical
difference to the model predictions, which if anything are slightly
conservative. Such a simplification yields surprisingly accurate
predictions in a stress-rupture setting, as was shown in [54] for
the more demanding case of a viscous matrix, § = 1, especially
when a composite is loaded under constant stress that is well
below its breaking strength. Much of the reason for this is that
the fiber breaking process, while rapid initially, becomes slower
and slower as time progresses, and the spacing of breaks over
time tends to become logarithmic, until catastrophic instability
is reached. Consequently, log-scales in both time and stress level
are typically used to describe the composite stress rupture process
up to final failure.

Length Scales for Fiber Load Transfer
Under Non-linear Matrix Creep of Mason
et al. (1992)

In the case of non-linear matrix creep in shear, Mason et al.
[66], formulated and solved certain shear lag problems involving
a single broken fiber in the center of a planar composite under
tension, and having three fibers and five fibers, respectively. The
matrix creep law for shear strain, y, was assumed to take the
following power-law form in both time and shear stress, which
we parameterize as:

t

0
®/0
! /(t—(s)) ds| , >0 27)
e \ 5

: 4
y @)= G

wheret (f), t > 0 is the applied shear stress that may vary with
time, 0 < 6 < 11is again a fixed exponent reflecting the sensitivity
of creep strain growth with time, the new parameter, 1 < ¢ < oo
is a fixed exponent reflecting the sensitivity of creep strain growth
to shear stress level, and G, is a reference stress reminiscent of the
matrix elastic shear modulus. Also the other new parameter, ty, is
a reference shear stress that in the limit of large ¢ — oo will play
the role of a perfectly plastic matrix yield stress in shear, but in
the “linear” limit, ¢ — 17, has no effect in (27) (Typically such
creep laws are described in terms of creep rate, dy (¢; t (.))/d¢t ,
which is how they are used in the shear-lag model, however, this
is easily calculated from 27).
Under constant shear stress, t (s) = 7, (27) reduces to,

= (2Y (LY ts0i20
,T) = — || — - , T >0,
v Ge \ 7y tc -

and when ¢ — 17 we recover the approximation given in (24)
for the case of a linearly viscoelastic matrix [As discussed in
Appendix D in the Supplementary Material, there is a simpler
version of (27) that leads to a creep-rate dy (t; t (.))/dt , which
avoids a memory integral inherited form (27) but otherwise
results in (28). Fortunately, this simpler version yields results that
are virtually identical to those developed in Appendix C in the
Supplementary Material and used below].

While we have used an effective shear modulus, G, to
normalize the shear stress, 7, the model in [66] does not

(28)

explicitly reflect the initial instantaneous elastic shear behavior
one might expect for a polymer matrix at time, t = 0, focusing
instead on matrix creep over longer times, t > 0. However,
initial elastic behavior may be important for determining the
characteristic elastic length scale, ., of (7) for elastic load transfer
around a fiber break when determining the composite strength
distribution, (17), using (4).

In Appendix A in the Supplementary Material we discuss
solutions, based on (27), where we derive a characteristic length
scale for load transfer, S(,, (t), given by (A41) through (A43)
which covers both viscoelastic and viscoplastic cases. Recalling
(8), whereby SC 48¢/(¢ + 1) , reflecting both the elastic
length scale 8. and statistical effects through the Weibull shape
parameter, we use (§¢ (t) to obtain the key length scale, § (£,6) =

48, 1)/ + 1), ie,

) 4 5\ @ D/@+D) /N 0/(p+)
85(t,6) = ——8. — — (29)
¢+1 \oy te

This can be written as,

5 \@=D/@+D) 7 [\ 0/(+D)
§(t,o) = SC(T) (*) (30)
oy te
where we have used the definition,
A (p—1)/(p+1)
5. = 8C<6—V> 31)
Oy
Where,
oy = ZIYSeX A 21y ’l (32)

is a critical “yield” stress [see Appendix A in the Supplementary
Material, and specifically, the discussion surrounding (A42),
motivating the emergence of the length scale, & in (32)].

This result is consistent with (26) in the case of viscoelastic
creep at longer times. However, the length scale § (t,5) of (30)
reveals interesting effects in the case of non-linear creep: When
¢ — 1%, we see that § (t,5) of (30) and (31) is consistent
with § () derived from (26) in the case of linear viscoelasticity.
However, when ¢ — o0, time dependence disappears, and
5(t,o) = SC&V/UY for all ¢ > 0 reminiscent of plastic
behavior. In general, 6y > oy and thus, 8. will be larger than
S when ¢ > 1.

When deriving the distribution function (17), for composite
strength where effectively the loading time is of order f. or less,
the appropriate length-scale for fiber-to-fiber load transfer is, &..
However, from (30) to (32), we see that when t = ., we obtain
the length 8 (t, ) which differs from 8. when ¢ > 1 as reflected
by the factor, (6 /ov )((ﬂ_l)/ o+ , whereas no such effect arose
in the case of a linear viscoelasticity, since ¢ = 1. This leads to
changes in (17) through (20) that must be accommodated.
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As was done with the extension of (28) to (29) for non-
linear matrix shear strain behavior to accommodate initial elastic
effects, we also extend (30) to the form:

< 5 p—1 ¢ 0
S(t,o) =611+ (T) (7)
oy tc

This has the correct asymptotic behavior of (30) as t/f. grows
large, and is consistent with the behavior of § () derived from
(25) when ¢ = 1, as well as producing a fixed value, ., when
t = 0, which also accommodates a yielding effect in (31).

As mentioned in the introduction, there are several
experimental works that demonstrate the effects of non-linear
matrix creep [57-62] on fiber stress relaxation and fiber-to-fiber
load transfer around breaks. These include observations of
matrix yielding and interface debonding and slip. The above
results are consistent with the behavior seen, and in large part,
were the motivation for revising this aspect of the previous
model [78].

1/(p+1)
(33)

Distribution Function for Composite

Lifetime in Stress Rupture

Next we model the occurrence of stress rupture in a composite
structure that has been loaded according to (2) for some time
period, and where the fixed applied stress level satisfies & <
ov. The lifetime distribution function, Hy (¢; 6), t > 0, which
gives the probability of stress-rupture failure occurring by time,
t, can be derived in a manner similar to that used to derive the
strength distribution (17), above. Using similar arguments, the
distribution function for composite lifetime also follows:

Hy (£:5) ~ 1 — exp [—VW;C (t; a)], t>0 (34)

analogous to (13), where Wi (t;0)isa characteristic distribution
function analogous to (14), but with an added time component:

k-1
Wi (t:6) ~ iFs, (&) | | [ Fs. (Kio, 1)
i=1

(35)

where k is again defined by (21) (where the actual values of Njare
later called Nj,, and specified in more detail). Also Fs_ (5) is as in
(4), i.e., using (33) with t = 0, and F;s_ (&, t) in [78] is modified

to give:
§0)(a\°\ _8to)[ o\
¢ (oF' d¢ 05,
o (p—1)/(p+1) & ¢ ¢ 0/(p+1)
oy a5, te
Bc (=D/(p+D) s = \§+He=D/(e+D)
(Igc

Fs. (0,t) = 1—exp (—

%

A

t 6/((/7"1‘1)
= , >

C

(36)

where § (t, ) is given by (30), and the lower-tail approximation,
using (6), is always sufficiently accurate in this setting, since
0 < 0 < 03.. Note that Fs_ (0), corresponding to t = 0, is also
given by (6). Thus, this added time component is based on the
assumptions of linear or non-linear matrix creep and shear lag in
a power law framework, as discussed below.

The key result used here for § (¢, 5 )as derived from results in
[66] was given earlier by (30) and (31). Upon substituting this
into the lower-tail approximation for Fs_(&,t), given in (36),
and then substituting the result into (35), we obtain after some
rearrangement and factoring:

£t (37)
where
o —1
=+ — 38
Go=Ct (38)
and
20
Op = —— (39)
p+1

Substituting (37) into (34), we can write an expression for the
composite lifetime in the form:

. ~ o
k—1) et | k=
Hy (t;0) 1 —expy—V¢; <J >< ) B 1_[
V :
5 - 5 (k)
O R N

This can also be written as:

& Voo r\”
Hv(t;é)wl—EXp — (,\7> — , > (41)

OV, tc
where the lifetime shape parameter, /§¢,, is given by:

B, = (fc - 1) 0,/2, (42)
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and the power-law exponent, p, is given by:

. [ k)2
Pe= k0 %(Cw

and where the lifetime scale parameter, 6y, is given by:

) S
o\ kep—(o—D/(@+D
K;

lo—1

)@

1) (0=1/(e+1) (k=1
Ovy = 05, Vck(Zj;)( )‘P ’ (1_[

i=0

1
. (7
— \1=-1/w+1 /(key )
asC(Vc;() kty ()

=
[

0 (44)

i \ D=y
i=0

This scale parameter can be reduced to:

N B
i —1/k \ 1=o-D/(e+D) /(kep)
-1/(ke, ) i
Ov,y = 0g (Vck> l_[ K; o
i=0
(45)
Where,
o\ ((5) (5)s+)
B, =(— (46)
05,
and we note that since k > 1 we have approximately that:
1, asp — 1
Ey) = 47
¢ {(&V/% YWED 56 5 00 (47)

Also, the exponent 1/(1 —(p—=D/(p+1) /(12 {(p) ) in the
first term of the right-hand side of (45) is typically very close
to unity.

Thus, the difference between 6y, of (45) and 6y of (18) for
the strength distribution is almost completely dominated by the
factor, Ey, and the effect of ¢ on the first factor on the right-
hand side of (45) is relatively small, since, ¢, typically differs
little from ¢, which is the Weibull shape parameter for the fiber
strength distribution.

Retrieving Results for Linear Matrix
Viscoelasticity From the Non-linear Matrix

Creep Results

The linear viscoelastic version of the lifetime distribution given in
[78] is retrieved from the results above, simply by setting ¢ = 1,
in which case:

Cp = ¢ (48)

fo=Ff= (12— 1) 0/2, (49)
. k o\ 2¢
Pp=p={—]-" (50)
and
i ¢ ic
oy = os, Vci< K; (51)
i=0

since 8, — las @ — 1T in (47). Thus, when ¢ = 1, the scale
parameter, oy, for stress level is identical to that given by (18)
for the strength distribution and the shape parameter, @ of (19) is
simply p B from (49) to (50), which does not involve ¢.

Interpreting the Strength Distribution in the

Case of Non-linear Matrix Viscoelasticity
The assumption of non-linear viscoelastic behavior of the matrix
does mean, however, that the strength distribution (17), and
associated parameters require reinterpretation. In this case we
use 6y, of (45) in place of 6y in (17) and replace & by:

&qo = ﬁw;&p (52)
based on (49) and (50), which both involve ¢. Furthermore,
a practically meaningful strength distribution can be extracted
from (41) by setting t = t..

While both parameters /§(p and p, see effects from ¢ > 1,
the product ﬁwﬁ(p, and thus the effective &, on the strength
distribution is little affected. Also, if we use (41) to calculate the
probability of failure by a fixed time, ¢ t., associated with
various stress levels, &', we see that the probability of failure vs.
stress level, &, also follows a Weibull distribution, with scale
parameter Gy, of (55), but reduced in magnitude in comparison
to 6y of (18), because B, < 1 since typically 6y /o5, < 1. Also,
the Weibull shape parameter now becomes:

~
~

o —1

ES (53)

Gy = PyPy = K&y
By comparison, the Weibull distribution for composite strength
(17), has scale parameter, 6, given by (18), and shape parameter,
a= IQ{, given by (19), where implicit to the derivation is that the
timescale for the strength test is 0 < ¢ < . whereby non-linear
matrix creep effects do not have time not come into play, other
than instantaneous plastic-like effects reflected in Nj in (20) used

to calculate k (see later discussion where Nj becomes Nj;). Such a
derivation requires thinking in terms of (33) rather than (30), the
latter being the basis for the derivation of the lifetime distribution
(41) and the extracted Weibull scale and shape parameters (45)
and (53) for strength.

One effect on Weibull strength behavior, is a slight shift in the
Weibull shape parameter for strength changing from & at short
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times f < f, to &, at times ¢ ~ t.. However, this shift is relatively
small since from (53) and (19) we have:
kg:&<&w<&+(i<—1):i<(g+1)—1 (54)
where the upper bound occurs when ¢ — oo. Thus, the
difference in the Weibull shape parameter for composite strength
is less than would occur by increasing the Weibull shape
parameter for fiber strength from ¢ to ¢ + 1.
In summary, the most important effect on Weibull strength is
seen in comparing the scale parameter, 6y, in (18), which is also

the scale parameter for stress level when modeling lifetime under
linear viscoelasticity, to 6y, of (45).

Effects of Non-linear Matrix Behavior of
Determining the Effective Number of
Overloaded Fiber Elements Surrounding a
Break Cluster and Calculating the Critical

Cluster Size

The key results in the paper, especially the calculation of 6y in
(18) and 6y, in (45) and k itself in (20) require calculation of G
in (10), which in turn requires calculating Nj,j=12,-- -,lAc —1
of (11). In Appendix A in the Supplementary Material we have
shown that in the case of non-linear matrix creep, the N; values
for under a linear viscoelastic matrix or in the absence of time
dependence must be modified to

22/(¢+1)J-(¢—1)/(¢+1),

planar fiber array
G @D/t D/2jy =D/ (@+D)/2]

hexagonal fiber array

Njy = ,j=1,2, 3,...

(55)

and these values are used in (10) to calculate, e Clearly the
resulting effect depends on the value of ¢, and as ¢ — oo results
in proportionality to the number of breaks, j, in the planar case,
and in the hexagonal case to ,/j together with a change in ¢ to
¢ /7. However, when ¢ — 17 there is no effect compared to
linear viscoelasticity.

For fiber Weibull shape parameter values, ¢ 5, and
using Monte Carlo failure simulations as a basis for comparison,
Mahesh and Phoenix [44]. suggest the values ¢ = 2.5and y ~
0.27 using (55) with ¢ — 17, i.e., for N; = Nj1. On the other
hand, taking ¢ = VA7 ~ 3.54 and y = 1/2 asin [5] has the
interpretation that Nj is the number of neighbors surrounding
a circular cluster of diameterD and containing approximately
j~ mD?/4 fiber breaks, as just noted. This results in:

~

I+(p—1)/(p+1)

Njy = 2(\/7-7]) ,hexagonal fiber array,
j=12, 3,... (56)

However, this assumption effectively overcounts the number
of severely overloaded neighbors to growing approximately
hexagonal cluster that has incomplete rings, as some of the actual

neighbors tend to be shielded and loaded significantly less than
others, as discussed in [10, 72]. Nevertheless, non-linear matrix
effects have a considerable effect when ¢ is larger by substantially
increasing the effect of overloading of neighboring fibers to a
break cluster.

Regarding (11), (55), and (56) we mention interesting analyses
and Monte Carlo simulations in Mahesh and colleagues [74-
76] on bundles up to size 10°, and which show why values
for y and ¢ are difficult to establish, especially as the Weibull
shape parameter, ¢, decreases below 5. They show that the fiber
load-sharing during break cluster formation begins to have ELS-
like behavior in terms of the failure of small ELS bundles as
the cluster grows large. However, the eventual size effect and
distribution shape into the lower tail robustly retains LLS features
and weakest-volume scaling that is the basis for the model we
develop in this paper, especially for ¢ values of interest.

LIFETIME DISTRIBUTION OF A
COMPOSITE COMPONENT THAT HAS
SURVIVED A PROOF TEST

Proof testing consists of loading a composite structure to some
proofing stress, o, > 0, and holding that stress for at most a
few minutes, and then lowering the stress to, &, which is the
stress used in service. The idea is that applying a proof test
will weed out inferior structural components thus improving the
overall reliability of passing components put in service. Classic
models used for composite stress rupture support this strategy.
We shall determine whether this is true for the models considered
in this paper.

We assume the simplified load profile given by (3) where we
recall that o, > o was the proof stress held for time 0 < t < ¢,
where t, was the proof hold time, after which the stress is reduced
to ¢ for the life of the component. In studying the effects of
a proof test a special fiber break cluster size becomes relevant,
called k, = k(0 /0y ), and which satisfies Ky, 10 < o < K, 0.
From (19) we obtain:

{% I(ap/(} )2 —1 -‘ , planar fiber array

k =
' ’7%3 l (%/5 )2 - 1]2 , hexagonal fiber array

(57)

And typically, kp < k. Clusters that form in the proof test that
are smaller than size k, will lead to overloads existing after time
tp, under stress o, that are smaller than the proof load itself,
ie., Kkp,lé < 0p. In contrast, clusters that form in the proof
test that are larger than k;, will produce overloads, under stress
0, after time t, that are larger than the proof load itself, i.e.,
op =< Kkp6. These two conditions give rise to much of the
complication in describing the probability of failure following a
proof test, as given in [78] [Note that special circumstances arise
where 0, < 6y but & is so small that 0,/6 > 05./6v , and
thus, k, > k. This does not mean that a cluster of size kp actually
occurs, but rather it is one possible cluster size that was originally
considered in the theory in [78]].
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From Equation (72) in [78], the characteristic distribution
function following a proof test is:

i=1

k—1
Wik, (t; 0p,5) = ¢ Fs, (op) |:l_[ Fs, K,o'P,tp):|

- k—1
ZCkF‘SC GP Nig |:|:l_[ Fs. (KiGP’ 1‘P):|:| (1 — Fs, (Kkap,tp))Nk""
k=1

i=1
{H (k — ky + 1) (Fs, (K6, 1) — Fs, (Ki» 1))

H [ NigFs. (K.t - tp)ﬂ +H (ky — k) (Fs. (0p, 1) — Fs. (o))

i=k+1

(kviy) -1 i
l_[ NigFs, ((’P’ t= tP) ]_[ NigFs, (K,-&, t— tP) >
i=k+1 i=kp

t>ty, t>t, andk > 2 (58)

where Fs_(0) is as in (6), and Fs_ (0, ¢) is as in (36), where (30)
describes the change in overload length as a function of time,
t, and stress, &, and where ¢; is given by (10), and N;, by (55).
Furthermore, for any function g;, and any non-negative integers
g r and i we define:

q 12[ )
i 1 =r=
HI Ig"ﬂ 1 q
i=r 1, 0<g<r

where the quantity in double-square parentheses is the usual
product unless ¢ < r where it is unity. We also define a left-
continuous version of the “Heaviside function,” (i.e., H (0) = 0,
instead of equaling “17):

(59)

0, kK <0
and define:
kl\/kzzmin(kl,kz) (61)

as the minimum of k; and k,.
Substituting these into (58) and simplifying gives:

A P ¢ A _
) o5, (kfl) G | e ’ op kep— 51
W,Ac, ko (t, 0p, 0 ) ~oo £ l_! K; UTC
f k 1 9¢/2 k-1 o (kfl;)ﬂw/z NG t \ /2
b ey (e N (ke
e =\t tc tc
‘— tp k k— 1 aw/z KkUp Sy p 0,/2 Niy
O, te

6

SN—— -

=
|

/N

E

+ S——

+F

H(k—k,+1) H (k, — k)
“p
(kvip) -1 | “ 5\ (= (k) ),
1 2 62
I (2) (62)

In the case where ¢ = 1 this reduces to Equation (75) from [78].
Using (62) we can then write an expression for the composite
lifetime, following (34) and using (51) as:

N /§W
Py
Ho (£ 0. 5) A~ % fp
V(l"‘rP’U)N1 exp[ ((5’V(p> tc)

Bt (5) " e ()

~

k=1 N P
() TI™ (et
1 o P ¢
H (kp — k) g X (g) st=tp
(63)
where

b (k=k)ey /2 NV o\ /2
a4 (b0p) = i = “\n
. N,
_— (k—k—l)f)q,/z (o 5 Keop \ & 0,72\ Vo
[ &V 05, [ ’

t>t

Of special interest is the reliability of a structure, R (t [t > tp),
conditional on surviving a proof test. This is calculated in general
terms using Bayes theorem:

R()
R(tp) 1

1—F ()
—F(tp)

R(t|t=t,) = (65)

The conditional reliability for lifetime, Ry (tl t> tp,ap,é),
under a sustained load, &, and for times t > tp, conditioned
on survived an initial proof loading, o, > o, up to time t, is
given as:

R f?w
op \t
Rv(tltztp,(rp,&)%exp[((avp ) tp>
@ <

o kiqk,;;(t o) (f)@_k){w H(k—ky+1)

(fc\/kp)—ll i 5\ (= (ki)
()

t>t
> —'p
p

(66)
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Thus, the conditional lifetime distribution following a proof test
is1— Ry (t|t > ty,0p,5), yielding:
b N\
) ()

NGO
(%)

1 (i) (k=(kvis))2o
K o

Composite Lifetime Distribution Following
a Proof Test Under the Classic CPL-W
Model

Historically stress rupture failure is most commonly described
using the classic power law model in a Weibull framework (CPL-
W model) [1]. For this model, the probability of failure for an
arbitrary stress profile, o (t), t > 0, is given by:

%

Hy (t|t > tp,05,5) %1—expl<<A
Gvyp

k-1

1— |1+ quj((t,ap) X

k=1

H (k- ky + 1) +H(k, — k)

(kvkp)—l

[

i=k

S =1 (67)

F; B
dr
tc

t
Hycprw (o (5) = 1 —exp i =V /(U (T))

Oref

t>0. (68)

where the parameters have similar meanings as before, i.e., . is
still a characteristic time constant and, o, is a reference stress
scale parameter, f is a lifetime shape parameter and j is a power-
law exponent relating lifetime to stress level. However, under the
ramp loading (1), i.e, o (f) = Rt, t > 0, where R is the loading
rate, the strength distribution takes the form:

H (0:R) =1 v < g )'5 g '
V,CPL-W (O] = — €X] - - - <
P oret) Rtc(p+1D)

oc>0 (69)

If oy is chosen originally to satisfy oyef = Rt. (0 + 1) then we
can rewrite (69) as:

Hy,cpL-w (0;R) =1 — exp {—<;V> } (70)
where
a=g@@E+1D (71)
and
oy = Vﬁl/(ﬁﬁ) Oref (72)

Thus, the CPL-W model’s strength distribution is a standard two
parameter Weibull distribution, with a shape parameter of @ and
a scale parameter of 6.

In the case of stress-rupture testing, where the applied load
is constant o (f) = &, t > 0 as in (2), then (69) yields the
familiar form:

o
Hy,cpr-w (0,t) =1 —exp _<<&>
\%4

™
~
£
8
S~—
™
~
V
(=}

(73)

Thus, the CPL-W model for strength and lifetime is similar to
that of current SFB model, but with a slightly different strength
shape parameter, ,3~ (0 4+ 1),in (69) vs. ﬁwﬁw from (42) and (43).

Using (67) in the CPL-W model, the lifetime distribution
having survived the proof test is:

_ oo\ 1, |
Hy, cpL-w (t|t > t,05,G5) = 1 —exp — | =
oy tref

G\ t—t,\
1— |1+ (— JE> 1 (74)
%p fp

and noting that 0 < § < 1 we can expand the above to give:

_ Nk
Hy, cpr-w (tlt > tp,05,G) ~ 1 — exp (7) —
oy Lref

[1—<1+B(j>pt:t">“,tztp (75)
p P

which is accurate at least out to the time, t ts in (73)
where the argument is unity and the failure probability is
Hy, cprw (0,4) = 1 —e™' = 0.632, so more than %. For
transparency, we have written (75) in a form for easy comparison
to the corresponding result (67), from our model. For 6 < o}, <
ov, inspection of (75) or (74) compared to (73) shows that, in the
CPL-W model, proof testing will always reduce the probability
of failure (increase the reliability) at any later time for specimens
that “pass” (survive) the proof test.

Thus, despite these similarities in the strength and lifetime
distributions in the model developed in the paper vs. the CPL-
W model, for more complex loading profiles, such as a proof
test, these models will have very different results, with the CPL-W
model predicting an increased conditional reliability after a proof
test and the current model predicting a decreased reliability [78].

RESULTS AND DISCUSSION

We have introduced a new model that builds on our previous
model in [78] and involves two new parameters, ¢ and oy,
which account for non-linear effects in matrix creep and matrix
yielding in shear, respectively. In the limit of ¢ — 1Twe
recover the previous model based on a linearly viscoelastic
matrix, whereupon the effects of oy also vanish. In this section
we study the subtle effects of varying these two new parameters,
beginning with their influence on characterizing the composite
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volume in the model, and followed by how they also influence
the distributions for composite strength and lifetime.

In such a complex model parametric studies are useful for
understanding the effects of the various parameters and their
combinations on overall behavior. In the examples below, we
choose to vary model parameter values keeping in mind that,
in practice, experimental values for several of these parameters
may not be readily accessible. More often, statistical data sets
are available from strength and lifetime tests on composite
samples in multiple replications, where the lifetime tests have
been replicated at several stress levels for various times (often
months, and sometimes years). Thus, we vary certain model
parameters governing fiber and matrix interactions at the
microscale in order to observe their effects on parameters
such as Weibull shape and scale parameters for strength and
lifetime, that are typically obtained from fitting actual test data
to models that are largely phenomenological [2]. This way the
“practical” effects of various parameter choices will become more
readily apparent.

Typical Parameter Values and Implications
on Interpretation of Volume of Material in a

Specimen or Component Being Loaded

This new model requires a more careful interpretation of
the role of the “volume” parameter, V, which happens to
be the number of material elements of length §. in the
composite, rather than the physical composite volume under
load expressed, for instance, as the total volume of fiber in
the loaded composite. In our parametric study, we naturally
desire to keep the physical composite volume constant for
all cases. However, as both ¢ and oy change in the new
model, so does the element length, §., sometimes increasing
by an order of magnitude, which means that the number
of elements, V, must likewise decrease. Since &, changes
according to (31), we can see that, V, varies following
the relation:

~ -1 1
VO((O'Y/O'V )((/) )/(‘/"f‘). (76)

7=3.90 GPa, Ty = 3.90 GPa,
SR =0.00, PR =0.50, kp =1

7 =3.90 GPa, %= 4.68 GPa,
SR =1.00, PR =0.50, kp =1

7=3.90 GPa, %, = 5.46 GPa,
SR =2.00, PR =0.50, kp =1

7=5.85GPa, i, = 5.85 GPa,
SR =0.00, PR=0.75, kp =1
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—lifetime w/o proof

o 108 | |—FB cond w/ proof 10°® 10°®
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7 =5.85GPa, 0= 7.02 GPa,
SR =1.00, PR=0.75, kp =1

7=5.85GPa, 7, = 8.19 GPa,
SR =2.00, PR =0.75, kp =1

Scaled Time (t/tc) Scaled Time (t/tc)
(=5, o, = 25.0 GPa, V =1e+08, k= 10, a =150, ?f\v= 7.80 GPa, tp =100 tc,
(~
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FIGURE 1 | Tows with fibers in a planar array and with matrix parameter, ¢ = 1.
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The definition of §. in (31), also involves (7), (8), and (32), and

thus, 8. can also be written as:
4 (&V>(<P—1)/(<ﬂ+1)
P
Oy

(77)

~ Gy \ V@D
8c = fSc - = 7 .0
oy ¢+1

where 8, ~ d,/(E/G.) (w/d) and oy = 2ty8./d . Also, v,
given by (18), depends on ¢, and on V itself, although, it is largely
free of ¢ and oy except through minor effects on k.

Typical Values of Various Micromechanical
Parameters

Typically w/d ~ 1/4 , E/Ge ~ 200, and 7y ~ 35MPa, and
thus, de ~ d/(1/4)(200) = 7.07d and oy ~ 2(35) (7.07) ~
500 MPa. This value of the tensile stress level oy, which is
associated with driving matrix yielding shear around a fiber
break, turns out to be an order of magnitude smaller than values
typically obtained for v, hence the ratio, 6v /oy will have a
strong influence on the magnitude of the characteristic element

length 8. in (77), and thus on number fiber elements, V, in a given
physical volume according to (76). Note that the effect on V in
(76) can result in no effect at all when ¢ = 1, to a reduction in V'
by an order of magnitude when ¢ > 1.

The implications of (76) and (77) are thus twofold: First, the
number of elements, V, changes in formulas such as (18) or (45)
for determining the Weibull scale parameter for strength, and
in (21) for determining the critical cluster size, k. Second, the
change in the volume parameter, V, in (76) is also associated with
a change in the failure probability of a fiber element in (6) or
(36), through the influence of §; on os.. However, he effect of
non-linear viscoplasticity is also seen in the difference between
the Weibull scale parameters for strength, &y of (18), and 6v,, of
(45), through the factor, Ey, of (46). For instance, in the case of
a 2D array where k= 8, ¢ = 4, ¢ = 5, and using (9) and (20),
we obtain approximately 6y /o5, = 1/2.70 = 0.370, and thus
(46) gives:

g, = (0.370)1/(14‘(%)(%)5) = (0.370)1/1952 = 0,910 (78)

7=242 GPa, 7, = 242 GPa,
SR =0.00, PR =0.50, kp =1

7=242 GPa, o= 2.90 GPa,
SR =1.00, PR =0.50, kp =1

7=2.42 GPa, Z, = 3.39 GPa,
SR =2.00, PR =0.50, kp =1

Scaled Time (t/tc) Scaled Time (t/tc)
¢=5, 0,=17.0 GPa, V=15e+07, k=7, a =35, 5,

FIGURE 2 | Tows with fibers in a planar array and matrix parameters, ¢ = 10 and oy = 0.5 GPa.
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Hence, the effect on composite strength, as viewed through the
Weibull scale parameter, 6y, compared to 6y of the previous
model in [78], also amounts to a strength reduction of about
9%, which is distinct from the ultimate effect of (76) and (77)
in changing the number of fiber elements, V, despite assuming
a fixed overall composite volume.

Parametric Study of Effects of ¢ and oy on

Strength and Lifetime in Two Applications

To illustrate the implications of varying the two new parameters,
¢ and oy, we study two particular applications of the carbon
fiber/epoxy matrix composites, namely: (i) the behavior of epoxy-
impregnated, carbon fiber yarns (often called carbon/epoxy tows)
building on fiber and matrix properties, and (ii) the behavior at a
larger scale of composite overwrapped pressure vessels (COPVs)
building on tow element and inter-tow interface properties.
which govern the length-scale of tow element load-sharing over
time. The values of various parameters for the cases of each
application are listed at the bottom of each figure. This includes

those parameters initially set in the model and those derived
from the model itself. For simplicity, in all cases we set the
characteristic matrix creep time as f. = 0.01 hour and the proof-
test time as, t{, = 1hour, however, result will be presented in
terms of scaled time, t/f. .

Note that the value of 6, in (39) has been determined in each
application so that the power law exponent, p, (or p), relating
lifetime to stress level generally lies in the range 86-114. Such
values are representative of carbon/epoxy composites (at ambient
temperatures). They also allow for easy comparison among the
cases as well as providing a more fruitful demonstration of certain
model features. For all but one case, the resulting Weibull shape
parameters for lifetime, ﬂ(ﬂ or B, satisfy, 0 < ﬁq) < 1, however
values vary considerably across the various cases, as do values for
the Weibull scale parameters for strength and load level, 6v, 6y,
and oy. Investigation of changes in behavior of these Weibull
strength and lifetime parameters with changes in ¢ and oy is a
key aspect of the study. These values are all given for each case at
the bottom of each figure.
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FIGURE 3 | Tows with fibers in a planar array and matrix parameters ¢ = 10 and o, = 0.05 GPa.
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Additional Parametric Details in the Application to
Carbon/Epoxy Tows

The first application involves predicting the strength and lifetime
distributions of carbon/epoxy tows assuming the fibers follow a
Weibull distribution for strength with shape parameter, { = 5,
and scale parameter 05, = 25 GPa. Here we note that (§C = dc
in the special case ¢ = 1, but not when ¢ > 1and oy < 6v.
In the latter case 8. > . from (31) and (32), and thus, 05, <
25 GPa based on (77). In this application to tow behavior we
consider both versions of fiber-to-fiber load-sharing: the first is
a planar fiber array, and the second, a fiber array with hexagonal
fiber packing and associated fiber stress redistribution, but also
assuming two different versions of the number of overload fibers
around a break cluster, i.e., (55) vs (56). Results are shown in
Figures 1-3 for a planar fiber array, and in Figures 4-6, for a
hexagonal fiber array, where Figures4, 5 are under (55) and
Figure 6 is under (56). Among all six figures, Figures 1, 4, show
results for the special case, ¢ = 1, which also happen to serve as
results under the previous model [78] for a linearly viscoelastic

matrix. Thus, these figures provide a basis for comparison of
results from the previous model to the new model in Figures 2,
3,5, 6, where ¢ > 1 and oy play a major role.

Additional Parametric Details in the Application to
COPVs

The second application involves predicting the strength of
COPVs based on tow strength properties, as specified for the tow
elements in the model, where by the Weibull shape parameter is
¢ = 20, and scale parameter is o5, = 80GPa corresponding

to the case ¢ = 1, where SC = Jc. In Figure7 we show
results for a planar array of tows and associated load-sharing,
and in Figure 8 we show results for tows in a hexagonal array
and sharing load accordingly with (56) governing the number
of overloaded neighbors to a cluster. In both cases we assume
¢ = 10 and oy = 0.25 GPa for purposes of modeling interface
creep or tow slippage in shear between tows (Results for ¢ = 1
are not shown).
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FIGURE 4 | Tows with fibers in a hexagonal array and matrix parameter, ¢ = 1, and with ¢ = 2.5 and y = 0.27 in (55) for calculating number of susceptible fibers
around a cluster.

Frontiers in Physics | www.frontiersin.org

March 2021 | Volume 9 | Article 644815


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Engelbrecht-Wiggans and Phoenix

Stochastic Fiber Breakage Part 2

=411 GPa, ap=4.11 GPa, 7=4.11GPa, ap=4.52 GPa, =411 GPa, o'p=4.93 GPa,
SR=0.00,PR=0.70, k =1 SR=1.00,PR=0.70, k=1 SR=2.00,PR=0.70, k =1
4 P 4 P 4 4
10 10 10
e 10.6 = o 10-6 10.6 /
=] -
T 10° - 108 108
S 10710 10710 10710
=2
3 10712} 10712 10712
E 104! [—lifetime w/o proof 10714} 10714}
o 16| —=FB cond w/ proof 16I 16I
10 ’ CPL-W cond w/ proof 1077 107
102 10 106 108 102 10 108 108 102 10* 108 10°
7=4.70 GPa, 7, = 4.70 GPa, 7=4.70 GPa, 7, = 5.17 GPa, =470 GPa, % =5.64 GPa,
SR =0.00, PR =0.80, kp =1 SR =1.00, PR =0.80, kp =1 SR =2.00, PR =0.80, kp =1
0.999 0.999 0.999
0.5 0.5 0.5
ol 2 = 2 2
S 10 - 10 10
s 4 — 4 4
& 10 10 10
o
z 10° 10° 10°
g 10° 10° 10°¢
o
'S 10-10: 10-10’ 10-10|
10712} 10-12I 10-12[
102 10* 106 108 102 10* 108 108 102 10* 108 108
Scaled Time (t/tc) Scaled Time (t/tc) Scaled Time (t/tc)
4N\
(=5, o= 16.6 GPa, V=1.3e+07, k=12, a =60, 9V= 6.11 GPa, tp =100 tc,
c
N\
¢»=10, ¢=0.66, ﬁ(p =0.12, o =0.50 GPa, ,Z\= 105, 4=0.66, 7, =5.87 GPa
y ® ® V.o
FIGURE 5 | Tows with fibers in a hexagonal array and matrix parameters ¢ = 10 and o, = 0.50 GPa, with ¢ = 2.5 and y = 0.27 in (55) used to calculate number of
susceptible fibers around a cluster.

Plotted Quantities and Applied Loadings Used in
Each Particular Application and Case

For all cases plotted in Figure 1 through Figure 8, time begins
at t = 0, though the horizontal axes and plotting of the graphs
begins only at t = t,. For this reason, a virgin specimen initially
loaded at t = 0 can potentially fail before time #,, which is why
the failure probability at time, t = t,is already distinctly non-
zero. On the other hand, a proof-tested vessel sees its proof test
applied over the time period, 0 < t < t,, and if it fails it is
replaced by one that has survived the proof test, at which point
time continues onward, i.e. t, < t. Consequently, exactly at
time t = ¢, the probability of failure of the proof-tested vessel,
being a conditional probability of failure, is by definition zero.
However, because of the proof test it will have many broken fiber
elements that otherwise would not have occurred, had it been
a virgin specimen that survived to time t = t,. Thus, only a
short time later at some time, [[Mathtype-mtefl-eqn-619.mtf]],
its probability of failure shoots up beyond what occurs without
the proof test. This “overshoot” after the proof test is a key feature

of the model that generally does not occur for the classic CPL-W
model or other models.

These effects are seen in all the figures, where the solid blue
line represents the failure probability vs. time for a lifetime test
under a constant loading (2), i.e., absent a proof test, both for
the classic power-law (CPL-W) model and the current stochastic
fiber breakage (SFB) model (which happen to be the same when
parameter values in (73) and (41) are appropriately matched). In
cases involving a proof test under loading (3), the conditional
probability of failure vs. time following survival of the proof test
is given as a solid orange line for the SFB model, and a dashed
yellow line for the CPL-W model. Above each figure panel is
the loading condition for that particular case, where the results
presented for specific tow cases are in Figures 1-6, and specific
COPV cases in Figures 7, 8. The loading parameter “SR” in the
various cases refers to the stress ratio used for that figure panel,
which is the constant applied stress, 6, in the lifetime test, divided
by the Weibull stress scale parameter, 6y, for that case. The
parameter “PR” refers to the proof stress ratio used in a particular
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case of a figure, being the ratio of the proof stress to the applied
stress in the lifetime test, 0;,/G . Note that each figure presents
plots for two different stress ratios and three different proof ratios
in tows and two different proof ratios in COPVs. Also k;, refers to
the special proof cluster size defined by (57).

Common Features of Plots Associated With a Proof
Test, Whether for Tows or for COPVs

All figures show that when the stress in a proof test is the same
as the lifetime stress level, i.e, op = &, the SFB and CPL-
W models predict the same results for probability of failure vs.
time, although with failure probabilities that are initially lower
than when no proof test is applied. However, when o, > &,
the SFB model always predicts an higher probability of failure
compared to a standard lifetime test without a proof test, which is
sometimes higher by several orders of magnitude. In contrast, the
CPL-W model predicts a lower probability of failure after a proof
test in the typical case where 0 < B, < 1, and typically by several
orders of magnitude. However, in the CPL-W model a higher

probability of failure does occur when f, > 1 (see Figures 4,
8), though not of the magnitude seen in the SFP model. This is a
critical difference between the two models, SFB vs CPL-W, also
discussed extensively in [78] for the special case ¢ = 1.

Additional Features of Effects of ¢ and oy on the
Strength Distribution of Tows

Figure 1 through Figure 3 show the lifetime distribution of a
carbon/epoxy tow assuming a planar fiber configuration and
planar load-sharing. Figures 1, 2 showing the effects of changing
@ from 1 to 10 when oy = 0.5 GPa, and Figures 2, 3 demonstrate
the effect of further lowering oy by an order of magnitude to
oy = 0.05GPa, while maintaining ¢ = 10 (when ¢ = 1 there is
no effect from changing o). In Figures 2, 3, choosing ¢ > 1 with
oy < Oy, requires reducing, V, the number of fiber elements in
the model, in order to maintain the same total material volume.
This reduction in V is associated with the previously mentioned,
increase in 8., which results in a decrease in o5, as well as a

decrease in the critical cluster size k from the value k = 10 in
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Figure 1, to k = 7in Figure 2 and to k= 6in Figure 3. This
reduction in k causes a proportional lowering of the Weibull

shape parameter for strength, @ = k¢ in (19) from & 50
in Figure1 down to & = 30 in Figure 3, which happens to
be a more realistic value for tows compared to those obtained
experimentally, but still somewhat larger. This decrease in &
reflects an increase in the variability in tow strength.

A significant decrease also occurs in the Weibull scale
parameter for tow strength, 6y, from 6y = 7.80 GPa in Figure 1
to 6y = 5.22 GPain Figure 2 and then to 6y = 3.97 GPa in
Figure 3 (Effects on 6y, will be discussed later in connection
with lifetime behavior). This amounts to decreases of as much
as 50% in strength. Once again, the Weibull shape and scale
parameter values for tow strength associated with Figure 1
are overly optimistic compared to the more realistic values in
Figures 2, 3. Clearly non-linear matrix creep and yielding can
result in large effect in terms of lowering the composite strength
and increasing its variability compared to the case of ¢ = 1.

Figure 4 through Figure 6 provide results similar to those in
Figure 1 through Figure 3, but for the case of hexagonal fiber
packing and associated load-sharing. Figures 4, 5 involve using
the parameter values ¢ 2.5 and y = 0.27 in (55), which
determines the number of fibers around a cluster susceptible
to failure in growing a cluster. Figure 6 is similar to Figure 5,

except that now ¢ = V4w and y = 0.5, as was used in (56),
for determining the number of susceptible neighbors. Otherwise
we maintain ¢ = 10 and oy = 0.5 GPa. Reductions are again
needed in the number of fiber elements, V, with increasing 8.,
to maintain the same overall material volume, and the result is a
large decrease in the critical cluster size k from k = 19 in Figure 4
tok = 12 in Figure 5 and to k = 10in Figure 6. Likewise a
proportional lowering of the Weibull strength shape parameter,
& = k¢, occurs from & 95 in Figure 4 down to & 50
in Figure 6 as well as a large drop in the Weibull strength scale
parameter from 6y = 11.18 GPain Figure 4 to 6y = 5.47 GPa in
Figure 6, which is a reduction by one-half.

Once again, the values seen in Figure 4 for ¢ = 1 are overly
optimistic compared to the more realistic values in Figures 5,
6, as found in experiments, though still larger. Once again non-
linear matrix creep and yielding can result in a large decrease in
the strength of the composite and an increase in its variability.

Additional Features of Effects of ¢ and oy on the
Lifetime Distribution of Tows

Figure 1 through Figure 6 demonstrate the effects on the
composite tow lifetime distribution not only from changes in ¢
and oy, but also from changes in the load-sharing arrangement
of the fibers in the tow (planar vs. hexagonal in two versions).

Frontiers in Physics | www.frontiersin.org

March 2021 | Volume 9 | Article 644815


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Engelbrecht-Wiggans and Phoenix

Stochastic Fiber Breakage Part 2

o =277 GPa, 9, = 2.77 GPa,
SR =0.00, PR =0.60, kp =1

and oy = 0.25GPa.

10 10
8 —lifetime w/o proof 8
© 107 [ |=——FB cond w/ proof 10
=] CPL-W d w/ f
L(E 10410 cond w/ prool 10.10
210'12 10712
£ -~ :
310 14 - = 107
S 1010 i 10718
o 10718 - s 10718
e e
102 104 108 108 102 10* 108 108
7=3.24 GPa, o =3.24 GPa, 7=324GPa, o =421GPa,
SR=0.00, PR=0.70, k =1 SR=4.00, PR=0.70, k =1
1072 1072
[0} -4 -4
510 10
T
L 106 B 106
(o]
2 408 ~ g 8
£ 10 - 10
8,10 ~ -10
o 10 _~ 10
o _~
10712 [~ = 1072
102 104 108 108 102 10* 108 108
Scaled Time (t/t ) Scaled Time (t/tc)
(=20, % =7.1 GPa, V=3e+06, k= 5, a=100, =4.66 GPa, t 100t ,
p=10, 6’ 3.30, 6’"060 0—025GPa p¢ 86, /f 1.20, "4626Pa

FIGURE 8 | COPV where tows are modeled as being arranged in a hexagonal array under (56) for the number of overloaded tows around a cluster, and where ¢ = 10

g =277 GPa, 9, = 3.61GPa,
SR =4.00, PR =0.60, kp =1

The latter changes are seen in comparing the two groups of
figures, namely Figure 1 through Figure 3 with Figure 4 through
Figure 6.

In Figure 1 through Figure 3, a major effect of the decrease
seen in k from k = 10in Figure 1 down to k=6in Figure 3, is to
decrease the Weibull lifetime shape parameter, from ,B(p = 0.54
to 3¢> = 0.30. Likewise the lifetime stress scale, 6y, decreases
from 6y, = 6y = 7.80GPa down to 6y, = 3.70GPa, a
reduction by more than a factor of two. On the other hand the
effect on p, is modest and its value increases from p, = 93 in
Figure 1 to p, = 114 in Figure 3. This is caused largely by the
dependence of p, on k in (43). Otherwise, the plots in Figure 1
through Figure 3 show very similar behavior, with much of the
difference in plotted probability values caused by the decrease
in fjw (and resulting increase in variability) thus increasing the
failure probabilities since the effect of 6y, is scaled out, and the
change in p,, is comparatively smaller.

Similarly in Figure 4 through Figure 6, a major effect of the
decrease in k from k = 19 in Figure 4 down to k = 10 in
Figure 6, is to decrease the Weibull shape parameter for lifetime
from ﬂw = 1.08 in Figure 4 to ,B(p = 0.54 in Figure 6. Note
that since ﬂ(p = 108 > 1, which means § = 1.08 > 1
in the CPL-W model, a proof test in that model results in a
slight increase in the probability of failure over time compared
to having no proof test. Likewise the decrease in k also results in a

large decrease in the Weibull lifetime stress scale, Gy, decreases
from 6v,, lea% 11.18 GPa down to the more realistic
value, 6y, 5.28 GPa, again by almost a factor of two. Both
parameters exhibit reductions by a factor of two. On the other
hand, the effect on p, is a more modest increase from p, = 88 in
Figure 4 to p, = 106 in Figure 6, as a result of the dependence

of p, on kin (43).

Otherwise, the plots in Figure 1 through Figure 6 show
very similar behavior where much of the difference in plotted
probability values is caused by the decrease in ,3¢ since the large
effect of Gy, is scaled out, and the change in p, is modest
by comparison. Generally, the effects seen in Figure 1 through
Figure 6 follow patterns previously discussed in [78].

Effects of ¢ and oy on COPV Strength Based on Tow
Elements Having Weibull Strength

Figures 7, 8 show results for COPV strength and lifetime
assuming tow elements have Weibull strength with shape
parameter { = 20 (a more conservative value than the theoretical
values in Figures 3, 6) and scale parameter that in both cases
turns out to be s, = 7.1 GPa. Both figures assume ¢ 10
and oy = 0.25 GPa for the interface between tows, and thus, the
value of o is lower than o3 = 8.0 GPa for the case ¢ = lasa
result of a factor of about 10 increase in tow element length & as
compared to 8. This element length change also results in a factor
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of 10 reduction in V. Note that the results in Figure 7 assume
planar load-sharing among tows, whereas Figure 8 assumes tows
arranged and sharing load in a hexagonal configuration with (56)
governing the number of overloaded tow elements surrounding
a cluster of tow breaks.

The change in tow load-sharing mechanism leads to an
increase in the critical cluster size, k, from k = 3 in Figure 7,
tok = 5in Figure 8. This in turn causes a proportional increase
in the Weibull shape parameter for strength, & = IAcg’ in (19) from
& = 60 in Figure7 to @ = 100 in Figure 8, thus reflecting a
substantial decrease in the variability in COPV strength. There is
also a significant increase in the Weibull strength scale parameter,
6y, from 6y = 4.25GPa in Figure7 to 6y = 4.66GPa in
Figure 8. This increase in 6y of about 10% for a COPV is much
less than in the case of tows, largely because the starting value
of ¢ is a larger value, 20, rather than 5, and the effect on the
value of k is also much smaller. Nevertheless, changing the value
of p from ¢ = 1to ¢ = 10 together with the choice of
oy = 0.10GPa < 6y does have the effect of decreasing the
COPV strength and increasing its variability (results for ¢ = 1
not shown).

Effects of ¢ and oy on the Lifetime Distribution of
COPVs in Stress-Rupture

Figures 7, 8 also demonstrate the effects on the composite
lifetime distribution of changes in the tow load-sharing
arrangement from a planar array to a hexagonal array. A major
effect is again to increase k from k = 3 in Figure 7 to k=5in
Figure 8, which leads to an increase the Weibull shape parameter
for lifetime, from Bw = 0.60 to 5(/, = 1.20. Likewise the Weibull
lifetime stress scale, 6y, increases from 6y, = 4.20 GPa to
6v,e = 4.62GPa. On the other hand there is a decrease in gy,
from p, = 103 to p, = 86, which in part also contributed to
the large increase in ,3(,,. Otherwise, the plots show very similar
behavior, with much of the difference in plotted probability values
caused by the increase in :éw since the effect of 6y, is scaled
out, and there a relatively smaller change in p,. Again since
/§¢, = 1.20 > 1, and thus /§ = 1.20 > 1 in the CPLW model,
a proof test in that model results in a substantial increase in the
probability of failure over time compared to having no proof test.
Once again, however, the increase is modest compared to the
large increase seen in the SFB model of the current work.

CONCLUSIONS

In this work we have generalized the SFB model derived in
[78], by extending the linearly viscoelastic matrix creep behavior
into the non-linear range. The linear viscoelastic version can be
obtained from the current model by setting ¢ = 1. Since the
general form of the SFB model does not change by adding non-
linear viscoelasticity, the conclusions regarding the detrimental
effects of proof testing still hold as were demonstrated in Figure 1
through Figure 8.

A key advantage of the current non-linear creep model over
the linear viscoelastic model with instantaneous shear modulus,
G, is that all the above factors can be accounted for directly in
the model when calculating the distribution for lifetime. This

eliminates the need, in the linear model, to artificially account for
fiber-matrix debonding or matrix shear failure and its effect on
increasing the value 8. when trying to make strength predictions
using (17) or lifetime predictions using (41) together with (48)
through (51). This is the critically important aspect of the
new work.

Finally, the development of a stress-rupture model is certainly
an important aspect of the overall technological challenge of
designing and manufacturing highly reliable and human-safe
composite structures, such as COPVS. However, such efforts still
rely on the generation of experimental data, as well as drawing
on databases of previous experimental work and the modeling
approaches used to design the experiments and interpret the data.
A comparison of various models that have been used (which are
largely phenomenological such as the CPL-W model), is given
in [1]. General and parametric features of experimental data for
unidirectional composites that consist of a wide variety of fibers
in a polymer matrix, as well as commonly used statistical methods
(such as maximum likelihood) are discussed in [2]. Also, in
[2] uncertainty distributions on model parameters are obtained
using Monte Carlo simulation. In [3] a unified maximum-
likelihood method is developed for the CPL-W model with
the goal of reducing uncertainty in parameter and reliability
estimation. Finally, in [4] further maximum likelihood analysis
is devoted to removing bias and characterizing uncertainty in
both model parameters and reliability estimates. Monte Carlo
simulation is used to study uncertainty in the parameter and
reliability estimates and to assess bias. In both [3] and [4]
the method is demonstrated using strength and lifetime data
generated on small carbon/epoxy COPVs tested at the NASA
White Sands Test Facility over a two and a half year period.
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We study the local load sharing fiber bundle model and its energy burst statistics. While it
is known that the avalanche size distribution of the model is exponential, we numerically
show here that the avalanche size (s) and the corresponding average energy burst ((£)) in
this version of the model have a non-linear relation ((E) ~ s¥). Numerical results indicate
that y ~ 2.5 universally for different failure threshold distributions. With this numerical
observation, it is then possible to show that the energy burst distribution is a power law,
with a universal exponent value of —(y + 1).
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1. INTRODUCTION

It is well-known experimentally that quasistatically stressed disordered solids produce intermittent
response statistics [1], particularly in terms of acoustic emissions, that show scale-free size
distributions. These intriguing dynamics is seen universally across scales from microscopic
laboratory samples to the geological scale of earthquakes [2-6]. Empirically, the scale-free size
distribution of breaking progression is known in different communities for decades. For example,
in geoscience, this is known as the Gutenberg-Richter law, in magnetic domain walls as crackling
noise, and so on.

The interests of statistical physicists in this context stems from the universal nature of the
dynamics across length and energy scales. The scale-free variations of acoustic emissions, waiting
time statistics, etc., are independent of the microscopic details of the underlying systems, which
are very different from each other. Such behavior indicates critical dynamics, particularly self-
organized critical dynamics for the system, where the universality hypothesis is still applicable,
without having to fine-tune a driving parameter [7]. Such a phenomenon is therefore open for
analysis with the tools of critical phase transitions, universality and therefore is an important step
toward predictability of imminent failure [8-10].

As a consequence of the scale-free dynamics and potential applicability of the universality
hypothesis, many generic models were proposed over the years that reproduce such a scale-free
behavior. Such models include the fiber bundle model, random spring network, random fuse
model, the Burridge-Knopoftf model, and so on [5, 11-13]. The common underlying feature of these
models is that they are threshold activated, driven, dynamical models. Particularly, for an external
driving parameter crossing a pre-assigned threshold value for a single unit of these models, that
unit is activated and influences the units in its “neighborhood,” which may in-turn get activated
and thereby initiating an “avalanche.” As can be guessed, this type of dynamics is often related to
sandpile models of self-organized criticality [14] and indeed such associations extensively explored
in the past [15].

The two major parameters that influence the nature of the response in such models are the range
of interaction [16] and the strength of the disorder [17, 18]. It was explored, particularly in the fiber
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bundle model that for a moderate disorder, a scale-free avalanche
statistics is only recovered for a “sufficiently” long-range of
interaction [16, 19, 20]. In the random fuse model, where the
interaction range is not parameters to be tuned, it was shown
that the avalanche statistics is not a power-law in the large system
size limit [21, 22]. This is in apparent contradiction with the fact
that in reality, the interaction range in disordered elastic samples
is not infinite i.e., not a mean-field-like interaction. However,
experiments routinely reveal scale-free statistics.

One important distinction between the analytical and
numerical results of avalanche dynamics and that of the
experiments is that in the former it is the number of elements
failing in an avalanche that is the measurable quantity, while in
the latter it is the energy released in the avalanche. Now, in the
mean-field limit of the fiber bundle model, it is straightforward
to show that the avalanche size and the energy avalanche
size are proportional, hence the two distributions are identical
in shape. But this relation is no longer valid for local load
sharing variants. In those cases, therefore, it is crucial to explore
the size distributions of the energy emissions and compare
that with experiments. In this work, we consider the simplest
possible variant of the local load sharing fiber bundle model and
analyze the energy avalanche statistics of that model. We then
compare the results with experiments and also present a plausible
argument for its form.

2. DESCRIPTION OF FIBER BUNDLE
MODEL

After being introduced by Pierce [23], the fiber bundle model has
been proven to be important yet arguably the simplest model
to study failure processes in disordered solids. A conventional
fiber bundle model consists of a set of linear elastic fibers or
Hookean springs, attached between two parallel plates. The
plates are pulled apart by a force F, creating a stress ¢ =
F/L on L fibers. Once the stress crosses the breaking threshold
of a particular fiber, chosen from a random distribution, that
fiber breaks irreversibly. The stress of broken fibers is then
redistributed either globally among all surviving fibers (global
load sharing or GLS scheme) or among the surviving nearest
neighbors only (local load sharing or LLS scheme). For the GLS
scheme [23, 24] no stress concentration occurs anywhere around
the failed fibers as the stress of the failed fibers is shared among
all surviving fibers. On the other hand, in LLS scheme [25-
30], stress concentration is observed near a broken patch (set of
neighboring broken fibers) and increases with the size of such
patches. After such redistribution, the load per fiber increases
initiating failure of more fibers starting an avalanche. At the end
of an avalanche, either all fibers are broken (suggesting global
failure) or the bundle comes to a stable state with few broken
fibers where an increment of external stress is required to make
the model evolve further. The last applied stress just before
global failure is considered to be the nominal stress or strength
o, of the bundle. The fraction of fibers that survive at o just
before global failure is defined as the critical unbroken fraction
of fibers (U,).

3. NUMERICAL RESULTS

We have studied the fiber bundle model numerically in both
mean-field limit and with local load sharing scheme in one
dimension, though the major part of the paper will deal with
the latter only. Numerical simulations are carried out for system
sizes ranging in between 10° and 107 and are averaged over 10>-
10* configurations. Our motive is to understand the dynamics
of avalanches and corresponding energy bursts emitted during
these avalanches as the model evolves with increasing externally
applied stress. Unless otherwise stated, we will use a uniform
distribution ranging from 0 to 1 in order to assign threshold
values to individual fibers beyond which it breaks.

3.1. Relation Between s and E

Figure 1 shows a comparison between different avalanches and
energy emitted during different avalanches for a bundle of size
10°. The results are produced for a single configuration. As usual,
an avalanche is defined as the number of fibers broken in-between
two consecutive stress increments; k is the number of such stress
increments in this case. While presenting the energy spectrum
and the avalanches we have excluded the final avalanche leading
to global failure.

The left panel of Figure 1 shows the results for the GLS fiber
bundle model while on the right panel, we have shown the results
with the local load sharing (LLS) scheme. Note that the range of
k for the LLS model is much less than the range of k with the
GLS scheme. This is understandable since with the LLS scheme,
the model is more unstable due to stress concentration and a
large number of fibers are broken during the final avalanche.
The model evolves with a lesser number of stress increments in
this case prior to a global failure where the average size of the
avalanches are smaller compared to that in the GLS scheme. Now,
for an avalanche of size s, if n fibers with threshold values 71, 12,
73, - - -, Ty break, then the amount of energy emitted during this
avalanche will be:

E(s) = % > ot (1)
i=1

This follows from the assumption of linear elastic (stress o< strain)
behavior of individual fibers up until their individual (brittle)
failure points. With above formalism, for each stress increment
k, we will obtain an avalanche s(k) and a corresponding energy
burst of magnitude E[s(k)].

The energy spectrum follows a particular trend in the case of
the GLS scheme. Since with the GLS scheme the fibers break in
the increasing order of their threshold values, the energy emitted
at k + 1-th load increment will be higher than the energy emitted
at k-th increment, even if the avalanche sizes happen to be the
same at k and k + 1. Due to this, the variations of s and E with
increasing k looks exactly the same, only the values are scaled
by a constant when we transfer from s to E. Such correlation
between s and E is not present in the case of the LLS fiber bundle
model. In the case of the LLS scheme, the fibers break due to the
interplay between the local stress profile and the threshold values
of the fibers themselves. Due to such dynamics, the fibers do not
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FIGURE 1 | The left panel, from top to bottom, shows the spectrum of energy values (E) with increasing number of avalanches k, avalanche sizes (s) with k and £ vs.
s for a certain avalanche for a GLS FBM. The right panel does the same but for a LLS FBM. We can see that, in case of a GLS FBM, there is a direct correspondence
between the s and E values for a certain k. This means, higher s gives higher E. Since in case of GLS FBM, the fibers break in an increasing order of threshold values,
we get, E(k + 1) > E(k) even if s(k + 1) = s(k). We do not see this direct correspondence between the s and E values with local load sharing scheme. For example, the
red eclipses show the parts where only 1 fiber breaks at each k value but the corresponding E values show many different values without any particular order as the
fibers themselves do not follow any order while breaking. This uncorrelated behavior between s and E.

break in increasing order of their thresholds. Then, there might
be scenarios where E(k + 1) < E(k) when s(k + 1) = s(k) or even
s(k + 1) > s(k). The red ellipses in the right panel of Figure 1
shows this absence of correlation between s(k) and E[s(k)]. For

both ellipses, s = 1 for that period. In spite of that, we see a
6 ; ; ' ' ' g fluctuation in energy values without a particular trend. This can
be clearly understood from the lower row of Figure 1 where E is
41 ] expressed as a function s. Clearly, in case of GLS FBM, E increases
in a linear manner with s while for LLS, the values of E and s
2r 1 are completely uncorrelated. In the following, we will discuss this
L/I\.l relation between s and E in detail.
v 0F 1 Figure 2 highlights how average of emitted energy (E) behaves
g as a function of avalanche size s for a bundle of size 10° and
2r © ’D ] configuration 10%. Results for both GLS and LLS schemes are
) 01 52'5 shown in the figure. We observe the following behavior:
4+ 0 GLS o
Il LLS O (B) ~ { s for GLS, 2)
-6 ' s s ' s . sV ,with y = 2.5 for LLS.
0 1 2 3 4 5 6 7
Ins This behavior can be used to understand the relation between
FIGURE 2 | The figure shows the variation of average energy (E) with dlSFrlbutlonS P(S) of avalanf:he SIZ? s and Q((E>) of average
avalanche size s for both GLS and LLS fiber bundle model. We observe emitted energies (). For this we simply need to implement a
(E) ~ s, for GLS FBM. On the other hand, for LLS scheme, (E) ~ s”, with change in variable! scheme as follows:
y ~2.5.
QUEN ~ PIUENLI (BN = PLUENLI 201 )

!Let’s assume x and y are a continuous functions with p.d.f f(x) and g(y). Also,
y = u(x) is a function with inverse, which means it is possible to find x = v(y). In
this circumstances, g(y) and f(x) can be expressed as: g(y) = f[v(y)].|v ()|, where
[V (P = |dv(y)/dyl.
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Change in variable: GLS scheme
In case of GLS scheme, we observe

(E)(s) ~ s
s((E)) ~ (E) (4)
This makes
, _ds((E)) N
S(E)) = () 1 (5)

We also know that the avalanche size distribution in case of GLS
scheme is a scale free distribution with an exponent 2.5 [31].

P(s) ~s P, withp =25 (6)
Then, combining Equations (3), (4), (5), and (6), we get,
QUE)) ~ P((E)).1 ~ (E) P, with g =2.5 )

Change in variable: LLS scheme
In case of LLS scheme, we observe

(E)(s) ~ s”
s((E)) ~ (E)™ (8)
This makes
’ _ ds({E)) i —(y+1)
S((E)) = A(E) (=yNE)™Y )

where y = 2.5. We also know that the avalanche size distribution
in case of LLS scheme is an exponential distribution [32].

P(s) ~ e3/% (10)
Then, combining Equations (3), (8), (9), and (10), we get,

(B
QUE)) ~ P(E).y (E)" D) ~ ye S0 E=FD (11)

In the limit of high E value, Equation (11) can be simplified
as follows

QUE)) ~ (E)™® wherea =y +1=235 (12)

Above treatment shows that, in case of LLS scheme, in spite of
an exponential distribution for avalanche sizes, the distribution
of average emitted energy is still observed to be scale-free.
Numerically we have found that this scale free behavior holds
good for instantaneous values of E as well.

3.2. Distribution of s and E: Uniform

Distribution

Figure 3a shows the avalanche size distribution P(s) for a GLS
fiber bundle model with system size ranging from 10% to 10°.
This scale-free decrease of P(s) with s is already known in the
literature. We also observe the same universal exponent 2.5 [31].
Figure 3b shows the corresponding distribution for the energy
emitted. We observe the same scale-free distribution for the
energy as well, with the same exponent 2.5. This behavior is
consistent with Equations (6) and (7), respectively.

Figure 4a, on the other hand, shows the avalanche size
distribution with the LLS scheme. The distribution is exponential
as derived analytically by Kloster et al. [32]. The inset of
the same results in log scale in order to compare them
with the previous claim by Zhang and Ding [33], that
P(s) shows a scale-free behavior with a very high exponent
closer to —4.8. This claim of scale-free nature is not
substantiated and the exponential form for P(s) is accepted in
the literature.

The distribution of energy in Figure4b shows
a scale-free distribution, in spite of the fact that
the avalanche size distribution is an exponential
distribution. The exponent of the scale-free distribution
is observed to an increasing function of the size of
the bundle

Q(E) ~ E~@ (13)

The above behavior is similar to Equation (12), but with a L
dependent exponent instead of a constant value. To compare
this L dependent exponent with the value in Equation (12), we
have to study the variation of « in Equation (13) in details
as the size of the bundle is increased. We have discussed
this next.

Figure 5 shows the system size scaling of the behavior in
Equation (13) as the size of the bundle is increased from 103 to
107. The behavior of Q(E) in Figure 4b tells us that the slope of
the distribution increases and Q(E) itself decreases as we increase
the size of the system. We assume this decrease in Q(E) with L to
be scale-free in nature and observed a nice collapse for all system
sizes. The scaling we adopted is as follows:

QE) =L ¢ @ (14)

where a(L) scales to its value in the thermodynamic limit is a
scale free behavior: a(L) = a(00)—L™". We will show this scaling
explicitly later in this article. Taking logarithmic on both sides of
Equation (14) we get,

InQ(E) = —¢InL — [a(c0) — L7"]InE (15)

Figure 5a shows a good collapse with the results of Figure 4b
using the following values of the fitting parameters: a(co0) =
347, n = 0.14, and § = 0.55. In addition, Figure 5b also
shows the scaling of the exponent « explicitly as the model
starts approaching the thermodynamic limit. We observe the
following scaling,

a(o0o) —a(L) ~ L7 (16)
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FIGURE 3 | Distribution of energies for an uniform distribution (0,1) and system sizes ranging in between 10% and 10°. The results are shown for GLS FBM. (a) We
already know that in the mean-field limit P(s) ~ s—#, with 8 ~ 2.5. (b) We observe Q(E) ~ E~¢ where « =~ 2.5 as well independent of the system size.
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where nn = —0.15 and a(co) (= 3.47) has a value close to
y + 1 (see Equation 12). The fitting and the exponent 7 is
calculated from the minimization of least square fit error. This
is shown in Figures 5¢c,d. We choose a certain value of 1 and
fit our numerical results. This in turn will produce a value of
a(oo) and corresponding least square fit error. The opposite
can also be done where we can fix a certain «(oc0) value and
the least square fit gives us the value of 1 and error associated
with it. If we repeat this for a number of «(co) or 5 values,
then we can express the error as a function of either of this
parameters 7 (see Figure 5¢) or «(0o) (see Figure 5d). The dotted
line in Figure 5a corresponds to the value of a(oco) (= 3.47)

and 7 (= 0.15) for which the least square fit error is minimum
independent of whether the error is calculated with a constant
a(o00) or .

3.3. Universality

So far, we have generated the numerical results where a
uniform distribution from 0 to 1 is used to assign random
thresholds to individual fibers. In this section, we will verify
the universality of our results. For this purpose, we will mainly
explore 4 other distributions: (i) linearly increasing from 0
to 1, (ii) linearly decreasing from 0 to 1, (ii) a Weibull
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FIGURE 6 | (a) Distribution of energies for four different threshold distributions: (a) Linearly increasing [0:1], (b) Linearly decreasing [0:1], (c) Scale free distribution of
exponent 2 between 0 and 1, (d) Weibull distribution with scale factor 1.0 and Weibull modulus 1.0. The system sizes varies in between 10° and 10”. The resullts are
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Equation (15). (e=h) Shows the exponent «(L) to obey the scaling showed in Equation 16. The value of n for above mentioned distributions are 0.14, 0.12, 0.13, and
0.11 respectively, similar to what is observed in the system size collapse.
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distribution with scale parameter 1 and Weibull modulus
1, and (iii) A power law distribution from 0 to 1 with
exponent 2.0.

In all these cases, the energy burst size distributions
were found to be scale-free with an exponent value
close to —3.5 (see Figures6a-d), as is predicted from
Equation (12). The variation with system size also
universal across these different threshold distributions. The
insets of Figures 6a-d shows the same scaling given by
Equation (15) and observed in Figure5a. These results
suggest that the scale-free nature of the energy burst size
distribution in the local load sharing fiber bundle model is a
universal feature.

Moreover, Figures 6e-h shows the system
size scaling of the exponent «(L) (see Equation
16) for all four threshold distributions: linearly
increasing,  linearly = decreasing, = power law  and
Weibull, respectively.

We have further checked that the relation between
an avalanche size and average energy burst size ie,
(E) ~ s*° is valid for all these threshold distributions,
as can be seen from Figure7. This holds good with
the scale-free nature of energy burst distribution
that we observed in Equations 6(a)-(d) for all four
threshold distributions.

Finally, we have discussed in Table 1, all exponents that
we observed in relation to burst size distribution for all five
threshold distributions.

4. DISCUSSIONS AND CONCLUSIONS

The local load sharing fiber bundle model is known to be
lacking in reproducing the scale-free avalanche statistics
often seen in the experimental setup of fracturing brittle

TABLE 1 | The table shows the exponents «(cc) (Equation 16), 1 (Equation 15),
and & (Equations 14, 15) related to the system size scaling of the energy
size distribution.

Distributions a(00) & n

Uniform 3.47 0.55 0.15
Linearly increasing 3.65 0.55 0.14
Linearly decreasing 3.62 0.55 0.12
Power law 3.55 0.60 0.13
Weibull 3.60 0.65 0.11

solids. In all the interpolation schemes between global
(equal) and local load sharing versions of fiber bundles,
the avalanche size distribution P(s) only show a cross-
over between the mean-fild (P(s) ~ s #) and local
load sharing (P(s) ~ e~%/%) limits. The mean-field limit,
however, is a rather idealized condition for modeling
real samples.

However, one important distinction between avalanche sizes
(s) of the fiber bundle model and what is usually measured
in the experiments is that in the latter case it is the energy
burst (E) emitted in an avalanche that is measured. However,
that distinction is not at all significant in the mean-field i.e.,
the global load-sharing limit of the model, because in that
limit (E) ~ s. However, in the local load sharing version,
we numerically find (E) ~ s”. Given an exponential nature
for the avalanche size distribution in the local load sharing
limit and this numerical observation, it is possible to show
that the size distribution of the energy bursts is scale-free
[QKE)) ~ (E)™“] with « = y + 1 (see Equation 12).
Moreover, we have numerically established that this same scale
free distribution exists for instantaneous values of the energy
emitted and not only for the average emitted energy. We have
then numerically checked that y ~ 2.5 for various different
threshold distributions (see Figure 6) and independently checked
that the size distribution exponent for the energy bursts are
close to —3.5 (see Figures 4, 7). Indeed, there are indications
in experiments with sandstones that the avalanche amplitude
distribution was exponential while the energy burst distribution
was found to be a power law (see e.g., [34, 35]). Our
results reproduce the same for the local load sharing fiber
bundle model.

In conclusion, the local load sharing fiber bundle
model is shown to have a non-trivial relation between
the avalanche size (number of fibers broken) and the
energy burst size (elastic energy released from the broken
fibers). Consequently, the energy burst size distribution is
shown to have scale-free nature, with an exponent value
independent of the threshold distributions of the fibers.
Given that experimentally one measures the energy released,
these results indicate that local load sharing fiber bundles
can have a significant role in modeling fracture of brittle
solids without having to resort to the equal load sharing
mean-field limit.

Frontiers in Physics | www.frontiersin.org

April 2021 | Volume 9 | Article 643602


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Roy and Biswas

Energy Distribution in LLS FBM

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

SR did the numerical simulations. SB has written the first draft of
the paper. All authors have edited the manuscript afterwards up
to the final version.

REFERENCES

1. Bonamy D, Bouchaud E. Failure of heterogeneous materials: a dynamic phase
transition? Phys Rep. (2011) 498:1. doi: 10.1016/j.physrep.2010.07.006

2. Herrmann H, Roux S, (editors). Statistical Models for the Fracture of
Disordered Media. Amsterdam: Elsevier (1990).

3. Chakrabarti BK, Benguigui L. Statistical Physics of Fracture and Breakdown in
Disordered Systems. Oxford: Oxford University Press (1997).

4. Kawamura H, Hatano T, Kato N, Biswas S, Chakrabarti BK. Statistical
physics of fracture, friction, and earthquakes. Rev Mod Phys. (2012) 84:839.
doi: 10.1103/RevModPhys.84.839

5. Biswas S, Ray P, Chakrabarti BK. Statistical Physics of Fracture, Breakdown,
and Earthqauke: Effect of Disorder and Heterogeneity. Singapore: Wiley-VCH
(2015).

6. de Arcangelis L, Godano C, Grasso JR, Lippiello E. Statistical physics
approach to earthquake occurrence and forecasting. Phys Rep. (2016) 628:1.
doi: 10.1016/j.physrep.2016.03.002

7. Bonamy D, Santucci S, Ponson L. Crackling dynamics in material failure as the
signature of a self-organized dynamic phase transition. Phys Rev Lett. (2008)
101:045501. doi: 10.1103/PhysRevLett.101.045501

8. Koivisto J, Ovaska M, Miksic A, Laurson L, Alava MJ]. Predicting sample
lifetimes in creep fracture of heterogeneous materials. Phys Rev E. (2016)
94:023002. doi: 10.1103/PhysRevE.94.023002

9. Kaddr V, Pal G, Kun F. Record statistics of bursts signals the
onset of acceleration towards failure. Sci Rep. (2020) 10:2508.
doi: 10.1038/541598-020-59333-4

10. Biswas S, Castellanos DE, Zaiser M. Prediction of creep failure time using
machine learning. Sci Rep. (2020) 10:16910. doi: 10.1038/s41598-020-72969-6

11. Pradhan S, Hansen A, Chakrabarti BK. Failure processes in elastic fiber
bundles. Rev Mod Phys. (2010) 82:499. doi: 10.1103/RevModPhys.82.499

12. Hansen A, Hemmer PC, Pradhan S. The Fiber Bundle Model: Modeling Failure
in Materials. Singapore: Wiley-VCH (2015).

13. Ray P, Date G. Spatial scaling in fracture propagation in dilute systems. Physica
A. (1996) 229:26. doi: 10.1016/0378-4371(95)00431-9

14. Bak P, Tang C, Wiesenfeld K. Self-organized criticality: an explanation of 1/f
noise. Phys Rev Lett. (1987) 59:381. doi: 10.1103/PhysRevLett.59.381

15. Pradhan S, Chakrabarti BK. Precursors of catastrophe in the Bak-Tang-
Wiesenfeld, Manna, and random-fiber-bundle models of failure. Phys Rev E.
(2001) 65:016113. doi: 10.1103/PhysRevE.65.016113

16. Biswas S, Roy S, Ray P. Nucleation versus percolation: Scaling
criterion for failure in disordered solids. Phys Rev E. (2015) 91:050105.
doi: 10.1103/PhysRevE.91.050105

17. Roy S, Ray P. Critical behavior in fiber bundle model: A study
on brittle to quasi-brittle transition. Europhys. Lett. (2015) 112:26004.
doi: 10.1209/0295-5075/112/26004

18. Sinha S, Roy S, Hansen A. Phase transitions and correlations in fracture
process where disorder and stress compete. Phys. Rev. Research, (2020)
2:043108. doi: 10.1103/PhysRevResearch.2.043108

19. Roy S, Biswas S, Ray P. Modes of failure in disordered solids. Phys Rev E.
(2017) 96:063003. doi: 10.1103/PhysRevE.96.063003

20. Kun E Pal G, Varga I, Main IG. Effect of disorder
spatial structure of damage in slowly compressed porous

on the
rocks.

FUNDING

This work was partly supported by the Research Council of
Norway through its Centres of Excellence funding scheme,
project number 262644.

ACKNOWLEDGMENTS

The authors thank Prof. Bikas K Chakrabarti
Purusattam Ray for his valuable comments.

and Prof.

Philos
17.0393

21. Shekhawat A, Zapperi S, Sethna JP. From damage percolation to crack
nucleation through finite size criticality. Phys Rev Lett. (2013) 110:185505.
doi: 10.1103/PhysRevLett.110.185505

22. Moreira AA, Oliveira CLN, Araujo NAM, Herrmann HJ, Andrade JS.
Fracturing highly disordered Materials. Phys. Rev. Lett, (2012) 109:255701.
doi: 10.1103/PhysResLett.109.255701

23. Pierce FT. Tensile tests for cotton yarns, “The weakest link" theorems on
the strength of long and composite specimens. J Text Inst. (1926) 17:355.
doi: 10.1080/19447027.1926.10599953

24. Daniels HE. The statistical theory of strength of bundles of threads. Proc R
Soc Lond Ser A. (1945) 183:405. doi: 10.1098/rspa.1945.0011

25. Phoenix SL. The asymptotic distribution for the time to failure of a fiber
bundle. Adv Appl Probab. (1979) 11:153. doi: 10.1017/S0001867800031748

26. Smith RL, Phoenix SL. Asymptotic distributions for the failure of fibrous
materials under series-parallel structure and equal load-sharing. ] Appl Mech.
(1981) 48:75. doi: 10.1115/1.3157595

27. Newman WI, Phoenix SL. Time-dependent fiber bundles with local load
sharing. Phys Rev E. (2001) 63:021507. doi: 10.1103/PhysRevE.63.021507

28. Harlow DG, Phoenix SL. The chain-of-bundles probability model for the
strength of fibrous materials I: analysis and conjectures. ] Compos Mater.
(1978) 12:314. doi: 10.1177/002199837801200308

29. Harlow DG, Phoenix SL. Probability distributions for the strength of fibrous
materials under local load sharing I: two-level failure and edge effects. Adv
Appl Probab. (1982) 14:68. doi: 10.1017/S0001867800036715

30. Smith RL. Proc R Soc Lond Ser A. (1982) 382:179. doi: 10.1098/rspa.1982.0095

31. Kloster M, Hansen A, Hemmer PC. Burst avalanches in solvable models of
fibrous materials. Phys Rev E. (1997) 56:2615. doi: 10.1103/PhysRevE.56.2615

32. Hammer PC, Hansen A. The distribution of simultaneous fiber failures in fiber
bundles. ASME ] Appl Mech. (1992) 59:909. doi: 10.1115/1.2894060

33. Zhang SD, Ding EJ. Burst-size distribution in fiber-bundles with local load-
sharing. Phys Lett A. (1994) 193:425. doi: 10.1016/0375-9601(94)90534-7

34. Pradhan S, Stroisz AM, Fjeer E, Lund HK, Senstebo EF, Roy S. Fracturing tests
on reservoir rocks: analysis of AE events and radial strain evolution. 48th
US Rock Mechanics/Geomechanics Symposium Proceedings, American Rock
Mechanics Association (ARMA). (2014) 14:7442.

35. Pradhan S, Stroisz AM, Fjer E, Stenebraten JE Lund HK, Senstebo
EV. Stress-induced fracturing of reservoir rocks: Acoustic monitoring
and pCT image analysis. Rock Mech Rock Eng (2015) 48:2529.
doi: 10.1007/s00603-015-0853-4

Trans R Soc A. (2019) 377:20170393. doi: 10.1098/rsta.20

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Roy and Biswas. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physics | www.frontiersin.org

April 2021 | Volume 9 | Article 643602


https://doi.org/10.1016/j.physrep.2010.07.006
https://doi.org/10.1103/RevModPhys.84.839
https://doi.org/10.1016/j.physrep.2016.03.002
https://doi.org/10.1103/PhysRevLett.101.045501
https://doi.org/10.1103/PhysRevE.94.023002
https://doi.org/10.1038/s41598-020-59333-4
https://doi.org/10.1038/s41598-020-72969-6
https://doi.org/10.1103/RevModPhys.82.499
https://doi.org/10.1016/0378-4371(95)00431-9
https://doi.org/10.1103/PhysRevLett.59.381
https://doi.org/10.1103/PhysRevE.65.016113
https://doi.org/10.1103/PhysRevE.91.050105
https://doi.org/10.1209/0295-5075/112/26004
https://doi.org/10.1103/PhysRevResearch.2.043108
https://doi.org/10.1103/PhysRevE.96.063003
https://doi.org/10.1098/rsta.2017.0393
https://doi.org/10.1103/PhysRevLett.110.185505
https://doi.org/10.1103/PhysResLett.109.255701
https://doi.org/10.1080/19447027.1926.10599953
https://doi.org/10.1098/rspa.1945.0011
https://doi.org/10.1017/S0001867800031748
https://doi.org/10.1115/1.3157595
https://doi.org/10.1103/PhysRevE.63.021507
https://doi.org/10.1177/002199837801200308
https://doi.org/10.1017/S0001867800036715
https://doi.org/10.1098/rspa.1982.0095
https://doi.org/10.1103/PhysRevE.56.2615
https://doi.org/10.1115/1.2894060
https://doi.org/10.1016/0375-9601(94)90534-7
https://doi.org/10.1007/s00603-015-0853-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

'." frontiers
in Physics

ORIGINAL RESEARCH
published: 28 April 2021
doi: 10.3389/fphy.2021.642754

OPEN ACCESS

Edited by:
Antonio F. Miguel,
University of Evora, Portugal

Reviewed by:

Antonio Heitor Reis,

University of Evora, Portugal

Zhi Zeng,

Hefei Institutes of Physical Science
(CAS), China

*Correspondence:
Srutarshi Pradhan
srutarshi.pradhan@ntnu.no

Specialty section:

This article was submitted to
Interdisciplinary Physics,

a section of the journal
Frontiers in Physics

Received: 16 December 2020
Accepted: 08 February 2021
Published: 28 April 2021

Citation:

Arango-Restrepo A, Rubi J M and
Pradhan S (2021) A Thermodynamic
Framework for Stretching Processes in
Fiber Materials.

Front. Phys. 9:642754.

doi: 10.3389/fphy.2021.642754

Check for
updates

A Thermodynamic Framework for
Stretching Processes in Fiber
Materials

A. Arango-Restrepo "2, J. M. Rubi"?* and Srutarshi Pradhan®*

"Departament de Fisica de La Matéria Condensada, Universitat de Barcelona, Barcelona, Spain, ZInstitut De Nanociencia |
Nanotecnologia, Universitat De Barcelona, Barcelona, Spain, SPoreLab, Department of Physics, Norwegian University of Science
and Technology, Trondheim, Norway

Fiber breakage process involves heat exchange with the medium and energy dissipation in
the form of heat, sound, and light, among others. A purely mechanical treatment is
therefore in general not enough to provide a complete description of the process. We have
proposed a thermodynamic framework which allows us to identify new alarming signals
before the breaking of the whole set of fibers. The occurrence of a maximum of the
reversible heat, a minimum of the derivative of the dissipated energy, or a minimum in the
stretching velocity as a function of the stretch can prevent us from an imminent breakage of
the fibers which depends on the nature of the fiber material and on the load applied. The
proposed conceptual framework can be used to analyze how dissipation and thermal
fluctuations affect the stretching process of fibers in systems as diverse as single-
molecules, textile and muscular fibers, and composite materials.

Keywords: fiber bundle model, alarming signal, mesoscopic nonequilibrium thermodynamics, Fokker-Planck
equation, dissipation, entropy production

1 INTRODUCTION

When external load/stretch is applied on fiber materials composed of elements with different
strength thresholds, weaker elements fail first. As the surviving elements have to support the load,
stress (load per element) increases and that can trigger more element failure. With continuous
loading/stretching, at some point the system collapses completely, that is, the external load/stretch is
above the strength of the whole system at that point. Such a system collapse is known as “catastrophic
failure” for that system.

There are several physics-based approaches [1-3] that can model such a scenario. Fiber bundle
model (FBM) is one of those models, and FBM has become a useful tool for studying fracture
and failure [4-6] of composite materials under different loading conditions. The simplicity of
the model allows achieving analytic solutions [5, 7] to an extent that is not possible in any of the
fracture models studied so far. For these reasons, FBM is widely used as a model of breakdown that
extends beyond disordered solids. In fact, fiber bundle model was first introduced by a textile
engineer [4]. Later, physicists took interest in it, mainly to explore the failure dynamics and avalanche
phenomena in this model [8-10]. Furthermore, it has been used as a model for other geophysical
phenomena, such as snow avalanche [11], landslides [12, 13], biological materials [14], or even
earthquakes [15].

Although stretching processes in FBM have been analyzed extensively [1-6], mainly by the
physics community, a concrete thermodynamic description for the stretching process is still
lacking in this field. In the efforts to unveil the stretching failure phenomena, thermodynamics
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seems to be an important tool because it allows
incorporating variables such as temperature, entropy,
reversible heat, entropy production rate, and energy
dissipation to thus unify stretching failure dynamics and
energy analysis, especially where surface effects, heat
release, and sound emission, due to energy dissipation, are
present when dealing with the stretching failure of fibrous
materials.

In this article, we intend to develop a thermodynamic
framework to analyze not only the energetics of the stretching
failure phenomena but also the dynamics by means of
nonequilibrium thermodynamic formalism at all scales, from a
single molecule to a macrostructure. We believe that our
thermodynamic framework could carry over to other problem
areas, eventually also outside the physical sciences such as
molecular biology and nanotechnology.

We arrange the article as follows: After the Introduction
(section 1), we give a short background of studies on
stretching of FBM in section 2. In several subsections of
section 2, we discuss strength and stability in FBM, energy
variations during stretching, and warning signs of
catastrophic failure. In section 3, we introduce a proper
thermodynamic framework of the stretching process and
analyze the mesoscopic regime and small-fluctuation
regime. All the simulation results are presented in
section 4, including dynamics and energetics, the
Fokker-Plank approach, and the role of fluctuations on
the stretching process. We make some conclusions at the
end (section 5).

Thermodynamic Framework for Stretching Processes

2 BACKGROUND: STRETCHING OF A
FIBER BUNDLE

In 1926, F. T. Peirce introduced the fiber bundle model [4] to
study the strength of cotton yarns in connection with textile
engineering. Some static behavior of such a bundle (with equal
load sharing by all the surviving fibers, following a failure) was
discussed by Daniels in 1945 [16], and the model was brought to
the attention of physicists in 1989 by Sornette [17].

In this model, a large number of parallel Hookean springs or
fibers are clamped between two horizontal platforms; the upper
one (rigid) helps hanging the bundle, while the load hangs from
the lower one. The springs or fibers are assumed to have different
breaking strengths. Once the load per fiber exceeds a fiber’s own
threshold, it fails and cannot carry the load any more. The load/
stress it carried is now transferred to the surviving fibers. If the
lower platform deforms under loading, fibers closer to the just-
failed fiber will absorb more of the load than those further away,
and this is called the local load sharing (LLS) scheme [18]. On the
other hand, if the lower platform is rigid, the load is equally
distributed to all the surviving fibers. This is called the equal load
sharing (ELS) scheme. Intermediate range load redistribution is
also studied (see [19]).

2.1 Strength and Stability in a Fiber Bundle

Model

Let us consider a fiber bundle model having N parallel fibers
placed between two stiff bars (Figure 1). Under an external force,

FIGURE 1 | lllustration of the system. Under the application of a constant external force F, the set of fibres are stretched by a length x. As the fibers have different
strength thresholds, some of them break (yellow fibres) resulting in the increment of load for the non-broken fibres (grey fibres).
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the system responds linearly with an elastic force. The
dimensionless elastic force F, for a given dimensionless stretch
value x (ranging from 0 to 1) is F, = kx, where x is the
dimensionless spring constant « = k,L,/F with k., as the elastic
constant of the material, L,, as the maximum stretching length,
and F as the external force (applied load). If the stretch x exceeds
this threshold, the fiber fails irreversibly. In the equal load sharing
(ELS) model, the bars are stiff and the applied load F is shared
equally by the intact fibers.

2.1.1 Fiber Strength Distribution
The strength thresholds of the fibers are drawn from a probability
density p(x). The corresponding cumulative probability is
given by

P = | p()dy 1)

0

from which we can obtain the number of non-broken fibers as a
function of the average deformation of the set of fibers x:

n(x) =N[1-P(x)]. 2)

The fraction of broken fibers, or damage, is then given by
m(x) =1-n(x)/N. For a uniform distribution, one has
p(x) =1, P(x) =x, and n(x) = N(1 —x).

2.1.2 The Critical/Failure Strength
The bundle exhibits an elastic force

F,(x) = N[1 - P(x)]xx. 3)

The normalized elastic force (F./N) vs. the average stretch x is
represented in Figure 2 for a uniform probability distribution.

The elastic force maximum is the strength of the bundle and
the corresponding stretch value (x.) is the critical stretch beyond
which the bundle collapses. Two distinct regimes of the system

0.35 T T
Force
Ee
dE®/dx
0.3 |
> . .
o Stable regime Unstable regime
() 0.25 | —
c
Lu 0.2 | i
©
-
(G 015 —
()
8 01 |
2
0.05 | —
0 1 Il 1 Il
0 0.2 0.4 0.6 0.8 1 1.2
Stretch (x)
FIGURE 2 | Force and energy against stretch x for a uniform distribution
of the fiber strengths in the bundle, that is, for p(x) = 1.

Thermodynamic Framework for Stretching Processes

can be recognized: one stable, for 0 < x < x, and another unstable,
for x> x.

The critical stretch value follows from the condition
dF,/dx = 0. In the case of a uniform threshold distribution,
using the corresponding values of p (x.) and P (x,), we obtain x, =
1/2.

2.2 Energies in Fiber Bundle Model During
Stretching

When N is large, one can express the elastic E, and the breaking
E}, energies in terms of the stretch x as

B = 211~ (o) (4)

and

Nx (*
B =5 [ o)) ®)
For a uniform distribution within the range (0, 1), setting p(x) =
1 and P(x) = x in Eqgs. 4, 5, we get E,(x) :% x?(1-x) and
Ep (x) = 85, Clearly, breaking energy increases steadily with the
stretch, but elastic energy reaches a maximum (see Figure 2).

2.3 The Warning Signal of a Catastrophic

Failure

The elastic energy reaches a maximum value which falls in the
unstable region of Figure 2, after the critical value of the
extension. Its knowledge is thus not useful to predict the
catastrophic failure point of the system. However, the
maximum value x,, of dE,/dx appears before x. (see
Figure 2). To obtain the relation between x,,,, and x., we take
the derivative of dE,/dx, with respect to x, in which for a uniform
distribution, the solution of d*E, (x)/dx? = 0 gives

2

Xmax = X

; ©)

The rate of change of the elastic energy thus shows a peak before
the failure comes [20].

3 THERMODYNAMICS OF STRETCHING
PROCESSES

The stretching failure of fibers/materials is seen at a small scale,
for example, during stretching of molecules in biological objects
[21]. Similar stretching failure phenomena are also observed on a
much bigger scale, like in the case of bridges made of long cables
[22]. The observation in Ref. [20] that elastic energy variation
could be a useful indicator of upcoming stretching-induced
failure motivates us to construct a proper thermodynamic
framework for such stretching failure phenomenon. For this
purpose, we are going to introduce some new concepts like
thermal bath, irreversible energy dissipation, and entropy
production, and we believe that such a framework will help
explore some new features of stretching failure behavior in
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general. In this section, we will compute the energy dissipated and
the heat released in the stretching process and show that
dissipation provides a warning signal of the failure.

3.1 Energetics

Due to the load F, the system experiences an external work W
which affects the elastic and breaking energies and the entropy S
as well. Energy conservation can thus be formulated as

W = AE, + AE, + TAS, 7)

where TAS is the heat released Q, in the process and AE; the

energy dissipated, with T the temperature. All the terms in this

equations are measured in units of FL,,N. The elastic energy of

the fibers as a function of the elongation results from the elastic

energy per fiber times the number of unbroken fibers (Eq. 2):
n(x)

AE,(x) = —~

N ®)

¢ (x),

where ¢ (x) = . The breaking energy results from the elastic

energy which transforms into kinetic and surface energy. An

infinitesimal change of this energy is related to the infinitesimal

change of the damage through dE; (x) = ¢ (x)dm (x). Therefore,
x [am (2)

its total change is
AE X) = V4 dZ.

The work done by the external force is the sum of the work done
on each fiber:

&)

n(x)

1 (" ,
W (x) =N 2 w; (x) ~ﬁjow(x)dn, (10)
where the work per fiber w is
*~ F
W) == [ oy ()
on(y)

Changes in the entropy in the stretching process are expressed as

AS=AS+AS, (12)

where A,S is the entropy supplied to the system by its
surroundings and A;S is the entropy produced in the process.
The second law of thermodynamics states that A;S > 0, where the
zero value holds for reversible stretching (at quasi-equilibrium).
The entropy supplied can be positive or negative; the sign
depends on the interaction of the system with its surroundings
[23]. For a closed system that may exchange heat with the
surroundings, it is given by the Carnot-Clausius expression

_@

AS
T

(13)
where Q, is the reversible or compensated heat, supplied for the
surroundings, and T is the temperature of the environment. The
irreversible change of the entropy, or the total entropy produced,
at average elongation x is given by

'n(x)

AS=| =2odt, 14
5= e (14)

Thermodynamic Framework for Stretching Processes

where o is the entropy production rate. The Goudy-Stodola
theorem relates the total energy dissipated AE; to the entropy
produced A;S [24]:

AE; = TA;S. (15)

At this point, it is important to distinguish between reversible
heat Q, and dissipated energy E;. The former is the energy in the
form of heat supplied from or toward the surroundings in order
to keep the temperature of the system constant. This quantity can
be measured, for instance, by using a calorimeter. The latter is the
free energy lost that can be transferred as heat, sound, or light, to
mention just few forms of energy. The energy dissipated is thus
not necessarily related to a measurable heat flux or to a
measurable temperature change in the neighborhood of the
system. This is the reason why reversible heat is frequently
referred on the literature as measurable heat [23].

3.2 Mesoscopic Nonequilibrium
Thermodynamics

When the fibers are immersed in a heat bath, their length can
fluctuate. The effect of these fluctuations is negligible when the
energy of the fibers is much greater than the thermal energy kT,
which is the limit of validity of a purely mechanical treatment. For
smaller system energies, the fluctuations become increasingly
important. This is the case, for example, in the stretching of
DNA [25]. Here, we analyze the dynamics of the elongation
fluctuations and compute the entropy production rate and the
energy dissipated in the process.

The probability density p(x, t) to find a fiber with length x at
dimensionless time ¢ fulfills the continuity equation

dJ (x, t)
ox

op(x, t)
ot

(16)

ensuing from probability conservation. In this equation, J is the
probability current which vanishes at the boundaries (x = 0 and
x = 1). The entropy production rate ¢ of the stretching process
follows from mesoscopic nonequilibrium thermodynamics [26]:

o= [ s e

dx. (17)
By coupling linearly, the flux J and its conjugated thermodynamic
force (chemical potential gradient Ou/0x), we obtain the
dimensionless current

ou(x, 1)
ox

J(x, 1) = =p(x,1) (18)

which corresponds to Fick’s diffusion law written in a
dimensionless form where t=tD/L2 is the dimensionless
time and D is the diffusivity [26]. The chemical potential is

related to the free energy of the system through u (x,£) = [ $¢ ]

which in turn is given by TP
AG = AH - TA,S
el ks T
_ J 0 JO oy n(x)% + }:lz—mn(x)lnp(x) (19)
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with H being the enthalpy to which the elongation work and the
elastic (potential) energy contribute. From now on, we will use the
dimensionless force per fiber f = FL,,/kpT. Taking the derivative
of the Gibbs free energy with respect to the number of non-
broken fibers n and considering Eq. 2, we obtain the chemical
potential
()= [ —dy- g +71 (20)
p(x, On(y)y o(x fnp.

For large values of f, the entropic contribution is very small.
Notice that the signs of the enthalpic terms have been changed
because the external work is done in the direction of the
movement, while the elastic force has the opposite direction.

Substituting Eq. 20 in Eq. 18 and the resulting flux in Eq. 16,
we obtain the Fokker—Planck equation describing the evolution of
the probability distribution

opnt) 0 [\ plxt)
ot [N n(x)

09 (x)

1 op(x,1)
Ox '

f ox
The average elongation of the fibers corresponds to the first

moment of the probability density p, and the solution of this
equation is

+

p(x 1) (21)

ox

1
x(t) = J xp (x, t)dx. (22)
0
Taking the time derivative of Eq. 22 and using the conservation
law (Eq. 16), we obtain

x(t) = JO J (x, t)dx (23)

from which we can interpret J as the local stretching velocity.

3.3 Small Fluctuation Regime

When fluctuations are very small, the variance of the probability
distribution takes very small values, and therefore, we could
approximate p(x,t) by a delta function centered on X:
0[x —x(t)]. By combining Eqgs. 18, 20 and substituting p(x, t)
by the delta function, we obtain

J(x, 1) :5[x—%(t)]<;+nl(vx)—icx>, (24)

where we have used the definition of ¢. Integrating now Eq. 24 in
x, we obtain the stretching velocity

N_
n(x)

x(t) = 1y K%, (25)

f
where the first term on the right side is the entropic contribution,
the second results from the presence of the load, and the third is
due to the elastic force which opposes to the elongation of the
fibers. For very %nall fluctuations, the entropy production rate
Eq. 17 is 0(t) = X . Using this result into Eq. 14, and the equality
X = dx/dt, we obtain the irreversible entropy change

AS(X) = r%id&.

0

(26)

Thermodynamic Framework for Stretching Processes

4 RESULTS AND DISCUSSION

In this section, we obtain analytic expressions and numerical
results for the dynamics and energetics of the stretching process
assuming a uniform distribution of the strength thresholds of the
fibers, P (x) = x. In order to simplify the notation, from now on, x
will stand for the average value x.

4.1 Dynamics and Energetics for Small
Fluctuations
4.1.1 Dynamics
The average stretching velocity for a uniform distribution is
obtained from Eq. 25, which is now written as

1 1

()=t ——— 27
0= prry 27)
Its derivative with respect to the elongation given by
dx (t 1
x(t) _ (28)

dx (l—x)Z_K

has a minimum around x = 1 — v/1/, for x> 1, indicating that for
large enough values of , the stretching velocity exhibits a non-
monotonic behavior. By integrating Eq. 27, we obtain the
expression relating t and x:

1 1 Ve =2x)
t:—aln[l—;{x(l—x)]—m{tan [ﬁ]
—tan'1< VK >}
V4 —
(29)

For k>4, this equation diverges or is imaginary, which indicates
that the process is not possible. From this relation, we can
anticipate the asymptotic form of x through the behavior of
the inverse tangent.

4.1.2 Energetics

From the dynamic of the process, we can compute the work, the
energies, and the heat involved. The work follows from Egs.
10, 11:

W =-x(lnx - 1). (30)
The breaking energy, computed from Eq. 9, is
AE, = 2x (31)

As expected, the breaking energy increases as the elongation
increases. From Eq. 8, the elastic energy change is

AE, = g (1 - x)x, (32)
and its derivative
dAE, «
==-x(2-3 33
I zx( x) (33)

From these expressions, we observe that the maximum of AE, is

located at x = 2/3, whereas the maximum of dﬁf“ is found at
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x = 1/3. Through these values, we can analyze the different stages
of the process. At x = 1/3, the system loses its capacity to store
energy and the process enters a metastable regime. At x = x,, the
capacity to respond effectively to the action of the external load
decreases and the process enters an unstable state. Finally, at
x = 2/3, the system cannot store more energy in the form of
elastic energy and falls into an imminent failure regime.

On the other hand, the energy dissipated (Eq. 15) is
(34)

AEd:;<1—f)+x—%(4—3x)x3,

2

which decreases when k increases because at a large elastic
constant, more elastic energy can be stored to be subsequently
transformed into kinetic energy after the breaking of the fibers.
The first derivative of the energy dissipated, given by

dAE, 1

dx Nf

must be positive, according to the second law which imposes that
0<x<13/2,for f » 1. Combining this restriction with that inherent
to Eq. 29, we conclude that the stretching process is feasible for
0 <« <4. Analyzing the derivative of the dissipated energy, we find
that it has a minimum at x = 2/3, located close to the maximum of
the elastic energy. The dissipated energy may thus give us
information about the transition to the imminent failure regime.
Finally, the reversible heat Q, is obtained by using Eq. 7:

(1-x)+1-x(1-x)x (35)

Q, =W -AE; - AE, - AE, (36)
Its derivative with respect to the elongation
dQ, 1
d?c :—lnx—J—C(l—x)—l—;cx(l—x)2 (37)

shows that the maximum of Q, depends on «k and is given by
x = (368 — 54« + 4x>) /1000. (38)

From this expression, one can see that for « > 3/4, the maximum
of Q, lies before the maximum of the derivative of the elastic

Thermodynamic Framework for Stretching Processes

energy. This result indicates that by measuring the maximum of
the reversible heat (the point at which the process becomes
exothermic dQ,/dx <0), we can know beforehand what is the
state at which the system reaches the metastable regime. For
0 < x < 3/4, the maximum lies in between x = 1/3 and x = 0.368,
that is, in the metastable region.

Another way to find alarming signals is to calculate the
intersection point of the curves dAE,/dx and dQ,/dx, x',
which can be obtained from Egs. 33, 37, for f > 1:

x" = (368 — 118k + 24«* — 2x°) /1000. (39)

For 1/3 <k <4, this point is located at the metastable regime.
Thus, by measuring the heat released and computing the elastic
energy, we can estimate the value of elongation just before the
system enters the metastable region. Finally, from Eq. 28, we see
that for 1<x<9/4, the minimum of the stretching velocity is
located before the maximum of the change of the elastic energy
(x = 1/3), whereas for 9/4 <x <4 it is situated in the metastable
regime, before the process reaches the unstable stage.

4.2 Fokker-Planck Approach

To analyze the dynamic and the energetics of the process in the
case in which fluctuations are not necessarily small, we will use
the Fokker-Planck equation (Eq. 21) from which we can obtain
the average elongation of the fibers and the energy dissipated. We
have solved this equation by implementing the finite difference
method in the software MATLAB 2017b. The results for p,
represented in Figure 3, show a Gaussian-like behavior. We
can observe that as the process progresses, the solution
displaces to the right. In the inset, we represent the variance
for f > 1, which increases linearly with the elongation of the
fibers. The small value of the variance indicates that the
assumption of small fluctuations is justified in this case.

By using Egs. 2, 22, we compute the average elongation and the
number of non-broken fibers which are represented in Figure 4.
Both quantities exhibit a quasi-linear behavior and an asymptotic
behavior close to the breaking point. This comes from the fact
that by decreasing the number of non-broken fibers, the force

1 T T T
0.06
t=0.15
0.8 3
o 0.04 t=0.3
S t=0.45
0.6 = 0.02 —1t=0.6 3
< ---t=0.75
e (AN —
0.4 0 05 1 1=0.78 |
02+ i
0 { . ; e e — 2" T == L :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Yy
FIGURE 3 | Probability density as a function of the elongation y at different times, for x = 2. Gaussian-like solutions displace to the right because of the action of the
external force. The inset shows the variance of the probability distribution as a function of the average elongation of the set of fibers x. The variance increases linearly, then
nonlinearly, and finally it decays to zero.
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stretching process.
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FIGURE 4 | Average elongation of the set of fibers x (continuous line) and fraction of non-broken fibers n/N (dashed ling) as a function of time t, for ¥ = 2. The inset
represents the rate of damage to the fiber bundle, which exhibits a non-monotonic behavior, thus evidencing the competition between elastic and external forces in the

exerted per fiber increases, thus triggering an accumulative
effect, typical of catastrophic events. The inset of the figure
shows a non-monotonic behavior of the damage rate,
evidencing the competition between the elastic and external
forces in the stretching process in which finally the load force
per fiber becomes much higher and the rate increases
exponentially.

The stretching velocity x follows from the dynamics of x. By
taking the derivative of X with respect to x, we obtain the change
of the stretching velocity as a function of the average elongation.
In Figure 5, we show the behavior of both quantities for x = 2.
We observe the existence of a minimum of the stretching velocity
around x = 0.29 which appears before the system reaches the
maximum change of the elastic energy (the transition toward the
metastable regime).

From the dynamics of the process, we can calculate the energy
dissipated by using Eqs. 14, 15, 17. Figure 6 shows the energetics
of the process. As predicted from the analytical results, we observe
a maximum of the elastic energy and of the reversible heat.
Furthermore, the maximum of Q, is located around x = 0.366,
independently of the values of k. Additionally, the net reversible
heat at the end of the process (Q, (x = 1)) is zero, which shows
that the stretching process is endothermic at small deformations

and exothermic at larger deformations. The irreversible heat
released results in measurable changes in the temperature of
the environment.

The derivatives of the different energies with respect to x are
represented in Figure 7. Before the imminent failure regime, the
behavior of the temporal derivatives coincides with that of
the spatial derivatives due to the fact that in this regime, x is
linear in time, as follows from Eq. 29. The results obtained confirm
that the derivative of the elastic energy has a maximum at x = 1/3
and its primitive a maximum at x = 2/3, while the derivative of the
breaking energy always grows. They also confirm that both
derivatives take the same value at x = 1/2. The derivative of the
reversible heat always decreases, which indicates that the net flux of
reversible heat is much higher at the beginning of the process. The
curve of this derivative intersects that of the derivative of the elastic
energy around x = 1/5, for x = 2, while for lower values of k, the
intersection point moves to the right, being x = 1/2 the highest
value of k at which the crossing takes place before the process
reaches the metastable regime.

From Figure 7, we also confirm the fact that the derivative of
the dissipated energy is always positive, in accordance with the
second law of thermodynamics. Interestingly, the minimum of
this derivative is found around x = 1/2 (independently of the

|di/dz|

X, for x = 2 represented in the logarithmic scale.

FIGURE 5 | Stretching velocity X (left grid, black continuous line) and absolute value of dx/dx (right grid, gray continuous line) as a function of the average elongation
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FIGURE 6 | Energetics as the stretching progress, for « = 2. The work done W (dotted black line) is computed from Eq.10, the elastic energy AE, (continuous black

line) is computed from Eq. 8, the breaking energy AE, (dashed black line) is computed from Eq. 9, the dissipated energy AEy (dashed gray line) is computed from Eqgs.
14,17, and the reversible heat Q, (continuous gray line) is computed from Egs. 7, 12. The metastable regime threshold (light blue line) is located at x = 1/3, the unstable
regime threshold (blue line) is located at x = 1/2, while the imminent failure threshold (red line) is located at x = 2/3.

x

value of ), which is the same value at which the derivatives of the
elastic and breaking energy coincide.

4.3 Role of the Fluctuations in the Stretching

Process
The role that fluctuations play in the process can be estimated by
comparing the value of the relevant quantities when we use the
small fluctuation approach or when we adopt a Fokker-Planck
description for the same value of k. Figure 8 shows the change of
the stretching velocity with position. In particular, for x = 2, the
location of the minimum of this quantity computed from both
approaches is the same, meaning that close to the minimum the
system is practically insensitive to the presence of fluctuations.
However, for small elongations, the velocities are slightly
different, while at the imminent failure regime, they differ
considerably due to the presence of fluctuations.

As shown in Figure 9, energy dissipation and reversible heat
are affected by fluctuations at all stages of the process. The
dissipated energy is overestimated in the approach of small

fluctuations, whereas the reversible net heat (Q,(x =1)) is
very sensitive to fluctuations, as concluded from the fact that
this quantity is different in both approaches.

Figures 8, 9 show that the small fluctuation approach
adequately describes the dynamics but not the energetics. The
high accuracy in the dynamics is due to the almost Gaussian
nature of the probability with a sufficiently small variance which
is represented in Figure 3. The observed disparity in the
reversible heat and energy dissipated lies in the approximation
used. Additionally, the small deviation of the stretching velocity is
accumulated, thus affecting the energy dissipated in the case of
small fluctuation. Differences between both approaches become
even more patent at smaller values of k and f when the effect of the
fluctuations is less important.

5 CONCLUSION

We have proposed a thermodynamic framework that analyses the
role played by dissipation in a fiber stretching process, describes

1= - T T T T T e
N S Metastable | Unstable T
=« __ |regime regime B s
05 | Stable B [l R dime _ :_ i J
regime — | ----" Imminent
________ \ failure
Qe mmmmmm T \ regime 1
_05 | \ |
»1 1 1 Il | 1 1 Il 1
0 0.1 0.2 0.33 0.4 0.5 06 0.66 0.8 0.9 1
T
FIGURE 7 | Derivatives for the energies of the stretching process as a function of the average elongation x, for x = 2. dAE,/dx: continuous black line; dAE,/dx:
dashed black lines; dAE4/dx: dashed gray line; and dQ,/dx: continuous gray line. Metastable regime transition: light blue line at x = 1/3; unstable regime transition: blue
line at x = 1/2; and imminent failure regime transition: red line at x = 2/3.
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FIGURE 8 | Results for the stretching velocity x as a function of the average elongatio

fluctuations obtained from the numerical solution of the Fokker—Planck equation.
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imminent failure regime. The continuous gray line is obtained by assuming small fluctuations, while the dashed black line shows the behavior of that quantity for larger

n x before the imminent failure regime, for x = 2. The inset shows x in the
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FIGURE 9 | Dissipated energy and reversible heat as a function of the average elongation x, for = 2. Results for AE4 and Q, obtained when fluctuations are small

0.6

for larger fluctuations, computed from the Fokker-Planck equation, correspond

its different stages, and obtains new alarming signals before the
whole set of fibers break. Our thermodynamic framework has
identified relevant regimes (metastable, unstable, and imminent
failure) as well as provided new transition indicators in terms of
stretching velocity variation and entropy production rate, which
is an important quantity to measure the energy efficiency of
processes [27]. Specifically, we have shown that the maximum of
the reversible heat may emerge before the process enters into the
unstable regime. For some values of k and small fluctuations, this
maximum is located in the stable regime. In the same line, we
found that the minimum of the entropy production rate is located
around the transition to the unstable regime, and that for small
fluctuations, this minimum defines the starting of the imminent
failure regime for all values of k. We have also proved that when
the heat release flux is equal to the entropy production rate, in this
intersection, the system is close to the transition toward the
metastable regime. Similarly, we found that the minimum of the
stretching velocity is always located in the stable zone, but the
exact location strongly depends on the value of k.

Under this approach, a more general analysis of the stretching
process as a function of x = k,L,,/F could be performed to

investigate the effect of the relation between force and elastic
constant on the dynamics. Additionally, for a small system with a
low number of fibers, the approach can be applied to investigate
biological stretching failure processes such as fiber muscle
elongations and biochemical stretching as in DNA chains.
Finally, as the stretching process releases heat and dissipates
energy, we can have considerable temperature changes which can
influence the individual failure of elements [28-30]. Further work
is therefore needed on this issue.
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It has recently been reported that the equal load sharing fiber bundle model predicts
the rate of change of the elastic energy stored in the bundle reaches its maximum
before catastrophic failure occurs, making it a possible predictor for imminent collapse.
The equal load sharing fiber bundle model does not contain central mechanisms that
often play an important role in failure processes, such as localization. Thus, there is an
obvious question whether a similar phenomenon is observed in more realistic systems.
We address this question using the discrete element method to simulate breaking of a
thin tissue subjected to a stretching load. Our simulations confirm that for a class of virtual
materials which respond to stretching with a well-pronounced peak in force, its derivative
and elastic energy we always observe an existence of the maximum of the elastic energy
change rate prior to maximum loading force. Moreover, we find that the amount of energy
released at failure is related to the maximum of the elastic energy absorption rate.

Keywords: Fiber Bundle Model, Discrete Element Method, Bayesian error estimation, tensional fracturing, energy
variation, collapse point

1. INTRODUCTION

Fracturing, breaking, or more generally fragmentation of solid materials is a common physical
processes that we meet in our daily lives. At the same time, it is one of the most complex processes
covering a huge range of length and energy scales from atomic scale (breaking of chemical bonds)
up to earthquakes (kilometer scale). This, together with a huge diversity of materials composition
and variety of loading conditions leads to the aforementioned complexity. On the other hand, the
fracture processes are extremely important for both industry and society. There is thus no surprise
that a huge effort has been made to understand the fracture process in order to use it efficiently
in controlled conditions (industry) and to prevent catastrophic failures (engineering, earthquakes).
Furthermore, breaking/fracture dynamics plays central role in geophysical phenomena, such as
snow avalanches [1], landslides [2, 3] as well as in stretching in biological materials [4]. The study
of the breaking process has recently led to a discovery of a robust phenomenon which occurs before
catastrophic failure (collapse) of composite materials under stress [5]. It has been found that the
simple Fiber Bundle Model (FBM), a representative of fibrous materials, predicts existence of a
maximum of the elastic energy absorption rate prior to a catastrophic failure point, namely the
strain value at which the fiber bundle sustains the largest loading (stretching) force. Although the
FBM has been proved to be a very powerful theoretical tool [6] it is based on some simplifications
with respect to realistic processes. The obvious question thus arises if similar phenomena can also
be predicted by other methods capable of grasping more realistic breaking scenarios. To answer
this question, we have turned our attention toward numerical simulations of the breaking process
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by means of the Discrete Element Method (DEM) [7]. The two
methods, FBM and DEM, we are dealing with in this paper,
represent two complementary approaches to the study of fracture
or breaking processes.

The Fiber Bundle Model [8] represents an approach
which, through appropriate generalizations and simplifications,
attempts to grasp the most important elements of fracturing
process in composite materials. On the other hand, the
numerical Discrete Element Method [7, 9] has the capability of
describing more realistic failure processes using the principles
of a classical dynamics. Both methods exhibit some similarities
which make their conjecture an interesting and efficient way of
transferring theoretical concepts to realistic physical scenarios.
Let us briefly discuss this point. The basic feature of both
methods is a discrete representation of the medium under
investigation. The FBM represents it as a finite number of
fibers joining two clamps stretching the medium [6]. In the
DEM approach the medium is represented by an assemble
of interacting and bonded particles subjected to an external
loading. Upon this loading, the fibers in FBM and inter-
particles bonds in DEM, bearing part of an external load,
break according to assumed rules if the stretching force exceeds
some threshold values. The threshold probability distribution
of fibers strength and the model of inter-particle interactions
fully and uniquely determine the dynamics of the system.
In the current application we have further enhanced this
similarity by choosing in DEM simulations a classical, elastic-
brittle interaction model. It assumes that bonds joining near-
neighborhood particles are represented by perfectly elastic
“springs” which break if extended over some critical value, just
like the fibers in the FBM model. The fibers and inter-particle
bonds braking possibilities make both methods highly non-linear
and capable of addressing problems with non-trivially evolving
boundary conditions, like, for example, creating a free surface
by fracturing.

The most obvious difference between the two methods
is that fibers in FBM are clamped between two rigid bars,
which is not the case in the DEM approach. The inter-particle
bonds in DEM can be viewed as a “micro-fibers” joining only
neighborhood particles. However, it is worth to mention that
during a loading evolution a coherent behavior of these micro-
fibers can lead to the creation of macroscopic “super-fibers”
joining loading clamps, like fibers in the FBM. Moreover, if
particles are randomly packed, the inter-particle bonds are
randomly orientated in space, in contradiction to the FBM fibers
which are always parallel to the external load. Comparing both
approaches we would finally point out that DEM inherently
includes geometry of the analyzed body, while FBM does not.
At first sight, this seems to be in a favor of DEM but it also
leads to some serious shortages of the method. The inclusion
of geometrical aspects into fracture simulations mixes kinematic
(e.g., acoustic wave propagation effects) and dynamical effects
due to bond-breaking. It makes the inference about breaking
process much more complex. On the other hand, this feature
of DEM as well as the aforementioned similarities open up a
possibility of transmitting concepts from the FBM abstraction
level to the “real world.”

- ¢ L

‘ Force (F)

FIGURE 1 | (Left) the fiber bundle model—parallel fibers are placed between
two rigid bars and are stretched by an amount x by applying a force F at the
lower bar. (Right) The discrete element model—a thin tissue built of
interconnected spherical particles vertically stretched using a constant velocity.
The initial length of the fibers (left) and the initial height of the tissue are

also shown.

In this work we explore the possibility of verifying the
appearance of the maximum of an elastic energy absorption rate
prior to the catastrophic failure predicted by the FBM [5] is also
visible in DEM simulations. To answer this question, we have
designed a series of numerical simulations of stretching a thin
tissue. The limitation to such a quasi-two-dimensional case (often
referred to as a 2.5D problem) is fully intentional. On one hand,
we want to avoid possible complications introduced by a fully
3D approach, but on the other hand we wish to allow for a full
development of local inter-particle interactions, which requires a
full 3D neighborhood of each particle. The underlying concept
of the theoretical analysis and numerical simulations is sketched
in Figure 1, where the cartoon of stretched bundle of fibers and
the stretched thin tissue built of spherical particles are shown.
In the case of the FBM, stretched fibers break sequentially from
the weakest to the strongest. In case of the DEM simulations,
dragging up the upper horizontal edge of the tissue causes the
breaking of inter-particle bonds and finally leads to its failure. For
the sake of clarity, the most important parameters are graphically
illustrated in Figure 2 using an example of DEM simulated
loading curves, describing the evolution of dragging force, elastic
energy and its derivative with extension of the sample.

Answering the posed question goes through the following
steps: After the Introduction (section 1) we give a short
background of the studies on breaking of FBM in section 2.
In several subsections of section 2 we discuss strength and
stability in FBM, energy variations during breaking process
and the prediction concerning the existence of a “precursor”
of the collapse point. In the next section (section 3) the DEM
method is shortly presented, followed by a detailed description
of performed numerical simulations in section 4. The simulation
results are discussed in section 5, and we give some final remarks
and conclusions in section 6.

2. FIBER BUNDLE MODEL

When we stretch a system, composed of elements with
different strength thresholds, weaker elements fail first. As the
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FIGURE 2 | lllustration of parameters used in the analysis. In the case of the
DEM analysis, the vertical deformation (strain) parameters, x, xc, and x,, are
scaled by the initial height /p of the tissue.

surviving elements have to support the force, stress (force
per element) increases and that can trigger more element-
failure. With continuous stretching, at some point the system
collapses completely.

There are several physics-based models [10-12] that can
describe such a scenario. The FBM is one of those models being
a useful tool for studying fracture and failure [6, 13, 14] of
composite materials under different stretching conditions. In
1926, Peirce introduced the Fiber Bundle Model [8] to study the
strength of cotton yarns in connection with textile engineering.
Some static behavior of such a bundle was discussed by Daniels
in 1945 [13] and the model was brought to the attention of
physicists in 1989 by Sornette [15], who then proceeded mainly
to explore the failure dynamics and avalanche phenomena in this
model [16-18].

The simplicity of the model allows one to achieve analytic
solutions [14, 19] to an extent that is not possible in any of the
other fracture model. For these reasons, FBM is widely used as a
model of fracture-failure that extends beyond disordered solids.

In the FBM (Figure 1), a large number of parallel Hookean
springs or fibers are clamped between two horizontal clamps; the
upper one (fixed) helps hanging the bundle while the load hangs
from the lower one. The springs or fibers are assumed to have
different breaking strengths. Once the load per fiber exceeds a
fiber’s threshold, it fails and can not carry load any more. The
load/stress it carried is now transferred to the surviving fibers.
If the lower platform deforms under loading, fibers closer to the
just-failed fiber will absorb more of the load compared to those
further away. Examples of such models are the Soft Clamp FBM
[20] or the one proposed by Hidalgo et al. [21]. The extreme
version of such models is the Local Load Sharing FBM [22]
where the forces carried by the failed fiber is absrobed by its
sucrviving neighbors. If the lower clamp is rigid, the load is
equally distributed to all the surviving fibers. This is the Equal
Load Sharing (ELS) FBM.

We will in the following only discuss the ELS FBM, which we
refer to as the FBM in the following.

Uniform distribution

03 Stable phase : Unstable phase
00
Q0 | Force
S
2 |
L 0.2 dES/dx | i
©
c I
®
(O]
© 0.1 | E® 3
(o]
L
I
|
0.0 r T - -
0.0 0.2 0.4 0.6 0.8 1.0

Stretch (x)

FIGURE 3 | Force (black curve), elastic energy (blue curve), and elastic energy
change rate (red curve) against the stretch x for uniform distribution of the fiber
strengths in the bundle.

2.1. Strength and Stability of the Fiber
Bundle Model

Let us consider a fiber bundle model having N parallel fibers.
Each fiber responds linearly with a force f to the stretch value x
as f = kx, where « is the spring constant. If the stretch x exceeds
the strength threshold, the fiber fails irreversibly.

The strength thresholds of the fibers are drawn from
a probability density p(x) described by the corresponding
cumulative probability P(x). For example, for the uniform
distribution on the unit interval we have

px)=1;, Px)=x (1)

If Ny fibers have failed at a stretch x, then the bundle carries
a force

F=(N-— Nf)Kx = N(1 — P(x))kx (2)

which for the uniform distribution is a parabola as shown in
Figure 3.

The force-maximum is the strength of the bundle and the
corresponding stretch value x. is the critical stretch beyond
which the bundle collapses. Therefore, there are two distinct
phases of the system: stable phase for 0 < x < x, and
unstable phase for x > x.. The critical stretch value is found by
setting dF(x)/dx = 0:

1- xcp(xc) — P(x.) = 0. 3)
and the solution for the uniform threshold distribution reads

Xe = 7 4)

In a similar way, one may calculate the critical strength of the
bundle by putting x, value in the force expression (Equation 2).

- (5)
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2.2. Energy Variation and Warning Sign of

Collapse

Work of an external load stretching the bundle converts into
elastic energy of the fibers E€ and is partially released as damage
energy E¢ of broken fibers. When N is large, one can express E°
and E4 in terms of the stretch x as [5]

Ef(x) = % x*(1-Pw) , (6)
and
N X
Ef(x) = 7” /0 dy [p()y?] - (7)

For the uniform distribution within the range (0,1), the
Equations (6, 7) reads

E*(x) = % (1= x), (®)

and
N
E(x) = ?KxS. )

Clearly, the damage energy increases steadily with the stretch, but
elastic energy has a maximum. Setting dE®(x)/dx = 0, one gets
the condition for the position of the elastic energy maximum

2(1 - P(xm)) - xmp(xm) =0, (10)
whose solution for the uniform distribution reads [5].
Xm =2/3 =4/3x,. (11)

Although the elastic energy has a maximum, it appears after the
critical extension value, i.e., in the unstable phase of the system.
Therefore, it can not help us to predict the catastrophic failure
point of the system.

The situation is different if we consider the rate of elastic
energy change £(x) = dE°(x)/dx which reads [5]

Ex) = % [Zx (1 - P(x)) — xzp(x)] . (12)

Now, one can demonstrate that £(x) has a maximum and,
this maximum appears before the critical extension value x.
(Figure 3). Indeed, one can calculate the value of stretch x = x,
at which £ has a maximum.

Taking derivative of d&/dx,

de N
) N (1 - ) — ) - 2P @] (13)

dx 2

where p’(x) stands for derivative of p(x). Setting d€(x)/dx = 0 at

x = xp we get the following solution for the uniform distribution

2
Xp = — Xc- 14
p=3% (14)

Thus, the rate of change of elastic energy shows a maximum
before the actual failure appears. This result has been proven
under weak conditions and demonstrated also for other
probability distributions [5]. The obvious question at this
moment is what information about upcoming failure this
“precursor” provide us with. To answer this question, let us
reformulate the problem at hand in the following way.

Let us assume that we know that maximum of the elastic
energy absorption rate occurs at given xp and let us assume that
its value at x; is Eyax. Knowing these two values can we predict
quantitatively a failure time (measured in units of x) and can we
predict its size in term of the released elastic energy? The answer
can be obtained from equations describing the dependences of E¢
and & on x as well as conditions for their maxima. The relations
between x., X, and x,, for a general power law distribution

px) = (1 +a)x,

P(x) = x1To | (15)
where @ > 0and 0 < x < 1 reads
1
— (3ta)THe
xe = (5%) ip (16)

For the purpose of later comparison with DEM simulations,
we introduce another parameter, 8y, describing the delay of the
critical value with respect to x,: 8x = x. —x), and the coefficient I'
quantifying a retardation of the point when elastic energy reaches
maximum X, with respect to x:

Xm = Xc + ' 6y, (17)

in terms of the §, scale.
For the power law distribution, the explicit form for §x anf I"

reads
1
3 T
5X=[< “;“) —1}@, (18)

1

o Q+a)Te — ()T

(57 -1

and

(19)

Both 8y and I" are monotonically decreasing functions of @ and
reach their maxima for the uniform distribution: (¢ = 0) =
1/6 and I'(@ = 0) = 1, which means that in this case x;, and x;,
are symmetrically located with respect to x..

Next, let us define yet another quantity A” which relates the
maximum of elastic energy E°(x) to the maximum of the energy
absorption rate £(x).

ar = Fmae_ ECon) (20)
xP gmax XPS(XP)
SO
Ef e = AT%p Eax (21)
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The x,, factor assures not only the dimensionality of A” but also
leads to A"independent of x;, for power law distribution, as shown
below. For a given probability distribution A” reads

x5, plxm)
3xfJ p(xp) + x5 P(p)

r

(22)

1
T2

For the power law distribution (Equation 15) the explicit form of
A" can be easily found

r

1 =

_1G+ohe (23)
2 34+«

Let us note, that in this case A" is constant, independent of x,

and reaches its maximum value for uniform distribution A" (a0 =

0) = 4/3.

Interpretation of Equations (16), (21), and (22) is quite simple.
For the considered power law distribution, the pair of parameters
(%p> Emax) fully determines the upcoming failure, both a moment
of its occurrence (x.) as well as the amount of elastic energy

(Ef,4y) which is released during the catastrophic failure.

3. DISCRETE ELEMENT METHOD

The Discrete Element Method (DEM) [7] is the numerical
method originally developed for simulating the behavior of
granular media. It represents a medium under consideration as
an ensemble of geometrical, perfectly elastic objects (originally
circles in 2D) that interact with each other by repulsive forces due
to surface contacts. The original Cundal idea has been extended
by incorporating more complex particle interaction schemes and,
particularly, by introducing bonds between particles—internal
forces [23, 24] joining particles in a single piece. This has changed
the DEM method to the modern simulation technique situated
between the molecular dynamics from one side and the fluid
(continuum) mechanics from other side [9, 25, 26].

The most important feature of the DEM method is a
mathematical representation of the medium by a set of
interacting finite size particles whose dynamics directly follows
from the Newton equations of motion. Such a direct approach
has an obvious advantage. It does not use any continuity,
conservation, or other assumptions typical for continuum
mechanics. One of the most important consequences is that DEM
is particularly suitable for solving problems with complex, non-
trivially evolving boundary conditions. This is just the case of a
fracturing process.

Finally, let us note that DEM is a particular numerical
technique of solving general multi-body static or dynamic tasks.
Thus, in the application discussed here it allows to simulate
temporal evolution of objects prior to fracture nucleation similar
to continuum mechanics, through a period of development of
a micro-fracture system and dynamical breaking like fracture
mechanics, and, finally, can also include post-failure dynamics.
This last issue is very interesting because laboratory data cannot
provide reliable information about just-after-failure situation,
which, on the other hand, seems to be crucial for large scale

(seismology) analysis and is also interesting from a theoretical
point of view [24, 27].

There exists a number of implementations of the DEM
method as ready-to-use software. Our choice for the analysis
presented here is the Esys-Particle software developed at the
University of Queensland, Australia [28, 29]. We have chosen
this particular software for many reasons as discussed in Debski
and Klejment [30]. A detailed description of the software can be
found in Abe et al. [28].

The Esys-Particle software provides a number of inter-particle
interaction models and methods of simulating external loads. In
our analysis we have used the standard elastic-brittle interaction
model [9, 24]. The most essential element of this model are elastic
bonds joining pairs of neighborhood particles and representing
Hookean attracting or repulsing central force if bonded particles
change their relative distance:

-

> r
F = —kn(SrT,
|7l

where 7 is a vector of relative position of particles, §r denotes a
change of particle distance and kj, is a strength of inter-particle
interaction (“spring constant”). However, if a distance between
the particles increases by more then a critical distance by, the
bond breaks and disappears. If all bonds attached to a given
particle break it becomes the “unbonded particle.” Summarizing,
the used inter-particle interaction model is fully defined by a pair
of parameters (ky, by).

DEM simulates temporal evolution of a given system by an
explicit time integration of equations of motion for all particles
including external and inter-particle forces. At each time step
positions and velocities of the particles and the acting forces
are calculated and used to move the particles from the current
to new positions. Then the time is increased by a predefined
time step and procedure is repeated until a stopping criterion
is met. Within the Esys-Particle software the Verlet integration
schemata is used what assure conservation of system energy [28].

(24)

4. NUMERICAL EXPERIMENT—SETUP
AND DATA PROCESSING

Our DEM simulations deal with the simplest fracture dynamics
task, namely the fracturing of materials under tensional load
(mode 1 in the standard fracture mechanics classification).
Taking into account the goal of the analysis, all performed
simulations were conducted using the setup shown in Figure 1
with the following details.

Firstly, to avoid possible complications due to the full 3D
analysis and speed up (lengthy) calculations we have considered
only a 2.5D case—a thin tissue. Its size was assumed to be: depth
D = 5 mm, height L = 25 mm, and width W = 80 mm. This
numerical sample was built of spherical particles with radii in
the range 0.2-0.6 mm distributed according to the log-normal
distribution truncated to this range. Particles were randomly
distributed in space, which we have achieved by means of the
GenGeo algorithm [28]—a part of the Esys-Particle software.
The sample consists altogether of almost 25,000 particles bonded
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by almost 125 thousand bonds. The same numerical sample was
used in all simulations.

Secondly, the time step of the evolution was chosen to
assure stability of computations and read dt = 1077 s.
However, in many cases we have to go down to dt = 1078 s,
especially for cases with very small k,, and b, to get numerically
stable solutions. This was possible because of the reduced
dimensionality (2.5D) of the sample. Typically, to get the sample
break into two disconnect parts we need to perform around
10°-107 time steps. Only in few cases we need to wait until
over 10% time steps are completed. The small time steps have
the advantage of providing us with a very dense sampling of the
evolution process.

In all simulations, the sample was numerically “glued” to the
bottom and the upper plates by assuming that the particles of the
uppermost and the lower-most layers of the samples interacted
with the appropriate plates much stronger than with each others.
In all simulations, the lower plate was fixed and the upper one
was moving up with a maximum velocity of 50 mm/s. This
dragging velocity has been selected as a tread-off between a
computational efficiency and an attempt of reaching a quasi-
static loading. It has been reached by gradual change of loading
velocity from zero to the prescribed value during an initial period
which varied depending on the (k,,b;) parameters used. In the
case of microscopic parameters for which breaking occurred at
large strains (larger than about 20%), this initial period was
relatively short and took 10,000 time steps. However, for cases
when samples break at much smaller strains, such a beginning of
loading was too abrupt and has often lead to numerical problems.
For such cases, we changed the loading velocity, much slower
extending the initial period up to 10° time steps, at the price of
slowing down computation by over two orders of magnitude.

Finally, we have performed a quite exhaustive scan over a
space of microscopic parameters (k,, b;). In each simulation,
all particle bonds have shared the same k, and b; parameters.
The scanned values of microscopic interaction parameters were
following. The threshold distance b, ranged between 10~> mm
up to 5 mm. The scanned values of the strength of bonds k,
varied from 10 N/mm up to 107 N/mm. The scan of the (kj,
bg) space was not uniform mainly for technical reasons. The
region of large k, and simulatneously small b; was beyond
our current computational capacities since large k, requires
(numerical stability) very small dt and small b; would need a very
gentle loading. Estimated computational time for such a setup
was tens of weeks. Instead, we have put more attention to a region
of small k,and a transition from small to large b,.

Yet another parameter of particles, namely their density was
kept constant in all simulations as a parameter less important
for the breaking dynamics. Its value was a priori set to p =
2.5 -10~*g/mm?>.

The goal of our DEM simulations was to create “realistic
data” which could support or falsify predictions of the fiber
bundle model. The richness of internal structure of the used DEM
sample, a large range of explored interaction parameters, and the
natural difference between the two methods discussed above have
opened a question how this comparison should be done. Should
we use all simulation results, or should we restrict ourselves to a

specific subset only. Our experience [30] has shown that among
simulated by DEM breaking mechanisms we can find both
brittle-like processes which can be adequately described by the
FBM method but also complex cases for which the FBM method
probably fails. Taking this into account we have finally decided
to accept for analysis only those simulation results for which
well-pronounced peaks in the loading force and elastic energy
derivative were visible. We have imposed no restrictions on the
variation of elastic energy. The reason for this selection criterion
was that only in such cases we could estimate the 8, parameter
with acceptable accuracy and thus avoid serious problems with
an analysis of reliability of the obtained “numbers.” Nevertheless,
in some cases even this weak criterion has failed and some
simulations have to be rejected from analysis “by hand.” This
happened whenever the complexity of breaking process has lead
either to masking the critical value x. (very large estimation
errors), or made its identification doubtful when many local
maxima of the force were observed. Using a specific selection
criterion, no matter how weak it is, it always rises a question if the
obtained results are not biased by such selection. We will come
back to this point in the conclusion section. To summarize this
part, almost 200 DEM simulations were finally analyzed.

A comparison of DEM simulations with the FBM predictions
requires reading out of simulation data the position of maxima
(%c> Xm> and xp) and corresponding values of F, E;, ., and Epax.
It was usually quite easy in the case of Ej, . but often problematic
for Emax, and F.. This issue has raised the problem of a proper
treatment of appearing uncertainties. For this reason and to make
the analysis as precise as possible we used a composite data pre-
processing schemata assuring the maximum required accuracy.
Considering x., X, and the corresponding F, Eaxvalues we have
used the following approach.

First, the curves F(x), E°(x) were filtered (low pass). The
used filters (convolutional or non-convolutional type) and their
parameters were selected interactively. The goal of this filtering
was to remove the high frequency oscillations (see discussion
of noise origins below) from the data. The same filter was used
for both F(x) and Ef(x) to avoid relative phase shifts. Next,
the derivative £(x) of elastic energy was calculated. This has
been done using the pseudo-spectral approach (high-order finite
different method) as follows: For each x we have locally fitted a
3rd order polynomial to E°(x) using near-neighborhood x points.

In the next step, the maximum of £(x) curve was estimated
using a local 3rd order polynomial fit around its noisy maximum
as shown in Figure 4. The x, and &4y values were approximated
by a position and a value of the obtained fit. The same fitting
procedure was used for estimating the position of maximum of
F(x).

We have preferred this more complex procedure of estimating
the location of the maxima instead of an additional low pass
filtering of £(x) and direct search for it because this way we
have avoided an additional phase shift (introduced always by a
filtering procedure).

The obtained values of maxima location can, in principle,
be used to calculate the §, parameter. However, such a direct
approach unavoidably leads to loss of estimation precision. Since
this parameter is the most important for our analysis, we have
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FIGURE 4 | An example of simulated loading curves and the illustration of the
procedure of estimation of maxima of F(x) and £(x) curves by means of a
polynomial approximation. The maximum of £(x) is found by fitting a 3rd order
polynomial to an appropriate curve around its noisy maximum. The same
procedure was used for getting x. from F(x).

thus used yet another, more advanced Bayesian approach [31]
capable to explore information about 8, provided by a given
dataset in the optimum way. The details of the method can be
found in, for example, Tarantola [31] and Debski [32] and here
let us recall only the most important points of the method.

A task of estimating the unknown parameters (here 8y)
from a given data set can be cast into a task of joining of
the whole available information about the thought parameters.
This information comes from observation (data) theory (relation
between thought and measured quantities) and a priori
existing estimations. The important fact is that all information
contributing to the final estimation is essentially imprecise. Thus,
first of all any data are subjected to uncertainties due to the
limited accuracy of any measurement/simulation. Theoretical
uncertainties arise from possibly approximate relations between
thought parameters and those which have been measured or
simulated. Finally, the existing (if at all) a priori information is
often quite vague.

From the mathematical point of view, the idea of joining
information is formulated using the Bayesian interpretation of
probability [33]. It takes the form of constructing the so-called a
posteriori probability distribution, which in the most often met
situations reads [31, 32]

o(m) = f(m) exp (—||dat”b5 - dat(m)||) , (25)

where m stands for the thought parameters, dat°? and dat(m)
are observational data and theoretical prediction for a given m,
and || - || stands for a norm measuring a “distance” between
observations and predictions. Finally, the f(m) is a probability
distribution describing our a priori knowledge. It can be proved
[31] that o(m) provides the quantitative description of all
available information about m.

An application of this approach for estimation of the §x
parameters takes a few steps. First, we identify m with §x: m =
8x. Next, as “observational” data we chose the function F(x).
Finally, we have assumed that around their maxima the F(x) and

&(x) curves are similar enough so locally one can write

F(x) &~ const.E(x + 8). (26)

This last assumptions simply tells that the peak of £(x), when
scaled and shifted by 8y, should coincide with the peak of F(x).
One can try to provide deeper arguments for such assumption,
based, for example, on the FBM prediction (see Figure 3), but in
our case it basically follows from the observation of an occurrence
of such coincidences (see, e.g., the upper left panel in Figure 5).

The choice of the norm || - || in Equation (25) should reflect
the expected observational and theoretical uncertainties [32]. In
cases of tasks with “data” represented by continuous functions,
the cross-correlation of dat°® and dat(m) is most often used.
However, we have preferred another choice, namely

|ldat®® — dat(m)|| = Y |F(x;) = E(xi + 8, (27)

where | - | stands for the absolute value and the sum is over
all strain values in predefined range. This /;-based norm is
more robust than the classical cross-correlation norm (essentially
equivalent to least-squares norm) and easily accommodates even
large differences for a finite number of x; arguments [32].
However, if one or both curves have large gradients within
the summation range using such norm can lead to seriously
biased a posteriori probability distribution [31]. In consequence,
estimated solutions can also be subjected to uncontrolled
systematic errors.

While plotting the output results we used the convention
according to which a vertical elongation of the sample (strain)
was expressed by percentage of an initial sample height, i.e.,

I—1

x 100%
ly

X = (28)
To enable the visualizations all plotted quantities, like elastic
energy E°, its derivative (£), and stretching force F, etc., were
separately normalized.

5. RESULTS

The performed simulations have provided numerical evidence
that can be used to support or falsify the FBM prediction, thus
being a proxy of experimental measurements. Adopting this
point of view and by analogy to real experiments, the important
question arises about uncertainties inherent to the simulation
results. The simulations provide us with macroscopic quantities,
like total elastic energy absorbed by the sample and stored
in inter-particle bonds, deformation of the sample, number of
broken bonds, and total force acting on the upper, moving up
plate. They also provide data allowing to construct snapshots of
microscopic state of the sample at any time during the simulation.
Each of these quantities is subjected to uncertainties coming
from different sources. We have identified three of them, namely
numerical errors, statistical fluctuations and effects of additional
physical processes. Since the last issue is strictly connected with
observed breaking mechanisms, we describe uncertainty and
breaking mechanism analysis together.
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5.1. Uncertainty Analysis

Numerical simulations, depending on the assumed aims, can
be viewed either as an extension of theoretical analysis toward
situations that cannot be treated analytically due to the
complexity of the problem or as an extension of experimental
data. This double point of view causes some controversy with
respect to how numerical errors should be treated. The first
(modeling) approach concentrates only on achieving the highest
possible theoretical accuracy as numerical simulations are treated
as a direct extension of the underlying theory. The error analysis
is in this case straightforward and concentrates on such issues as
the accuracy of the approximations to the underlying equations
and the stability of the numerical scheme that, by the way, can
be quite complex from a technical point of view. On the other
hand, if the simulation is to provide observational data, we need
a much broader approach to the uncertainty analysis. We have
to include not only the issue of numerical uncertainties, but
also characteristics of the simulated processes. This essentially
complicates matters.

The DEM method, like any other numerical implementations
of analytical models, has limitations and introduces unavoidably
some approximations resulting in numerical uncertainties. The
two most important factors are at present an accuracy of
approximations of derivatives in original continuous physical
equations and the stability of the time integration [34]. The
last issue has generated much attention and has lead to the
formulation of various so-called stability conditions (see, for
example [9] for an analysis). Their basic meaning is to assure that
none of the particles constituting the sample move too far from
their current positions in a single time step. If such motion should

happen, the interactions with neighborhood particles will lead to
extremely large, non-physical forces acting between neighboring
particles and as a consequence generate spurious high-frequency
oscillations or even blowing up the whole sample. This instability
is in fact the main source of numerical noise in DEM simulations
and can be controlled (diminished) by choosing appropriately
small time steps. However, it is very difficult to completely get
rid of this type of noise, especially if the simulations contain
large numbers of particles. In such systems, there is always a
finite chance that at a given evolution stage, internal forces will
exceed the stability limit due to fluctuations and the particles
(especially the smallest ones) will locally start high frequency
oscillations. However, in many cases such artificial oscillations
are quite efficiently dumped by the interactions with surrounding
particles during the next couple of time steps. If there remains as
stationary noise, the simulation can often be accepted and noise
can be removed by standard low pass data filtering. We refer to
this particular feature of DEM as soft stability.

The significant feature of the performed simulations is their
multi-body character. We model the behavior of a system of
a large number of interacting objects. We would then expect
the occurrance of statistical fluctuations in the macroscopic
variables, such as drag force, elastic energy, etc. From our point
of view, such fluctuations can be treated as a noise disturbing the
simulation results.

The last identified source of final uncertainties was the fact
that the DEM simulations inherently include the geometry
of the sample and (implicitly) the finite speed of stress
and strain development inside it. In consequence, we have
always simulated not only a “pure” breaking process but
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also additional physical processes, among which generating of
acoustic waves and stress diffusions were the most important.
Under some favorable conditions, these additional physical
processes seriously influenced our simulations and have not
allowed to identify the critical value at all. In most cases,
however, they only significantly contributed to the final,
a posteriori uncertainties.

The described types of simulation uncertainties are presented
in Figure 6, where examples of numerical noise, statistical
fluctuations and creation of acoustic waves and their influence
on observed parameters are shown. In addition, we include in
this figure (middle row) the a posteriori distributions for the
8y parameter estimated for the presented cases and examples
of snapshots of the internal state of the samples illustrating
mechanisms of generation of a given type of noise. For the
purpose of this illustration, we adopted special measures. First
of all, we have slightly increased the numerical noise (left column
in Figure 6 by enlarging the time step in this case. Moreover, we

have started this simulation with abrupt loading which has led to
some minor instabilities already at the beginning of simulation.
These continued as stationary high frequency noise. On the
other hand, to illustrate statistical fluctuation type noise (middle
column) we have decreased the evolution time step to diminish
the numerical noise and also have gently started loading. In the
last cases (right column), no special measures have been applied.

A few conclusions can be drawn from Figure 6. First of all,
we observe that the numerical noise and statistical fluctuations
lead to quite similar effects: a high frequency, low amplitude
oscillation visible in the F(x) and £(x) curves. In practice, these
two types of noise are indistinguishable. On the other hand, the
existence of acoustic waves leads to a characteristic undulation of
the F(x) curve and, in the presented case, has significantly masked
the critical value and decreased the accuracy of the estimation
of x.. The conclusion is that a low-pas filtering of the data can
efficiently remove numerical and fluctuation noise, but not errors
introduced by additional physical processes.
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Secondly, the numerical noise can appear at any stage of
evolution and can hardly be visible as a disturbance of the
microscopic state (provided we are within a soft stability limit).
On the other hand, the statistical fluctuations appear only if
the sample has accommodated enough elastic energy uniformly
distributed over the whole sample making the system reach a
quasi-equilibrium state. The existence of acoustic waves is clearly
visible in the snapshots as a time propagating disturbance.

The most interesting is, however, a comparison of the
a posteriori distribution for 8, parameters estimated by the
Bayesian inversion method (middle row in Figure 6) which
brings us information on how to identify how a given type of
noise influences the §, estimation. In all cases we have observed
a unimodal distribution whose shape essentially follows the [;
norm-based likelihood function we have used. The “width” of
this distribution is a measure of the accuracy of dy estimation.
The smallest uncertainties are (or can be) due to the numerical
noise. The statistical fluctuations lead to larger, though still
moderate uncertainties. Finally, the largest errors are potentially
introduced by the acoustic waves. Although the presented cases
are for illustration only and hence arbitrary chosen, they suggest
that the most important source of the final uncertainties are
acoustic waves, or more generally, additional physical processes
accompanying the breaking process in the DEM simulation
[30]. In the next section, we discuss, among other issues, the
contribution of the different observed breaking mechanisms to
the types of noise.

Finally, let us note that the contribution of the numerical
noise is not only small if the simulation is properly run, but
in principle it can be highly suppressed by reducing the time
step used. In practice, the reducing of time steps leads to much
longer, often unacceptable computations, so that some level of
numerical noise has to be accepted. Although it can easily be
removed by low pass filtering, it marks its existence in a posteriori
errors. It is not clear how the influence of statistical fluctuations
on the final uncertainties can be diminished. A more advanced
analysis, taking into account the possibility of resizing the sample,
is apparently needed in this case. Finally, the uncertainties due
to additional physical processes seems to be irreducible and
the only way of avoiding them is a proper selection of the
simulation setup.

5.2. Breaking Mechanisms

Within the set of performed simulations we have observed a
variety of different breaking mechanisms. Some of them were
qualitatively quite similar to the FBM predictions illustrated
in Figure 3, and some were apparently quite different. The
observed difference in simulated breaking processes were
obviously due to different values of the (k,, b;) parameters
because all others conditions (micro-structure of the sample
and loading conditions) were kept the same. It is thus obvious
that the richness of breaking modes arises directly from a non-
linearity of the breaking of particle-particle bonds controlled by
(kn, bg). However, we have to point out an important role of
microscopic structure of the sample in a fragmentation process.
Actually, for a given virtual material defined by (k,, b;) an
actually breaking process is determined by a micro-structure of

the sample—a particle distribution in the sample. It determines
which bonds break first, in which direction a fracture tip progress,
etc. In our case the particles are distributed randomly and the
sample is heterogeneous at the particles level. It introduces some
randomness to our simulations. In principle, it is the same for
all performed simulations because we have always used the same
sample. However, in reality it is not exactly a case because the
micro-structure of the sample is continuously changing from
the time the first particle-particle bond breaks. The complex,
non-linear feedback between a pair of (k,, by) parameters and
the internal micro-structure during the breaking process causes
that at the breaking stage we are efficiently dealing with slightly
different samples for different (k,, b;) parameters.

For the purpose of our analysis we divide the observed
breaking mechanisms qualitatively in the following into four
categories, shortly describing their main features.

The first class of observed breaking mechanisms, referred
to as ductile-like, is characterized by a very wide maximum
of elastic energy around the failure point x.. An example of
variation of the force, elastic energy and its derivative with
the sample deformation is shown in Figure 7. This figure also
provides a histogram illustrating the change of the rate of bond
breaking during the simulation. Three snapshots of the sample’s
internal state illustrating this breaking mechanism ares shown in
Figure 8.

For this type of simulated breaking process, we observe a fast
initial absorption of external work and nucleation of fracturing
followed by a very slow destruction of the sample. During this
continuous damage stage, the force needed for keeping the
constant stretching speed exhibit significant fluctuations with
many local maxima. The breaking process was apparently much
more complex than predicted by FBM (Figure 3). For this type
of breaking mechanisms, it was impossible to identify the critical
strain x. at which samples reached the unstable phase. For this
reason we have not considered such cases in analysis that follows.
It is interesting, however, that even in this case the energy
absorption rate curve demonstrated a well-defined maximum,
which appeared prior to any loading force maximum as visible
in Figure 7—following in a sense the FBM predictions.

The second class of observed fracture process consists of
brittle-like processes during which collapse of the sample
occurred very quickly after the beginning of loading without
a visible “necking” of the sample. They always have a form
of tearing out a few uppermost (or lower-most) layers from
the remaining body of the sample in a cleavage-like process.
Figure 9 shows a post-failure state of the sample broken this
way and Figure 9 the corresponding loading curves and broken
bonds. Apparently, such a breaking scenario is most similar
to the one modeled by the FBM (Figure 3). An additional
advantage of this breaking mechanism is that a relatively high
accuracy of the 8y estimation may be achieved due to neither
statistical fluctuations nor acoustic waves have adequate room
for development. However, such cases require a very gentle
beginning of loading to avoid numerical instabilities.

The collapse of the sample occurred at very small strains and
happened very quickly as a result of the bonds were breaking
only in a narrow strain range around a well-pronounced critical
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FIGURE 7 | An example of the ductile-like breaking mechanism. (Left) Force (F)—thick black curve, Elastic energy (E°)—thin blue solid curve and the energy
absorption rate (£)—dashed red curve as functions of strain x. (Right) number of broken bonds in a fixed strain interval against x. A relatively fast increase of elastic
energy at an initial phase is followed by a long-lasting stage of slowly changing elastic energy (left). At this stage, a slow destruction of the sample is observed (right)
and the loading force needed to keep stretching speed constant exhibits significant fluctuations. The particle-particle interaction parameters for this case read:
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FIGURE 8 | Snapshots of the microscopic state of a sample undergoing a ductile-like breaking process at strains (x = 2, 7, 24%) indicated above the panels. Short
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FIGURE 9 | Snapshots of a microscopic state of a sample undergoing a pure brittle cleavage-like breaking process. Short colored segments represent the
inter-particle bonds existing at a given loading stage and their extension with respect to the initial values are mapped by colors. The corresponding loading curves are

value x.. The energy absorption rate curve £(x) has its maximum
ahead of the critical strain x.. We have observed mechanisms
of this type only for the smallest values of critical bonds strains
by < 0.1 mm regardless of the considered values of k.

In many simulations we have observed a breaking mechanism
referred to as hyper-elastic. In a way similar to the brittle cases,
the damaged energy is released in a small well-localized region
around x.. What distinguishes this scenario from the brittle

scenario is a long initial stage of building-up the internal elastic
energy of the sample and as a consequence a significant necking
of the sample prior to breaking, typical for real ductile materials.
Figure 11 shows loading curves for such cases, and a sequence of
snapshots characteristic for this type of breaking process is shown
in Figure 12.

Apparently as Figure 12 demonstrates, in such cases we are
encountering a more complex breaking process than what is
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FIGURE 10 | An example of loading curves for the pure brittle cleavage-like breaking mechanisms (see Figure 7 for the description). In this case, the fracture occurs
at very small deformations and is very well-localized around the critical strain x.. The particle-particle interaction parameters for this case read: k, = 10 N/mm,
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FIGURE 11 | Loading curves for the hyper-elastic breaking mechanisms (see Figure 7 for the description). In this case the fracture has occurred at relatively large
deformations but, like in the brittle cases, has been very well-localized around the critical strain x¢, and the accumulated elastic energy is almost entirely and quickly
released. The particle-particle interaction parameters for this case read: k, = 10° N/mm, by = 0.4 mm.
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described in the FBM. However, in spite of this, the basic features
of the failure process seen in the FBM are still preserved. For this
type of fracturing we observe a well-pronounced peaks of F(x),
£(x), and usually a delayed but also well visible wider peak of
E®(x). Only in such cases a favorable conditions for developing
statistical fluctuations occurred, because the sample (depending
on values of microscopic parameters kj, b;) could absorb and
store a large amount of internal energy. Simulations leading to
this type of breaking process were quite susceptible to generating
numerical noise which usually appeared around the critical
value because at this stage the internal forces approaches their
maximum values and numerical instabilities could easily develop.
If such a noise was stationary or was diminishing, the simulation
was accepted. Otherwise, the simulation was repeated with a
smaller time step. In some cases, especially for cases with shorter
initial stable phase we observed the development of acoustic
waves propagating through the sample. However, the energy they
were carrying was much smaller than the accumulated elastic
energy, so their existence practically lead to some increase of final
uncertainty only.

The final class of the observed mechanisms can be referred
to as semi-ductile. One of the distinct features of events of this
class is the presence of clearly visible acoustic waves in the stable
loading phase. In some cases they lead to a small undulation

of F(x), E°(x) or its derivative. However, in some cases they
can completely dominate the loading phase of the evolution. In
such extreme cases they can even prohibit a precise identification
of the critical stretch. The loading curves for such an extreme
case when strong acoustic waves have been generated from the
beginning of the process is shown in Figure 13.

For events of this class we still can identify the critical value,
and the maximum of the energy absorption rate but often with
much lower accuracy. The E°(x) curves are quite wide and their
maxima are often noticeably shifted toward larger x with respect
to x. similar to ductile cases. However, unlike the ductile cases,
F(x) is relatively smoothly decaying with increasing x. The slowly
decreasing of the elastic energy after reaching the critical value
indicates a complex breaking mechanism. Indeed, we observe
for such cases, the failure goes through the development of a
multi-crack-systems. The micro-crack interact with each other
and coalesce, which finally leads to a failure of the sample.
This breaking mechanism is much slower than the fracturing
process typical for hyper-elastic cases (fast horizontal fracture) or
brittle one (cleavage process). The series of snapshots shown in
Figure 14 illustrates both above mentioned features.

All analyzed DEM simulations are finally shown on the scatter
plot in Figure 15. The four categories of breaking mechanisms
are represented at this figure by different colors. In spite of
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FIGURE 12 | Snapshots of the microscopic state of a sample undergoing a hyper-elastic breaking process at selected (indicated above panels) strains. Short colored
segments represent inter-particles bonds existing at given loading stage and their extension with respect to initial values are mapped by colors. The corresponding
loading curves are shown in Figure 9. A release of an internal elastic stress by developing fracture system is clearly visible. The particle-particle interaction parameters
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FIGURE 13 | Two examples of loading curves for semi-ductile breaking mechanisms with moderate (left) and strong amplitude acoustic waves generated and
developing from the beginning of loading (see Figure 7 for the description). The wavelength of the acoustic waves for the case shown in the left panel is about 1/3 of
critical strain and their presence manifest themselves in irregular increase of the loading force in the initial loading stage strain. In the case shown in the right panel
neither the critical stress x. nor the maximum of energy absorption rate can be found with acceptable accuracy due to the strong acoustic waves. The particle-particle
interaction parameters for the case shawn on left read: k, = 10° N/mm, by = 0.05 mm and for the case shown on right k, = 102 N/mm, by = 0.6 mm.
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the fact that the proposed categorization is merely qualitative
conclusions are quite obvious. The brittle-like processes are
observed only for weak (small k,) and rigid (small b;) virtual
materials. On the other hand the hyper-elastic cases were
observed for stronger (large k,) but flexible (large b;) materials.
The semi-ductile cases were observed for intermediate values
of the (ky, by) parameters with a probably (insufficient space

sampling) smooth transition toward the ductile type in a region
of small b; and large k,parameters. Star symbols are used to
distinguished at Figure 15 cases for which the maximum of
elastic energy is a significantly delayed (I > 5) with respect to the
critical strain. Surprisingly, within the given set of simulated cases
such events are mostly located along the brittle—semi-ductile
boundary. This issue will be analyzed elsewhere.
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FIGURE 14 | Snapshots (at indicated deformations x) of the microscopic state of a sample undergoing a semi-ductile breaking process. The corresponding loading
curves are shown in right panel in Figure 13. The most essential features for this class of processes are: (a) the development and propagation of acoustic waves
(upper row) and (b) multi-crack fracturing pattern (lower row). The first visible signature of development of the fracture system, appearing at about 60% strain is
marked by a circle in the lower left panel and at 80% strain the sample is still far away from breaking apart. Such a slow failure process is typical for this class of
processes and differentiates it from hyper-elastic ones (see Figure 12). The particle-particle interaction parameters for this case read: k, = 102 N/mm, bg = 0.6 mm.
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FIGURE 15 | The scatter plot of all analyzed events on the k,-by plane.
Different colors represent different categories of observed breaking
mechanism: green—birittle, blue—hyper-elastic, yellow —semi-ductile,
red—ductile, respectively. The star symbols depict cases for which the
maximum of elastic energy is significantly delayed (I' > 5) with respect to the
critical strain. For few cases we could not determine (for technical reasons) the
delay parameter ' and such cases are left as open (white) circles. The region
of (kn, bg) parameters for which strong acoustic waves were observed is
shaded in gray.

5.3. Signature of Imminent Failure
Answering the main question posed at the beginning of this
paper, let us begin the discussion of results by gathering the
information on the §, parameter from all analyzed numerical
simulations. The result is shown in Figure 16.

The most obvious conclusion from this figure is that within
the class of analyzed events we have always observed a positive
value of 8. Estimated uncertainties indicate the significance of

FIGURE 16 | The delay §; = x; — X, between the critical stress x. and the
strain at which the elastic energy absorption rate reaches maximum for all but
ductile-like simulation results. The dashed curves show the FBM predictions
for power law distributions with « = 0 and 5. The circled events show
systematically underestimated §, values due to used procedure of 8y
calculation (see text for details).

this result. It holds for all observed critical strains x.. We observe
the monotonic, almost linear increase of §, with x. over the
range 0.01 < x. < 10. Distortions observed at the smallest
X are most probably due to the resolution limit imposed by
a necessity of using a low pass filter to remove noise. Much
more interesting is a saturation of §,(x.) at large x.. Actually,
two effects are visible for the largest x. values. The first one
is the existence of a group of events for which 8, values are
significantly smaller than the remaining ones. This group is
circled in Figure 16. A closer inspection of breaking mechanisms
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for this group of events reveales that all have the same breaking
pattern shown at the uppermost, middle panel in Figure 6. For
such curves with large gradients the used method of constructing
the likelihood function often fails [31] and leads to serious
under-, or overestimation of the parameters. This is exactly the
case for this group of events.

It could have been corrected, however we have not done it
since it would go beyond the main goal of the paper and was of
relatively low importance for the group of events we analyzed.
Besides this technical issue, we observe an apparent saturation of
the 8,(x.) curve. This effect may have different origins. One of
them can be a finite size of the used sample. We are also recall
a limitation of the DEM method in connection with a proper
description of materials with large Poisson ratios [35]. However,
it can also be a signature of approaching the limits of applicability
of the FBM model. This issue requires further investigations.

The visible deviations at extremely small and large x. do
not, however, change the main conclusions, that for over
three orders of magnitude of x. the numerical DEM results
are in a very good agreement with the FBM predictions
concerning the positivity of 8, and its dependence on x.. The
obtained results fits perfectly with the FBM predictions for
power law fiber strength distributions with exponents in the
range 0 < a < 5.

We provide complementary information and independent
support for the FBM predictions in the plot of the A™ coefficient
against x., as shown in Figure17. We have here plotted it
dividing all events into three categories with respect to the I’
parameter. Let us recall here that according to Equation (17)
this dimensionless parameter measures the retardation of the
point when internal elastic energy reaches a maximum value with
respect to the critical value x.. The larger the parameter I', the
latter the elastic energy maximum, and the wider a peak of the
elastic energy. Two curves corresponding to the FBM predictions
for the power law distributions with exponents @ = 0, and 5 are
also shown.

For the majority of events characterized by the critical strain
x. lower than about 10% we have obtained an almost constant
value of A” in full compliance with the FBM predictions (see
Equation 23). The agreement for the power law distribution with
exponents in the range 0 < o < 5 is remarkably good, and the
range of o for which it holds agrees with the analysis for §,. In
the case of A” we also observe a systematic deviations from the
FBM model for the largest x.. The reasons for this deviation are
most probably the same as in the case of §; parameters and will
be discussed elsewhere.

The most intriguing result shown in Figure 17 is, however,
the existence of a group of events for which values of A" are
much larger than 4/3, i.e., the value predicted by FBM as the
superior limit. For these few exceptional events we have observed
A" ~ 3 and I' over 5, (the FBM prediction is I' < 1), thus
much beyond the FBM limits. It has to be noticed that these
exceptional events appear at critical strains for which other,
compliant with FBM solutions exist and they are not influenced
by the data processing methods, which was the case for the
8y parameter for the largest x.. Detailed examination of the
loading curves and the snapshots of the breaking process have

10 - ' : :
8] * *-T>5 ¢
61 ‘g( A - I<KT<5 |
4] A{ -I'<l1 [
< 5| i
0 . .
0.001 0.01 0.1

X [%]

FIGURE 17 | The ratio A" of the maximum of elastic energy released during
the final failure to the product of maximum of elastic energy increase rate and
Xp against x. Horizontal lines shows the prediction of the FBM model for power
distribution with « = 0—red line and « = 5—Dblue line. Errors are mainly due to
imprecise estimation of x, and Emnax. The plotted values have been divided into
three groups depending on the value of I expressing the retardation of the
energy maximum X, with respect to x; (see Equation 17): the maximum of
energy just follows the x¢ point (I' < 1), intermediate case (1 < T' < 5) and the
case when the energy maximum occurs far away from xc.

indicated that all these events exhibit semi-ductile, complex
breaking mechanism, and that is why their common feature are
large values of I'. It is thus not astonishing that they do not fit the
FBM predictions for which the breaking mechanism is a simple
“one-step” process. When the critical value is reached the loading
process switches from the stable to the unstable phase leading to
an immediate breaking of the sample and hence release of the
whole reservoir of energy. It is astonishing that for this group of
events, the deviation from the FBM prediction for A” we observe
simultaneously no departures from the FBM results concerning
the positivity of x.. Actually, observation of the existence of
such events is one of the two most important results of
our analysis.

6. DISCUSSION AND CONCLUSIONS

Considering the posed question whether the signature of
imminent failure predicted by the FBM method is also visible
in the DEM simulations, we can positively answer yes. In all
analyzed simulations we observe the existence of a precursory
maximum of an elastic energy absorption rate prior to the
critical strain at which the loading force reaches the maximum.
We have also observed a very good agreement of the DEM
simulation results with the FBM predictions for the variation
of the 8,-a difference between the critical strain and the
strain at which precursor maximum occurs, and the A"-
the scaled ratio of total absorbed energy and maximum of
the absorption rate parameters. The advanced error analysis
allows us to recognize and qualitatively take into account the
sources of major errors providing solid evidence for the above
conclusions. All these arguments provide a strong support
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for the Fiber Bundle Model. However, a few observed facts
forces us to pose some important physical questions and
prevent us from drawing too optimistic but possibly too
naive conclusions.

The first issue is a possible bias/limitation introduced by the
selection procedure we have applied to the DEM simulations.
We have considered only cases with a well-pronounced peak in
the force and the energy absorption rate curves. The motivation
of such selection is purely technical—we wished to assure a
satisfactory accuracy of identifying of the critical value and the
point at which the energy absorption rate reaches maximum.
Among almost 200 performed simulations, only eight have been
rejected due to failing this condition, which suggests it to be
quite reasonable. However, consequences of such a procedure,
even if it looks reasonable, go much beyond the technical issue
itself. Actually, the applied criterion resulted in restriction of
our analysis to processes in which force, energy absorption rate,
and also elastic energy (although it was not required) were
single-modal. By this we understand that the corresponding
loading curves were quite compactly localized around the
critical strain and do not exhibit a presence of significant
secondary local maxima. What is the physical meaning
of this fact?

The well-pronounced single, peaks in force, elastic energy,
and energy absorption rate function mean that the breaking
is essentially a “one-step” process. When initiate at the critical
strain it unavoidably leads to a breaking of an object apart and
release of the whole absorbed and stored internal energy. For
such cases, the DEM simulations indeed confirm the existence
of a precursory phenomena preceding the imminent failure, as
predicted by FBM [5]. The DEM simulations have shown that
this phenomenon also holds if more complex, but still essentially
“one-step” processes are considered. The situation changes
essentially if more complex breaking processes are considered.
The existence of such processes has recently been reported [30]
and in a restricted form of semi-ductile cases also appeared in
our simulations. For such processes we found a “soft” breaking
the FBM predictions: the A”, and I' parameters significantly
differs from the FBM predictions but the 8, parameter follows
closely the FBM solution. An open question thus arises if the
existence of the precursor phenomenon predicted by FBM can
still be observed in case of more complex processes or not.
For example, one can imagine the breaking process consisting
of a series of smaller sub-failures. Will the system inform
us about an approaching final failure in such a case? The
answer is open.

Another, more elementary issue is related to how the external
work done by the loading forces is absorbed and stored in the
sample. In the fiber bundle model, the whole work is absorbed
as elastic energy of the stretched fibers. Upon breaking a fiber,
the elastic energy it has stored is released as the damage energy
[5] and, what is important, it decouples from the model. By
this we mean that the released energy does not influence the
state of remaining fibers. In the DEM method, the situation is

more complex. The energy released by a bond breaking is, in
the first step, converted directly to the kinetic energy of particles
originally joined by the bond. In the next steps, this “damage”
energy either transforms (most of it) into elastic energy of
remaining bonds attached to particles or remains to be a kinetic
energy of vibrating particles. The first situation occurs if particles
can hardly move or if they can carry a minimum kinetic energy
due to their small masses. If this situation occurs, DEM directly
mimics the FBM approach. However, DEM can also simulate an
opposite situation, when the released energy can (to some extent)
remain as kinetic energy of the originally bonded particles [30]
and so does not decouple from the system. The obvious questions
to be answered in the future are how such elastic-kinetic energy
conversion mechanism modifies the FBM predictions, is this
process responsible for the complexity of ductile-like breaking
process, and so forth.

In the light of the above comments, the results of our analysis
can be summarized in a general way as follows: When the
external force is stretching a body, part of its work (all in an
ideal case) converts into the internal energy of the body. If this
energy transfer is dominated by building up an elastic energy and
the final breaking of the body is a single-step process, then we
observe a robust signal-precursor of the upcoming failure. The
reaching of the maximum by the elastic energy absorption rate
is just a signature that a catastrophic failure is approaching. The
obtained results immediately poses further important questions.
The first, and the most important one is, what are the limits of
applicability of the FBM method when applied to description of
breaking solid materials. Another one is whether the inclusion
of mechanisms of conversion of the external work into kinetic
energy (heat) of particles/fibers change the conclusion about
relation between the maximum energy absorption rate and the
critical value or not.
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A phase diagram for a one-dimensional fiber bundle model is constructed with a
continuous variation in two parameters guiding the dynamics of the model: strength of
disorder and range of stress relaxation. When the range of stress relaxation is very low, the
stress concentration plays a prominent role and the failure process is nucleating where a
single crack propagates from a particular nucleus with a very high spatial correlation unless
the disorder strength is high. On the other hand, a high range of stress relaxation
represents the mean-field limit of the model where the failure events are random in
space. At an intermediate disorder strength and stress release range, when these two
parameters compete, the failure process shows avalanches and precursor activities. As
the size of the bundle is increased, it favors a nucleating failure. In the thermodynamic limit,
we only observe a nucleating failure unless either the disorder strength is extremely high or
the stress release range is high enough so that the model is in the mean-field limit. A
complex phase diagram on the plane of disorder strength, stress release range, and
system size is presented showing different failure modes - 1) nucleation 2) avalanche, and
3) percolation, depending on the spatial correlation observed during the failure process.

Keywords: disordered systems, fiber bundle model, stress release range, nucleation and growth, percolation,
spatial correlation

1 INTRODUCTION

It is nearly a century since Alan Arnold Griffith developed his energy criterion for the fracture
propagation of cracks in near-continuous solids [1, 2]. His celebrated work has revolutionized the
world of materials science. Griffith considered a single sharp crack in an otherwise homogeneous
elastic medium. In Griffith’s theory, the crack propagation is considered as an equilibrium problem
where the balance between two energies: reduction of strain energy, and increment in surface energy
is measured during the crack propagation. He found that the critical stress o, to cause a crack of
length , to extend is o, = (2Yg/nl)"/? [3], where Y is Young’s modulus and g is the surface energy per
unit area. However, this is an idealized case that requires a pre-existing crack or notch in a
homogeneous medium to concentrate the applied stress. In general, the initiation of a fracture in a
solid is a much more complex process. Most engineering materials are far from homogeneous, there
will always be a distribution of dislocations, flaws, and other heterogeneities present. The nucleation
and propagation of a crack in heterogeneous systems are not understood because of the complexities
of the stress singularities at the crack tip [4]. As the applied stress is increased, micro-cracks are likely
to occur randomly on the heterogeneity and are uncorrelated. As the density of micro-cracks
increases, the stress fields of the micro-cracks interact and the micro-cracks become correlated. The
micro-cracks eventually may coalesce to form a through-going fracture. This irreversible process is a
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part of damage mechanics and is an integral part of the nucleation
and propagation of fracture in heterogeneous environments.

During the failure process of a disordered system, a complex
interplay is observed between quenched heterogeneities and local
stress concentration. The former one leads to non-localized
damage mechanics while the latter favors the formation of
localized cracks. As a consequence of this interplay, we observe
system size dependence of nominal stress distribution [5-7], scale-
free avalanche size statistics [8-11], self-affine crack morphology
[12], etc. In the limit of infinitesimal disorder strength, the crack
grows within a disordered system in a nucleating manner [13-16].
On the other hand, when disorder strength is infinitely high, the
effect of local stress concentration becomes irrelevant and the
failure process is random in space [17, 18] like percolation. The
reason behind the damage mechanics at high disorder is the
heterogeneities in a material that create energy barriers which
act as a resistance on the way of crack propagation and ultimately
arrest the crack motion: a phenomenon known as lattice trapping
or intrinsic crack resistance [19-24]. At intermediate disorder, the
situation is more interesting, where the failure process takes place
through a number of avalanches showing scale-free distributions of
energies emitted during the avalanches [9] and mean-field
exponents [25-28].

Tuning the strength of disorder is not achievable easily in
experiments. Though through heat treatment one can tune the
length scale of disorder in phase-separated glasses [29]. Earlier
experiments also studied the role of a varying disorder strength
during pattern formation in random spring network [30-32], the
study of roughness of a fracture surface [33], the transition from
nucleation to damage mechanics in random fuse network [34,
35], etc. Linear elastic fracture mechanics, on the other hand,
predicts the load distribution around an Inglis crack [36, 37] to be
1/r*-type where r is the distance from the crack tip. However, this
form for relaxation of local stress can be affected by many
parameters like correlation among defects [38] and effect of
the limited size of the sample [39]. This in turn can change
the dynamics of crack propagation. We will explore here the effect
all three important parameters: disorder strength, stress release
range and sample size in detail.

In this article, we study the spatial correlation during failure
process of a fiber bundle model (FBM) [40, 41]. Fiber bundle
model is very effective yet arguably the most simplest model to
understand failure process of heterogeneous materials. The effect
of a variable stress release range has already been observed in the
context of this model [42, 43]. With a very low stress release
range, the failure process is observed to be nucleating and at the
same time, the failure abruptness is affected by the size of the
bundle [42, 44]. The spatial correlation, in this limit, decreases as
the disorder strength is increased [45]. On the other hand, at a
very high stress release range (the mean-field limit), the failure
abruptness is not a function of system size and only controlled by
the strength of disorder [46]. A high thermal fluctuation as well
leads to a failure process, random in space, with the same
universality class of a site percolation [47]. When we combine
both the effects of stress release range and disorder strength, the
model produces rich relaxation dynamics with different modes of
failure — abrupt, non abrupt, nucleating, and random in space

Nucleation Vs Percolation in FBM

[48]. The avalanche statistics as well as the effect of system sizes
has also been discussed recently in the context of fiber bundle
model [49, 50]. Moreover, the record statistics in the avalanche
statistics and study of elastic energy has been observed to be a
vital key to predicting an upcoming failure [51]. The occurrence
of different regimes with increasing disorder strength is also
observed in spin systems as well. Recent work in the random field
Ising model shows many small avalanches at high disorder and
depinning behavior when disorder strength is very weak. At an
intermediate critical value of disorder strength, avalanches of all
possible sizes are observed [52, 53]. A study similar to the present
one is explored in the context of random fuse network [34, 35]. In
the former study, the avalanche size distribution as well as the
system size scaling of average avalanche size and average crack
size. In the latter study, the authors have studied the masses of the
largest cluster, the mass of the backbone (the number of burnt
bonds forming the chain that effectively disconnects the bottom
from the top of the system), and how those masses scale with the
system size in order to compare them with percolation. Here we
carry out a study, similar to what was observed in the resistor
network for a variable stress release range and construct a phase
diagram on the plane of disorder, stress release range and system
size. We have mainly studied the behavior of crack density to
observe the spatial correlation. The crack density is explored
earlier by the same author [42, 48] but a systematic study with
system size, especially a systematic study of maximum crack
density with the size of the bundle was missing there. Such a
study is carried out in the present article and can offer a nice
insight into the fracture pattern.

2 DESCRIPTION OF FIBER BUNDLE
MODEL

After its introduction by Pierce in 1926 [54], the fiber bundle
model [40] has been proven to be very effective in understanding
the failure event of a disordered system. Due to this, fiber bundle
model is growing popularity among engineering, material science
as well as academics. This model is very effective yet arguably the
most simple model guided by threshold activated dynamics.

A conventional fiber bundle model consists of L parallel
Hookean fibers in between two plates which are pulled apart
creating a stress o on each fiber. The fluctuation among the
strength values of individual fibers is the measure of disorder
within the model. In the present work, we chose such strength
values (h) from a power law distribution with a slope —1 and span
from 107 to 10,

h—l
0.

(107 <h<10F)
(otherwise)

p(h) ~ { 1)

Here f3 is related to the span of the distribution and a measure
of disorder strength. We have chosen such a distribution as such
long-tailed power-law distribution [55] has already been observed
for the distribution of material strength. A certain fiber breaks
irreversibly when the stress applied on it exceeds its strength. The
stress of that fiber is then redistributed among rest of the model.
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Here, we have adopted a generalized rule for stress redistribution.
If o0; is the stress on the broken fiber i, then the stress
redistribution on fiber j at a distance r;; from fiber i will be as
follows

¥
7

2

O'j—>0'j+

Where o; is the stress on fiber j and Z is the normalization factor
given by
z=yrl
ik

Where k runs overall intact fibers. Two extreme limits of this
redistribution rule are global load sharing (GLS) [54] and local
load sharing (LLS) [4, 56] limit. y has a very low value for the
former case and stress of the broken fiber here is redistributed among
all surviving fibers in almost same amount. This is also the mean-field
limit of the model. In the other extreme limit, y has a very high value
and a large amount of the redistributed stress is carried by the
neighboring fibers of the broken one only. The effect of stress
concentration is most prominent here. Earlier studies show a
critical value p, of the stress release range, for both 1d [42] and 2d
[43], around which the model transit from the mean-field limit to the
local load sharing limit. After such redistribution, due to the elevated
local stress profile, further fibers may also break starting an avalanche.
With such a process, the bundle may break through a single avalanche
or comes to a steady state with some fibers broken and some intact. In
the latter situation, the external stress is increased to break the next
weakest fiber starting a new avalanche. Such process goes on until all
fibers are broken.

3)

3 NUMERICAL RESULTS

A one dimensional fiber bundle model is studied numerically with
varying disorder strength (f8), stress release range (y), and system
sizes (L). In Local Load Sharing Fiber Bundle Model: Variation in J3,
we explore the local load sharing limit of the model which can be
achieved by setting a very high y. On the other hand, Generalized
Model: Variation in Both 5 and y, deals with a generalized version of
the model where the stress of a broken fiber is redistributed
depending on the exponent y keeping f8 constant. 3 is varied
between 0.4 and 2.0 while y varies from 0 to 3. The size of the
bundle varies from 10° to 10°.10* realizations (bundle replications)
are considered for our numerical simulation. Universality shows
numerical results for uniform and Weibull threshold distribution,
discussing the universal behavior of our result. Finally, in Discussions
we have provided the concluding remarks on the present article.

3.1 Local Load Sharing Fiber Bundle Model:

Variation in

In this section, we have studied the fiber bundle model in the local
load sharing limit. In this limit, the stress of a broken fiber is
redistributed among the nearest neighbors only. This scenario
can be achieved by setting a very high value of y.
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FIGURE 1 | (A) Variation of patch density p with fraction broken B for

values ranging from 0.4 to 2.0. The red dots denotes p,,,, the maximum

possible patch density. The dotted line is the locus of B(1 — B) and represents
random failure events for a 1d bundle. (B) Variation of p,, as the disorder

strength f is varied continuously. We see three different regions (1) pp,, is 1/L

here suggesting a single crack propagates through the bundle in a nucleating

manner (2) Here number of cracks originates and the number increases with

(3) The failure process here random in space. p,, has a value close to 0.25

here. The system size is kept constant at 10°.

We start our numerical simulation by observing the
characteristics of the patches (or cracks) that are generated
within the bundle during the evolution of the model. A certain
patch is defined by the combination of an intact fiber and a
broken fiber in its neighborhood. If we denote the intact fiber by 1
and broken fiber by 0, then any (1,0) or (0,1) combination on the
one-dimensional chain of fibers will be characterized as a patch or
crack. The patch density p at time ¢ is defined by the number of
patches at that time, normalized by the size L of the system. We
also note the fraction B of broken fibers at time ¢. B is defined as
the number of broken fibers divided by size L of the system. Time,
in this case, is represented as the sum of stress increment and
redistribution steps (see Ref. 1 for details). Figure 1 shows the

'At a certain point during the evolution of the model, if it goes through m stress
increment with ny, n,, ..., n, redistribution steps for 1st, 2nd, ... , mth stress

increment, then the time corresponding to this scenario will bexn + Y 1y,,.
m
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variation of p with B for different disorder strength values ranging
in between 0.4 and 2.0 for a bundle of size L = 10°.

Figure 1A shows a non-monotonic behavior of p when B
increases from 0 to 1. Earlier papers [42, 48] have already
discussed that such crack density shows a non-monotonic
behavior as the model evolves. B = 0 stands for the initial
configuration where all fibers are intact while we obtain B = 1
when all fibers are broken. The patch density p is zero for B=0 as
no cracks are there in the bundle. On the other hand, when the
model is close to the failure point, there will be a single patch,
making p = 1/L when B approaches 1. At an intermediate B, p
reaches a maximum value p,,. Before this maxima, p is an
increasing function of B as new patches are generated within
the bundle. After the maxima, the patches start to coalesce with
each other and we observe a lesser and lesser number of cracks
with increasing time (hence increasing B). Figure 1A shows as
disorder strength is increased, p,, shifts to a higher value. We will
discuss the variation of p,,, with disorder next. The dotted line in
the same figure is the locus of p = B(1 — B). This dotted line
represents failure events random in space for a 1d FBM. This can
be understood as follows. If B is the fraction of fibers broken, then
the probability of having a broken and an intact fiber will be Band
(1 — B) respectively. A patch then will be created by placing an
intact fiber beside a broken one, the probability of which will be
B(1 — B) on a 1d lattice. By equating dp/dB for this locus to zero
we get the maximum p,,, = 0.25 and the B value to be 0.5 at this
maxima. The failure pattern becomes more and more random
when f, the disorder strength, is high enough. On the other hand,
when the disorder strength is very low (8 = 0.4), we see p = 1/L
independent of the value of B. This suggests a pure nucleating
failure starting from the very beginning until the global failure.

Figure 1B shows the variation of p,, explicitly when f is
continuously varied. We observe three different regions.

1) Nucleation (8 < 0.4) — Here p,, has a value close to 1/L. This
suggests that only a single crack is generated within the bundle in
this limit and this crack nucleates to create global failure. Due to
the low strength of the disorder, the failure process here is guided
by the local stress concentration at the crack tips.

Percolation (8 > 1.2) — In this limit the behavior of B vs p
matches closely with p = B(1 — B). p,,, has a value close to 0.25.
The failure events are random in space here making it
reminiscent of percolation in 1d lattice. The failure process
is completely guided by the disorder strength and the local
stress concentration is almost non-existing.

Avalanche (0.4 < 8 < 1.2) — in the intermediate disorder
strength, there is an interplay between the disorder strength
and the local stress concentration. The failure process here
starts in a percolating manner but later the local stress
concentration takes over making the rest of the failure
events nucleating. We will be discussing this spatial
correlation in more detail later in this paper.

2

~

3

=

Figure 2A shows how the maximum patch density p,,
responds to the size of the bundle. The results are repeated for
three different 8 values 0.3, 0.7, and 1.2, in order to cover all
three regions — nucleation, avalanche, and percolation,
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FIGURE 2| (A) Effect of system size L on p,, for f=0.3,0.7 and 1.2. L is
varied in between 5 x 10% and 10°. Three regions are observed here (1)
Nucleation: p,, ~ L™ (2) Avalanche: p,, ~ L¥ (3) Percolation: p,, ~ L°. (B)
Variation of & with . £ = 1 and O in the region 1 and 3 respectively. In the
intermediate region Il, ¢ decreases continuously with 8.

mentioned above. When disorder strength f is low (0.3),
pm decreases with L in a scale-free manner with exponent —1.
This suggests that the maximum number of cracks observed
in the bundle decreases with increasing size and the model
goes towards nucleation more and more as the model
approaches the thermodynamic limit. On the other hand,
for 8 = 1.2, p,, is independent of L and saturates at a value
close to 0.25. As mentioned above, the failure process is
percolating here and remains the same irrespective of the
size of the bundle. In the intermediate disorder, where the
disorder strength and local stress concentration compete with
each other, we observe

P, ~ Lt® (4)

Where the exponent £ is a function of f.

Figure 2B shows the variation of exponent & with the strength
of disorder . & remains at 1 for low  where the failure is
nucleating, gradually decreases in region avalanche, and becomes
constant at 0 in the limit of percolation. The nature of patch
density remains the same in the percolation region (£ = 0) only. In
both avalanche and nucleation, fewer patches grow as the size of
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FIGURE 3 | Variation of (Ary with time t for three different disorder
strengths = 0.3, 0.7 and 1.2. S average square distance between
consecutive rupture events. (ArP) starts from a high value and decreases to 1
with time suggesting pure nucleation beyond this point. The spatial
correlation is shown explicitly for three different cases (1) nucleation (2)
avalanche and (3) percolation.

the bundle is increased, suggesting that the effect of the local
stress concentration becomes more prominent here as the model
goes towards the thermodynamic limit.

Here, we will discuss a dynamic parameter that helps us to
understand the onset of the nucleation process with time more
clearly. As explained earlier, time t here is analogous to the total
number of redistribution plus stress increment steps prior to the
global failure. We start by breaking the weakest fiber, say i, at time
t = 0 by the first stress increment. Let us assume further #; fibers
break at the next time step (f = 1) upon redistributing the stress
carried by the weakest fiber. We consider the distance Ar between
these two consecutive events to be the minimum of distances
between fiber i and other n, fibers that break after redistribution.
Here, Ar is not the exact lattice distance as only intact fibers are
considered while calculating it. The distance across a broken patch
is considered to be one independent of the size of the patch. This is
due to the LLS scheme that we have adopted. Whenever a fiber at a
notch breaks and the redistributed stress breaks the fiber at the
other notch, the failure is still nucleating, no matter how large this
patch is. Next, we square this distance and average it over 10*
realizations to get {Ar*) at time t = 0. Next, we move our reference
frame to the fiber among those n; fibers that had the minimum
distance from fiber i. Let’s denote this new fiber as j. If further n,

Nucleation Vs Percolation in FBM

fibers break in the next redistribution, (Ar*) at t = 1 will be
calculated by the same procedure: find Ar from the minimum of
distances between fiber j and those n, fibers, square it and average
over 10* realizations. Such a parameter was explored earlier by
Stormo et. al [57] in the context of the soft clamp model to point
out the onset of localization. Figure 3 shows this variation of (Ar*)
with time ¢ for § = 0.3, 0.7 and 1.2. For all three disorder strength
values, (Ar?) starts from a high value at low ¢ and then decreases
towards 1 when ¢ is high. A high value of (Ar*) suggests the fibers
that break consecutively are far from each other. This is a spatially
uncorrelated failure. On the other hand, when (Ar*) = 1, the
consecutive failures take place from the neighboring fibers only.
This behavior stands for pure nucleation. For g = 0.3, (Ar*)
becomes 1 very fast and stays there independent of ¢ until the
bundle reaches global failure. For § = 1.2, we observe the opposite
behavior where (Ar*) stays at a high value for a long time and falls
to 1 just before global failure. The former behavior is nucleating (1)
while the latter one is percolating (3). The visualization of the
failure process for both (1) and (3) is shown below Figure 3. The
x-axis of each plot is time and the y-axis is fiber index. The color
gradient is over the local stress profile. The yellow color stands for
the failed fibers. For (1), we see a single crack growing in a
nucleating manner from the very beginning. For (3), on the
other hand, there are no nucleating yellow-colored fibers and
the rupture events are spatially uncorrelated. For the avalanche
(2) behavior, there is a spatially uncorrelated failure in the
beginning as well as nucleation close to global failure. Figure 3
shows the point for 8 = 0.7 where {Ar*) becomes 1 indicating onset
of localized (nucleating) failure events.

Finally, we have constructed the phase diagram of disorder
strength f$ and system size L to show all three failure processes. In
Figure 4, 1/ is plotted against 1/L. This is done in this way so that
the origin (0,0) of this plot corresponds to L — co and § — 00, an
infinite disorder in the thermodynamic limit. As discussed
earlier, if the disorder strength is increased, we start with
nucleation, go through an avalanche, and finally reach

35 .
Nucleation
3
25
en 2 Avalanche
~
—
1.5
1
05 Percolation
0
0.00010 0.00040 0.00070 0.00100
1/L
FIGURE 4 | Phase diagram of disorder strength g and system size L. 1/8
is plotted against 1/L to make the coordinate (0,0) represent infinite disorder at
thermodynamic limit. Three regions — nucleation, avalanche and percolation
are observed. The spatial correlation during fiber rupture is shown with
yellow being the broken patch.
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FIGURE 5 | The figure shows spatial correlation during a failure process when g varies between 0.3 and 1.2 and y varies between 0 and 3. Nucleating failure is
observed for high y and low . The spatial correlation reduces as y is decreases (pushes the model towards MF limit) or § is increased.

percolation behavior. The spatial correlation in rupturing events  increasing values of y keeping the disorder strength g
are shown in the corresponding phases. Now, if the disorder ~ constant. On the other hand, from bottom to the top, the

strength is kept constant and the size of the bundle is increased, ~ figures are plotted with increasing 8 and keeping y constant.
a percolating behavior moves towards avalanche and an ~ We observe the following behavior:
avalanche behavior moves towards nucleation. Due to weak For low 8 and high y, the fibers break in a nucleating manner.

dependence of parameters like p,, on L (see Figure 2), it willnot ~ Due to the low stress release range, the stress concentration plays
be possible to see (as the system size has to be very high) this  a crucial role and dominates the failure process. Moreover, due to
change from percolation to avalanche if we are well inside the  the low value of disorder strength, the probability that the fibers
percolation region. To see this change at relatively lower system  break with redistribution (without any increment in external
sizes, it is required to keep the disorder strength ata value so that  stress) from the neighborhood is high. On the other hand, for high
the model is closer to the percolation-avalanche interface. The S and low v, the fluctuation between threshold strength as well as
opposite happens if the system size is decreased instead of  the stress release range is high. As a result, we observe rupture
increasing. This suggests we observe only nucleating failure  events random in space and through increment in external stress.

in the thermodynamic limit unless the disorder is infinitely high. Now, keeping the f3 fixed at a low value, as we decrease y, the
This effect of disorder was explored earlier in the context of = model slowly goes towards the mean-field limit. In this limit, the
random fuse network by Shekhawat et al. [34] and Moreiraetal.  stress of the broken fibers are redistributed among all surviving
[35]. We observe that the fiber bundle model in one dimension fibers. This increases the chance that whenever one fiber breaks, the
follows the same trend. next rupture event may take place from somewhere which is not

the neighborhood of the broken fiber. The failure process, in this
. .. . case gradually deviates from the nucleating behavior as y decreases.
3.2 Generalized Model: Variation in Both Instead, if we keep y fixed at a high value and increase f3, the
ﬁ and y fluctuation among fiber strengths increases. Here, the stress of the
In this section, the model is studied with a continuous variationin ~ broken fiber is redistributed in the neighborhood (as y is high)
both y when f. We start our numerical simulation by observing  but due to this increase in fluctuation we will find more strong
the spatial correlation through the rupture events with increasing  fibers in this neighborhood that will finally arrest the growth of a
time as the bundle fails. crack - a phenomena known as lattice trapping or intrinsic crack
Figure 5 shows such correlation for 8 values ranging in  resistance [19-24]. This forces the growth of a different crack
between 0.3 and 1.2 and y values within 0 and 3. For each  from a different place.
small figure, the x-axis shows the time ¢ and the y-axis shows the As discussed in Figure 5, a single crack or a number of cracks
fiber index. From left to right, the figures are plotted for  are observed in the bundle depending on what the values of
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FIGURE 6 | Variation of maximum number of cracks (p,,) with y for g
values ranging in between 0.2 and 0.8. p,, has a high value for low y and
gradually decreases with y and tends to saturate towards a low value. For low
B, pm decreases close to 1/L for high y, suggesting propagation of a
single crack. On the other hand, for low y and high 8, pn,, = 0.25, suggesting a
failure process which is random in space.

disorder strength 8 and the stress release range y are. In Figure 6,
we have studied how the maximum number of cracks (p,,,) varies
as we vary both  and y. At first, we observe the variation of p,,
with p for a constant value of . The study is then repeated for f3
values ranging in between 0.2 and 0.8.

For low y, p,, has a higher value and decreases as y increases
and crosses the critical value y. [42]. The results can be discussed
in three parts. At an intermediate disorder (0.3 < 8 < 0.5), p,,
saturates close to 0.25 for low y and decreases to 1/L when y is
high. A p,, value close to 1/L suggests there is only one crack that
propagates throughout the system. On the other hand, as already
discussed in the manuscript, p,, close to 0.25 suggests a failure
process random in space. In this limit, all three regions are
accessible with a variation in y.

At low 8 (<0.3), we observe that p,, goes to 1/L for high y but
does not approach 0.25 even if y is very low. In this limit, we do not
see a percolation like a random failure. This is due to very low
disorder strength, where the bundle breaks very abruptly before it
can reach the real maximum value of p,, (=0.25) at low y. On the
other hand, for high 8 (>0.5), p,,, reaches 0.25 easily at low y but do
not reach 1/L for high y. In this case, p,, does not reach 1/L even at
high y due to the intrinsic crack resistance caused by the high
fluctuation in threshold strength, which arrests an propagating crack
in the process. As a result, a nucleating failure is not observed here.

Figure 7A shows the system size effect of p,,, for § = 0.6 and for
wide range of stress relaxation y (0 < y < 3). We observe p,, to
decrease in a scale-free manner with system size L,

P~ L7 (5)

Where ( is an increasing function of y. At low y, p,, is almost
independent of L and saturates around 0.25. When y is high, p,,
responds to the change in L very sharply and decreases as L
increases.
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FIGURE 7 | (A) System size effect of p, for f = 0.6 and y between 0 and
3. We observe p, ~ L, where {isan increasing function of y. (B) Variation of {
with y for 0.2 < 8 < 1.2. For low y, { = 0 independent of 8. For high y, on the
other hand, ¢ = 1 depending on whether $ is low enough or not.

The variation of the exponent ( is shown in Figure 7B { has a
value close to 0 independent of disorder strength 8 when y low. At
such a low value of y, the model is in the mean field limit and
changing the system size does not change the dynamics of the
model. As y increases, the model slowly deviates from the mean-
field limit and the effect of local stress concentration becomes
more and more prominent. In this limit, { starts to increase
slowly. When y crosses a certain value that depends on §, { finally
reaches 1. A Higher value of 8 will require a higher y value in
order to obtain { = 1. Finally, when f is very high, { remains close
to 0 independent of the stress release range y. Here, the failure
process is random in space, independent of both 8 and y.

Figure 8 shows above mentioned three regions from the study
of the maximum number of cracks (p,,) when both disorder
strength f and the stress release range y are varied
simultaneously. The color gradient in Figure 8 is on p,,, with
a maximum value of 0.25 (lightest color) and minimum value of
1/L (darkest color) which is 107 as the size of our bundle is 10°.
We observe p,, to have the lowest value for lowest possible § and
highest possible .

This is due to the fact that fluctuation among local strength values
are minimum here and at the same time stress release range is also
minimum making the local stress concentration most prominent. At
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FIGURE 8 | Histogram of p,,, on the plane of y vs B. The brightest color
corresponds to p, = 0.25 while the darkest color stands for p,,, = 1/L. At low ,
as y increases, we go from region 3 (percolation) to 2 (avalanche) to 1
(nucleation). Same transition is observed when  decreases at high y.
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FIGURE 9 | (A) and (B) respectively shows the plane of transition from
avalanche to nucleation and percolation to avalanche respectively. The three
parameters constructing the plane are: disorder strength (g), stress release
range (y) and system size (L).

this situation, as we decrease y, we go towards percolation (light color)
through avalanche region. The same behavior is observed (1 — 2 — 3)
if we increase f3 keeping y fix. The figure also shows the existence of y,
[42, 43], the value of y below which the model enters the mean-field
limit. For y < y,, we have almost an uniform gradient of light color
suggesting p,,, is close to 0.25 here independent of . We observe a very
small change in the color gradient if we increase y at a high f.

3 0.25
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FIGURE 10 | Variation of p,, for uniform (upper) and Weibull (lower)
distribution when both the disorder strength (8 or k) and stress release range
(y) is varied continuously. Three distinct regions (1) nucleation (2) avalanche
and (3) percolation, is observed independent of the choice of threshold
distribution.

Figure 9 shows different regions — nucleation, avalanche and
percolation, with their unique nature of crack propagation during
the failure process when the disorder strength (f), stress release
range (y), and system size (L) are continuously varied. Figure 9A
shows the plane separating the region nucleation from avalanche.
The plane seems to diverge for high f. This is due to the fact that, at
high beta the fluctuation among fiber strength values will be high
and the y value will also have to be very high to make the local stress
concentration prominent enough to create nucleation. At the same
time, since an increasing L has already been seen to favor nucleating
failure, we achieve such nucleation at relatively lower y value at
higher L when f is kept fixed. Figure 9B, on the other hand, shows
the plane between avalanche and percolation. We observe the
same effect of L here — as L increases, the transition from
percolation to avalanche takes place at a lower value of y. At
the same time, as f3 increases, we have to go to a higher y value to
enter the avalanche region from percolation. The sudden upward
curvature of nucleation — avalanche plane at high 8 suggests that if
the disorder strength is extremely high, we might not get a
nucleation region. Similarly, the sudden downward curvature
of avalanche — percolation plane at low f3 suggests that if the
disorder strength is extremely low, we might not get a percolation
region.
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4 UNIVERSALITY

In this section we will discuss the universality of our study by
using two different distributions other than the power law. For
this purpose, we have adopted an uniform and a Weibull
distribution as described below:

25 (0.5-6<h<0.5+9)
0.

p(h) ~ (6)

(otherwise)

Where 6 is the half-width of the distribution as well as the
measure of the disorder strength.

AYIANEY
~ (22 -3
pon-(3)(3) ¢

Where k and A are the Weibull modulus and scale parameter
respectively. k controls the disorder strength in this case. We
vary 0 from 0 to 0.5 while k is varied between 1 and 10. The
scale parameter A is kept constant at 1. Similar to the power
law distribution, the uniform distribution is also a bounded
distribution while the Weibull distribution is open.

Figure 10 shows the variation of p,,, when both disorder strength
and stress release range is tuned continuously. The results for uniform
distribution are shown in the left figure. The right figure shows the same
for the Weibull distribution. Similar to Figure 8, the color gradient
represents the variation in p,,, that spans from 1/L to 0.25. The results
suggest that all three regions (1) nucleation (2) avalanche, and (3)
percolation, are observed independent of the choice of the threshold
distribution. As y increases, the model goes from the nudleating failure
to a failure process random in space. On the other hand, a spatially
correlated failure process is not observed by increasing § up to 0.5 (the
distribution spans from 0 to 1) as the disorder strength is not large
enough. Though for Weibull distribution, both nucleating and random
failure is observed at high and low k respectively.

@)

5 DISCUSSIONS

As we have already discussed, two major factors governing the mode
of failure in disordered solids are the strength of heterogeneities and
the effective range over which the stress field is modified following a
local rupture event. On the other hand, studies in random resistor
network model [34, 35] claims the failure mode, in the large system
size limit, to be always nucleation-driven unless the strength of
disorder is extremely high. Qualitatively this is the main finding of
the present paper as well as what was observed in the random fuse
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