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We study how the competition of the disordered local strength and of the evolving
inhomogeneous stress field affects the evolution of the series of breaking avalanches
accompanying the fracture of heterogeneous materials. To generate fracture processes,

Available online 4 February 2022 we use a fiber bundle model of localized load sharing where the degree of strength

Keywords: disorder is controlled by varying two parameters of the distribution of the breaking
Fracture threshold of fibers. Analyzing the record statistics of avalanches of breaking fibers, we
Crackling noise demonstrate that both for low and high disorders the series of crackling events remains
Ultimate failure stationary until global failure making the collapse of the system unpredictable. Based
Fiber bundle model on computer simulations, we determine a region of the parameter plane of strength
Record SFatiStiCS disorder where global failure is preceded by an accelerating breaking activity. We show
Forecasting that the record avalanche with the longest lifetime can be used to identify the onset of
acceleration of the fracture process towards the catastrophic failure. Comparison of the
results to their equal load sharing counterparts reveals that the accelerating regime is
shorter than in case of a homogeneous stress field due to the higher degree of brittleness
of the system caused by stress localization.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Under a slowly increasing mechanical load the fracture of heterogeneous materials proceeds in bursts which generate
acoustic noise, and hence, can be recorded by acoustic emission techniques [1-5]. The time series of such crackling events
provides a deep insight into the dynamics of fracturing and can be exploited to forecast the imminent catastrophic collapse
of the evolving system [1,6]. Forecasting fracture driven failure has an utmost importance for natural catastrophes like
snow and stone avalanches, landslides [6], and earthquakes [7,8], as well as, for engineering constructions [9]. The size of
bursts has strong fluctuations due to materials’ disorder, however, its statistics has been found to obey a robust power law
behavior over a broad range of event sizes for a wide variety of materials [1,2,2-4]. As the external load increases, under
certain conditions the dynamics of fracturing accelerates in the vicinity of global failure which is indicated e.g. by the
increasing average burst size and deformation rate [1,6,10]. One of the main motivations of fracture studies is to identify
signatures of the imminent failure which can be exploited for forecasting. The failure forecast methods (FFM) rely on the
analogy of fracture and phase transitions, i.e. time-to-failure power laws characterizing the accelerating phase are used
to predict the point of global failure [7,10-12].
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Recently, we have shown in a fiber bundle model (FBM) of long range load sharing that based on the record statistics
of crackling events a clear signal of the onset of acceleration towards global failure can be obtained [13]. Records
of the sequence of breaking avalanches are those events which have a magnitude greater than any previous event.
From a practical point of view they have the advantage that they are easy to identify above the noisy background
both in laboratory and field measurements. For sequences of independent identically distributed random variables (IID)
the statistics of records has been found to exhibit universal features, independent of the underlying distribution of
individual events [14,15]. We demonstrated that deviations from the IID behavior in the sequence of crackling avalanches
reveals interesting trends and correlations which can be used to identify early signatures of the impending catastrophic
failure [13,16]. However, these studies were limited to equal load sharing in the fiber bundle model where the stress field
remains homogeneous during the entire fracture process. In fracturing materials high stress concentration builds up in
the vicinity of cracks which makes the stress field inhomogeneous and has a strong effect on the fracture process.

To understand how the inhomogeneous stress field affects the sequence of breaking avalanches, in particular, the
evolution of the sequence as the system approaches failure, here we consider the limiting case of short range load sharing
in the fiber bundle model and study the emerging crackling activity using record statistics. We generate fracture processes
by means of a fiber bundle model where fibers are organized on a square lattice and load is redistributed over the intact
nearest neighbors of broken fibers. As the external load increases in the model, the fracture process is driven by the
competition of the evolving inhomogeneous stress field and of the disordered strength of fibers. Computer simulations
showed that for low strength disorder the stress concentration dominates the fracture process making the overall response
of the system highly brittle, i.e. the system evolves through breaking avalanches, however, no acceleration of the process,
and hence, no signal of the imminent failure can be detected. In the limit of very high disorder again a stationary evolution
is obtained without the possibility of forecasting. As the main outcome we show that there exists a range of disorder
where accelerated record breaking precedes failure and the onset of acceleration can be used as an early warning of the
impending failure.

2. Breaking avalanches in a fiber bundle model of localized load sharing

In our study we consider a bundle of N parallel fibers which are organized on a square lattice of side length L, where
N = I? holds [17-20] (for an illustration see Fig. 1(a)). Individual fibers are assumed to have a linearly elastic behavior up
to a threshold strain &g at which they break irreversibly. The Young modulus E has a fixed value E = 1 for all the fibers,
however, the strength &g is a random variable sampled from a probability distribution p(e). For the functional form of
p(ewm) we consider a power law

plem) ~ e (1)

over a finite range emin < &m < E€max, Where the lower bound is fixed &.,;; = 1. The random failure threshold of fibers
represents the fluctuations of the local strength of material elements caused by the presence of flaws, micro-cracks, or
by any imperfection due to the fabrication process. The threshold distribution Eq. (1) has the advantage that the amount
of strength disorder can be controlled by varying the upper bound ¢4, of strength values in the range enin < emax < 00,
and the exponent u of the distribution 0 < © < 1. The bundle is subject to a quasi-static loading, which is carried out by
increasing the external load o to induce the breaking of a single fiber. When all the fibers are intact, they keep the same
load, hence, the weakest fiber breaks first. After a fiber breaks, its load has to be redistributed over the remaining intact
fibers. In FBM studies of fracture processes two limiting cases of load sharing are typically considered both with practical
relevance: In the case of equal load sharing (ELS) the load of the broken fiber is equally shared by all the intact fibers
irrespective of their distance from the failed one. ELS has the consequence that no stress fluctuations emerge in the system
which makes it possible to obtain important characteristic quantities of the model in closed analytic forms [18,21,22].
Localized load sharing (LLS) realizes the opposite limit redistributing the load equally over the intact nearest neighbors of
the broken fiber in the lattice [23-26]. LLS results in a high stress concentration around broken fibers which in turn has
a strong effect on the evolution of the fracture process. After load redistribution, the enhanced load of intact fibers may
induce further breakings which is then followed again by a load redistribution. As a consequence, through the repeated
steps of breaking and load redistribution, a single fiber failure can trigger an entire avalanche of breaking events whose
size A is defined as the number of fibers breaking in the avalanche.

Since the stress field is homogeneous, in the ELS case the strength disorder of fibers controls the fracture process.
We have shown analytically that at each value of the exponent u there exists a threshold value of the upper cutoff
Emax Delow which g4 < e, the system exhibits a perfectly brittle behavior, ie. the first breaking fiber triggers a
catastrophic avalanche which results in immediate failure of the entire bundle [27,28]. Above the critical cutoff 0 > &0,
the distribution p(es,) is sufficiently broad so that avalanches have the opportunity to stop. Hence, in this parameter
range the fracture process is accompanied by a sequence of avalanches making the response of the bundle quasi-brittle.
Analytical calculations and computer simulations have revealed that in the limit of an infinite cutoff ,, — oo the
fracture process remains stable during the entire loading process in the sense, that no catastrophic avalanche occurs and
the overall response of the bundle shows analogies to ductile failure. For ELS, the phase boundary ef,,(1t) separating the
perfectly brittle and quasi-brittle phases can be obtained analytically [27-29]

¢ B Emin
Emar( ) = = e (2)
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Fig. 1. (a) Schematic representation of the model construction: parallel fibers are arranged on a square lattice. The bundle is loaded parallel to the
fibers’ direction. The colored fibers illustrate that the load of a broken fiber is equally shared by its (at most four) nearest neighbors. (b) Stress
distribution in a relatively small fiber bundle of size L = 101. Localized load sharing results in a high stress concentration so that fibers along the
perimeter of broken clusters (cracks in the model) experience an elevated load. The larger the crack is, the higher stress accumulates on perimeter
fibers giving rise to an evolving inhomogeneous stress field.
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Fig. 2. Phase diagram of the ELS FBM with the threshold disorder Eq. (1) on the i — &g plane. The continuous line represents the phase boundary
given by Eq. (2). Ductile behavior is obtained in the limit &yq — 00.

The phase diagram of Fig. 2 provides an overview of the different types of responses of ELS FBMs with the fat tailed
strength disorder Eq. (1) on the u — epne parameter plane. Note that for 4 > 1 the system is in the perfectly brittle
phase at any cutoff values, hence, the critical value of the strength exponent u. at the infinite cutoff is u, = 1. To
characterize the cutoff of the distributions it is instructive to introduce the relative distance from the phase boundary
A = &max/€5q(0) — 1, which can take values between 0 and oo to cover the quasi-brittle and ductile phases. To classify
LLS simulations we start from the ELS phase diagram (Fig. 2) selecting u — A parameter pairs for computer simulations
and compare the results to their ELS counterparts. The phase boundary between the perfectly brittle and quasi brittle
behaviors was obtained analytically for the limit of infinite system size, however, for finite systems fluctuations may
occur, which makes the transition less sharp. In fracture studies scale free disorder distributions were first introduced in
Ref. [30] with the additional freedom that instead of a power law tail towards the large thresholds, a power law decrease
towards zero strength can also be considered with a finite upper cutoff. Recently, it has been shown that the nature of
the brittle to quasi brittle transition is different in the two cases [31]. Following our former studies, here we consider only
Eq. (1) for the threshold distribution to be able to compare our LLS results to their ELS counterparts [13].

In an LLS FBM fibers breaking in an avalanche form a connected cluster, which can be considered as a crack in
the model. Hence, the avalanche stops when all intact fibers along the perimeter of the cluster can sustain the load
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Fig. 3. Sequence of breaking avalanches up to failure at two different disorder exponents © = 0.8 (left column) and x = 0.1 (right column) varying
the cutoff strength A in broad ranges: (a) 1.5, (b) 50, (c) 103, (d) 1.5, (e) 50, (f) 10°. The size of avalanches A, is presented as a function of their order
number n. The yellow line indicates the moving average of the burst size considering 50 consecutive events. In (c) and (f) record size avalanches
are highlighted in red. (f) also demonstrates the definition of the lifetime m; of records.

accumulated from the interior of the cluster. As the external load increases, new cracks nucleate and the existing ones
gradually grow, hence, the stress field on the surviving intact fibers becomes more and more inhomogeneous. This is
illustrated in Fig. 1 for a lattice of size L = 101, where fibers are colored according to the load they keep. The accumulated
load on perimeter fibers of broken clusters makes them more prone to breaking. It is an important characteristics of our
model that it has two sources of disorder, i.e. the random strength of fibers, which is quenched, and the stress field
which evolves as fibers breaks. The degree of strength disorder can be controlled by varying the parameters x and A of
the threshold distribution p(ey,), while the stress disorder is determined by the range of load sharing, which is fixed to
nearest neighbors. The competition of the two disorders leads to a complex evolution of the fracture process through
avalanches of fiber breakings.

Our goal is to give a quantitative characterization of the series of breaking avalanches, in particular, to analyze if
signatures of the impending global failure could be pointed out in the avalanche sequence when stress concentrations
are present in the system. We performed computer simulations on a square lattice of size L = 401, with periodic
boundary conditions in both directions, generating quasi-static fracture processes varying the upper bound A and the
exponent p of the threshold distribution in broad ranges. To understand how the localized load redistribution and the
emerging inhomogeneous stress field affect the evolution of the system, we compare the results to the case of equal
load sharing, where the stress field remains always homogeneous. To analyze the sequence of breaking avalanches we
apply the methods of record statistics which have proven powerful in fracture studies [13,16,32,33]. In the data analysis,
quantities of interest were averaged over K = 2000 samples for each parameter set.

3. Evolution of the sequence of breaking avalanches

Avalanches of breaking fibers generated under a slowly increasing external load are analogous to the acoustic outbreaks
observed in real measurements. The acceleration of the crackling activity forms the basis of failure forecast methods
[10,34]. Hence, it is a crucial question how the interplay of materials’ disorder and the inhomogeneous stress field affects
the acceleration preceding global failure. Fig. 3 presents the sequence of avalanches of LLS bundles by plotting the size
of bursts A, as a function of their order number n = 1, ..., nyq up to global failure for several parameter sets. Here
Nmex denotes the total number of avalanches up to failure. It can be observed that for a high exponent © = 0.8 where
the threshold distribution Eq. (1) rapidly decreases (Fig. 3(a, b, c)) the event series remains nearly stationary at all cutoff
values 1, i.e. no sign of acceleration can be inferred by visual inspection. At a significantly lower exponent i = 0.1 where
the strength distribution decays slowly (Fig. 3(d, e, f)) the same behavior is observed for low A values close to the phase
boundary of brittle failure (Fig. 3(d)), i.e. fracture of the bundle evolves in a stationary way where the avalanche size A
fluctuates about an average value (A). However, for higher cutoff values (Fig. 3(f)) the avalanche size tends to increase
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Fig. 4. Average size (A’r‘) (a) and average lifetime (my) (b) of records as a function of their rank k for an infinite upper cutoff of fibers’ strength
A = oo for the same exponents w. Apart from fluctuations at the highest ranks, both quantities increase monotonically with k. (c¢) The average
number of records (N,) which occurred up to the event number n. The dashed straight lines represent logarithmic curves with slopes B = 0.3 and
B=1.1.

in the vicinity of global failure. This acceleration of the breaking process becomes more pronounced at an even higher
cutoff, where the increase of the burst size sets on earlier making the acceleration regime broader.

Our goal is to give a quantitative characterization of the transition from stationary evolution to acceleration as
the system approaches failure, while the competition of the strength and stress disorders is controlled by varying the
parameters y and A.

3.1. Record breaking events in avalanche sequences

To analyze the evolution of the sequence of breaking avalanches we focus on the record size avalanches of the fracture
process. A record is an avalanche which has a size A, greater than any previous event. Records are identified by their rank
k=1,2,..., knw wWhich occurred as the nith event of the sequence of avalanches. By definition the first burst of the
fracture process is a record with k = 1 so that n; = 1 follows. Starting from the first record all subsequent records can
be found as those bursts which break the previous record. It can be observed in Fig. 3 that records form a monotonically
increasing sub-sequence of the crackling event series, but the size of records A¥ of a given rank k may still have strong
sample-to-sample fluctuations.

As fracture of the bundle proceeds records get broken after a certain number of avalanches which defines the waiting
time my between consecutive records

My = N1 — Mg (3)

The quantity my is also called as the lifetime of the kth record. For the last record of rank kg the lifetime is defined
as My, = Nmax — Nkyg- The definition of records is demonstrated in Figs. 3(c, f), highlighting the record breaking (RB)
events of two event series. It can be observed in Fig. 3(c) that for a nearly stationary event sequence only a few records
occur N* = 5 up to failure in spite of the relatively large number of events nyq ~ 45.000. When the fracture process
accelerates in the vicinity of failure (see Fig. 3(f)) a larger number of records can be identified N/ = 9. Additionally, it
can be inferred that as acceleration sets on record breaking also accelerates indicated by the decreasing lifetime mj of
records.

3.2, Record statistics of avalanches at infinite cutoff strength

It is a great advantage of using record statistics that for sequences of independent identically distributed (IID) random
variables several important characteristic quantities of records can be obtained in closed analytical forms. These analytic
solutions showed a high robustness of the record statistics of IIDs with quantities being independent of the underlying
distribution of individual events. In our study of the evolution of the avalanche sequence of LLS bundles, we use the IID
results as a reference which can be expected to well describe the limiting case of the dominance of strength disorder
A — oo. Characteristic quantities of the RB process of this limiting case are illustrated in Fig. 4 for several values of
the disorder exponent u. The figure presents the average size (A’,‘) and average lifetime (my) of consecutive records as
a function of their rank k, along with the average number of records (N,) which occurred up to a number n bursts are
generated in the evolving system. Of course, the size of records monotonically increases in all cases and tend to saturate for
large ranks (Fig. 4(a)). However, it is interesting to note that as u increases, i.e. the degree of strength disorder decreases,
both the size of records at a given rank k and their highest rank k4, reaches higher values. It shows that at lower disorder
the fracture process is characterized by a more intensive record breaking activity. Since records grow monotonically, it
becomes harder and harder to break a new record so that in Fig. 4(b) the lifetime (my) also monotonically increases apart
from some fluctuations at the highest ranks. For higher exponents u the plateau value of (my) shifts downward, which
indicates the acceleration of record breaking as the strength disorder is lowered.
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Fig. 5. Probability distribution of the lifetime p(m) (a) and size p(A,) (c) of records in the LLS FBM at an infinite cutoff strength A = co. (b) and (d)
demonstrates that rescaling both axis with a proper power of the distances from the critical point pu. — w the distributions obtained at different n
exponents can be collapsed on the top of each other. Best collapse is obtained with the exponents @ = 0.8 and g = 2.3, in (b) and (d), respectively.
The two straight lines represent power laws of exponent —1 and —0.7 in (b) and (d), respectively.

Fig. 4(c) demonstrates that the average number of records (N,) increases logarithmically with the number of events n
for all disorder exponents u considered

(Ny) =A+Blnn. (4)

The value of A was found to fluctuate between 0.6 and 1.0, while B is an increasing function of u since at lower disorder
(higher w) a larger number of records occurs up to the same number of avalanches n. Note that the size of records
A’r‘ of a given rank k, their lifetime m; and the total number of records that occurred up to failure all have sample-to-
sample fluctuations. The sample averaging is responsible for the fluctuations of the curves observed at high record ranks
in Figs. 4(a,b) and at the end of the (N,) curves in Fig. 4(c).

A more detailed view on the statistics of records is provided by the probability distribution of the lifetime p(m) and
size p(A,) of records which are presented in Fig. 5(a) and Fig. 5(c), respectively. At all disorder exponents u the lifetime
distribution exhibits a power law decay

p(m) ~m™, (5)
with the same exponent z = 1 which coincides with the corresponding results of IIDs [14,15,35] (see Fig. 5(a)). It can be
observed that the value of x only controls the cutoff of the distribution which decreases as the degree of disorder gets
reduced. Fig. 5(b) demonstrates that rescaling the lifetime distributions with an appropriate power « of the distance from
the critical point u (A = oo) = 1, the distributions obtained at different x values can be collapsed on the top of each
other. Best collapse is obtained with the exponent « = 0.8. The size distribution of records p(A,) is not expected to show
a universal behavior since it must depend on the underlying distribution of avalanche sizes p(A). In Fig. 5(c) a power law
behavior of p(A,) is evidenced

p(A) ~ AT, (6)

which is followed by an exponential cutoff. Reducing strength disorder by increasing the exponent w the functional form
of the distribution remains robust, only the cutoff record size A7 shifts to higher values in agreement with the behavior
of the average record size in Fig. 4(a). Applying the same rescaling transformation as for the lifetime distribution but with
a different critical exponent 3, the distributions of different x can be again collapsed on a master curve. Best collapse is
achieved in Fig. 5(d) with the exponent 8 = 2.3. The high quality data collapse of the distributions of the lifetime and
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size of records implies the validity of the scaling structures

p(m, & = o0, u) = (pe — pu) *@(m/(pc — pn)*), (7)
p(Ar, A =00, 1) = (ue — W (Alpe — n)), (8)

where . = 1 and the scaling functions @(x) and ¥(x) have a power law behavior over a broad range ®(x) ~ x~* and
¥(x) ~ x~ . The two exponents z and t, were determined by fitting straight lines in Figs. 5(b,d) z = 1 & 0.05 and
7, = 0.7 £ 0.04. The scaling analysis implies that in the limit of high disorder A = oo the average values of the longest
lifetime (m™*) and largest size (A;’“’") both have a power law dependence on the distance from the critical disorder
exponent p (A =o00)=1as

~ (I’LC - I’L)a’ (9)
(A7) ~ (e — )7, (10)

so that (m™>) tends to zero, while (A™™) diverges in the limit . — .

In ELS FBM a similar scaling behavior has been obtained for the probability distribution of the lifetime and size of
records, however, with different critical exponents 7. = 1.0, 8 = 1.8, and z = 1.0, « = 1.0 [13]. The lower value of t,
and higher value of 8 in LLS FBM show that stress inhomogeneities give rise to a higher fraction of larger records and
a faster divergence of the characteristic record size than the homogeneous stress field. The independence of the value
of z from the range of load sharing indicates that in both ELS and LLS cases the strength disorder controlls the breaking
process making the avalanche sequence similar to IID sequences. The lower cutoff exponent « of the record lifetime in
LLS FBMs implies a slower convergence of the characteristic lifetime to zero as the critical exponent . is approached
compared to the ELS case.

It is important to note that the above behavior of the record size, lifetime, and record number is completely consistent
with the record statistics of IIDs, showing the high degree of stationarity of the sequence of avalanches in the limit of an
infinite upper cutoff of fibers’ strength. The results imply that in spite of the stress localization around broken clusters
of fibers, the slowly decaying broad distribution of failure thresholds ensures the dominance of strength disorder in the
evolution of the fracture process destroying all effects of spatial correlations.

()

3.3. Record breaking avalanches at finite cutoff strength

As the cutoff strength of fibers A takes finite values and approaches the phase boundary between the perfectly brittle
and quasi-brittle phases from above (see Fig. 2), the stress concentration around broken clusters can have a stronger and
stronger effect on the evolution of the breaking process.

The average size of records must be a monotonically increasing function of the record rank at any degree of disorder
qualitatively similar to the one presented in Fig. 4(a) for an infinite cutoff A = co. More interesting behavior is expected
for the average record lifetime (m;) which is sensitive to the internal structure of the event sequence. It can be observed
in Fig. 6(a) that for a low exponent u = 0.1, where the distribution of breaking thresholds decays slowly, the average
lifetime (m;) has a complex dependence on the upper cutoff of fibers’ strength A: Close to the phase boundary of perfectly
brittle behavior . — 0 the (my) curves monotonically increase with the record rank k showing the slowdown of record
breaking as fracture proceeds. The same behavior is observed in the opposite limit A — oo, although, the curves saturate at
significantly higher lifetime values which indicates that at higher disorder it takes longer to break a record. It is interesting
to note that there is an intermediate cutoff range where the lifetime curves develop a well defined maximum at a
characteristic record rank k*. The result implies that the initial slowdown of record breaking is followed by an acceleration
which sets on at the rank k*. The slowdown is consistent with the IID behavior which indicates that in spite of the stress
concentration around broken clusters the beginning of the fracture process is dominated by the strength disorder of fibers
which gives rise to a high degree of stationarity of the avalanche sequence. Beyond the characteristic rank k* the records
rapidly follow each other due to the increase of the avalanche size as the system approaches global failure.

Fig. 6(b) demonstrates that the average number of records (N,) exhibits the same two-phase behavior, i.e. the beginning
of the fracture process is characterized by a logarithmic increase of the number of records consistent with Eq. (4) of IID
sequences. However, at a characteristic event number n* a faster increase sets on due to the rapid breaking of records after
each other. The data analysis showed that the characteristic event index n* is related to the record rank k* as n* ~ n«,
which provides a good approximation of the crackling event from which the avalanche activity gets more intensive. It
follows that the start of accelerated record breaking n,+ can be used to identify the onset of acceleration of the fracture
process towards failure. This is illustrated in Fig. 6(b), where the value of ny+ corresponding to the curve of A = 10% with
k* = 7 is highlighted by the dashed lines. It can be observed that ny« falls close to n* which is determined by fitting as
the parameter D of Eq. (11) (explanation see later). Note that increasing the degree of strength disorder in Fig. 6(b) by
increasing the cutoff strength A, the slope of the (N,) curves decrease which indicates that up to the same number of
events less records emerge in the avalanche sequence. In the limit of very large cutoffs A — oo the acceleration regime
gradually disappears and the curves converge to the case of disorder dominated fracture with a purely logarithmic increase
of (N,) as in Fig. 4(c).
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Fig. 6. Average lifetime (my) as a function of record rank k (top row) and the average number of records (N,) that occurred up to the nth avalanche
(bottom row) for two values of the disorder exponent x = 0.1 (a,b) and © = 0.9 (c,d). In (b) the thin dotted lines represent fits with the expression
Eq. (11). In (a) the vertical dashed line highlights the record of rank k* = 7 which has the maximum lifetime at A = 10°. In (b) the vertical and
horizontal dashed lines guide the eye to identify the event index ny+ for k* = 7 which falls close to n* = D, where the rapid increase of the
{Na(A = 10%)) curve sets on.

It can be observed in Figs. 6(c, d) for « = 0.9 that at higher strength exponents , i.e. at lower disorder, the accelerated
record breaking is practically entirely missing. In spite of the fact that more records are generated the record lifetime (m;)
remains monotonous up to the highest rank (Fig. 6(c)), and the record number (N,,) is purely logarithmic for all values of
the upper cutoff (Fig. 6(d)). In this disorder range the stress concentration dominates the fracture process which favors
shorter avalanche sequences with a nearly stationary evolution. Note that the characteristic quantities of records such as
their size A’r‘ and lifetime my, furthermore the total number of records N, that occurred up to a given event number n
all have sample-to-sample fluctuations. The sample averaging is responsible for the fluctuations of the curves observed
at high record ranks in Figs. 6(a,c) and at the end of the (N,) curves in Figs. 6(b, d).

4. Significance of accelerated record breaking

To give a quantitative characterization of the effect of strength disorder on the acceleration of the RB process, first we
fitted the (N,) curves with the formula

(Na) = A+ Blnn + Ce" /D) (11)

which is the extension of the logarithmic increase of Eq. (4) with a term representing the acceleration by an exponential. It
can be observed in Fig. 6(b) that Eq. (11) provides a reasonable fit of the simulation results. The parameters A, B, C, D, and
& all depend on the disorder parameters: careful data analysis revealed that the values of A and C fluctuate in the ranges
0.5-1.0 and 0.6-0.8, respectively. Parameter B characterizes the rate of increase of the record number in the stationary
logarithmic regime. It can be seen in Fig. 7 that its value monotonically decreases with increasing cutoff strength A towards
the limit value obtained when A = +o00. The value of D corresponds approximately to the event n* of the sequence
where the accelerated record breaking sets on D =~ n*. It follows that when D is compared to the average value of the
total number of events (n,q) in the fracture process, the extension of the accelerating regime preceding failure can be
inferred. For small and very high disorder the ratio D/ (nnq) falls close to 1 (see Fig. 7), indicating that acceleration is
very short. However, in between a minimum emerges, where D/ (n;,q¢) & 0.5, which implies that in the corresponding
disorder range a significantly broad acceleration regime emerges. The rate of acceleration is controlled by the exponent
&, whose value spans the range 1 < & < 7 in Fig. 7. It is important to note that high exponent & is connected to high
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Fig. 7. The value of the parameters B,D and & of Eq. (11) obtained by fitting the (N,) curves in Fig. 6(b). Parameter D is rescaled by the average
value of the total number of avalanches (n;q), i.e. by the length of the avalanche sequence.

Fig. 8. (a) Average difference (§k) of the largest record rank and of the rank of the record with the highest lifetime (k) = (kmqs — k*) as a function
of the cutoff strength A for several values of the exponent . (b) Average value of the longest lifetime (my+) (open symbols) and the average lifetime
of the last record my,,, (filled symbols) as function of the cutoff strength A for several values of the exponent .

values of D/ (npnqy), i.e. to short acceleration with a steep increase of (N,). When failure is preceded by a broad accelerating
regime the exponent has a minimum close to 1.

To obtain an overview of how the competition of strength and stress disorder affects the acceleration of the RB process,
observed in the behavior of the average lifetime (my) in Fig. 6(a), we determined the average difference of the largest
record rank k. and of the rank k* of the record with the longest lifetime

(8k) = (kmax — k*). (12)

This quantity characterizes the significance of the accelerating regime of the RB process in the sense that a high value
of (8k) implies a large number of records following the one of the longest lifetime. Fig. 8(a) presents (§k) as a function
of the cutoff strength A for several exponents . It can be seen that at each w value the (8k) curves have a maximum
which gets higher and broader and slightly shifts to the right as the strength exponent n decreases. In agreement with
the above findings, at the highest exponents © = 0.8 — 0.9 considered the value of the maximum falls between 1 and 2,
which shows that practically no acceleration of the RB process can be detected. A significant acceleration with at least 5
records emerges only for sufficiently low exponents © < 0.3, where the strength distribution decays slowly. Far from the
maximum, i.e. close to the phase boundary of perfect brittleness A — 0 and in the limit of very large cutoffs A — oo, the
value of (§k) falls below 1 due to the absence of accelerated breaking.

It is also a crucial question how quickly the records of the accelerating regime follow each other. To answer the question
we compare the average lifetime of the last record (mkm) and the average of the longest lifetime (my+) in the avalanche
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sequence. It can be observed in Fig. 8(b) that for high values of i the two curves practically coincide in agreement with
the absence of acceleration. Large differences of (my+) and <mkmax) are obtained again at lower exponents © < 0.3 in
well defined ranges of A consistent with the behavior of (§k) in Fig. 8(a). The results clearly demonstrate that in an LLS
FBM significant acceleration of the fracture process is limited to a well defined range of the strength disorder. When
acceleration of the avalanche sequence is present the event index of the record with the longest lifetime can be used to
identify the onset of acceleration which occurs sufficiently early before the ultimate failure of the bundle.

5. Discussion

Crackling noise accompanying the fracture of heterogeneous materials is one of the main information source about the
microscopic dynamics of fracturing solids. Analyzing the time series of crackling events it is a crucial question if signatures
of the imminent failure can be identified which could be used for forecasting. Here we investigated this problem in the
framework of a fiber bundle model with localized load sharing where avalanches of fiber breakings emerging under a
slowly increasing external load are analogous to crackling events of real systems. In the model the materials’ disorder
was represented by the random strength of fibers sampled from a power law distribution with a finite upper cutoff.
The degree of the disorder of fibers’ strength could be controlled by varying the exponent and the upper cutoff of the
distribution. We studied how the competition of the quenched strength disorder and the evolving inhomogeneous stress
field affects the structure of the sequence of breaking avalanches as the system approaches ultimate failure. Our analysis
is based on the statistics of records which has proven powerful in the mean field limit of the model where the stress field
remains always homogeneous [13].

We showed by computer simulations that for an infinite upper cutoff of fibers’ strength the stress concentration around
broken fibers has a minor effect on the fracture process: the statistics of record size avalanches proved to be completely
consistent with the behavior of IID sequences, which implies a stationary evolution of the avalanche sequence up to global
failure. When strength disorder is reduced by increasing the exponent of the threshold distribution, the avalanche activity
and the record breaking process get intensified, however, the qualitative IID features remain valid.

For finite values of the cutoff strength the interplay of stress and strength disorders gives rise to a complex behavior:
at high strength exponents, where the threshold distribution rapidly decays the evolution of the fracture process remains
close to stationary, practically without any sign of acceleration towards failure. Simulations showed that this is the effect
of stress concentration around cracks in the model which makes the response of the system more brittle. It means that
failure is preceded by a small amount of damage in such a way that only small isolated cracks occur in the bundle without
the opportunity to develop spatial correlation of avalanches. For slowly decaying distributions (small strength exponents)
we pointed out the existence of a window of disorder where the lifetime of record size avalanches has a maximum:
before the maximum the RB process slows down due to the stationarity of the avalanche sequence, however, beyond the
maximum lifetime acceleration emerges. Acceleration of the RB process means that records rapidly follow each other with
a decreasing lifetime due to the growing intensity of the breaking process. The characteristic record rank of the maximum
lifetime can be used to identify the onset of acceleration of the fracture process. Outside this disorder range, close to the
phase boundary of perfectly brittle behavior and in the limit of high cutoff strength, no acceleration is detected due to
the dominating effect of stress concentration and of strength disorder, respectively.

To quantify the extension of the accelerating regime we determined the average difference (5k) of the largest record
rank and of the rank of the record with the longest lifetime. Calculations showed that significant accelerated record
breaking with at least five RB events is obtained solely for sufficiently small disorder exponents, where the threshold
distribution of fibers decays slowly. The behavior of the average number of records, and the relation of the longest
lifetime and the lifetime of the last record also confirmed this outcome. In Fig. 9 we compare the behavior of (§k) over the
parameter plane of disorder u — &n,qx for LLS and ELS FBMs. It can be observed that the three-dimensional surfaces of the
two models have qualitatively the same shape: there is an optimal amount of disorder where the broadest accelerating
regime of the fracture process emerges. This occurs along the ridge of the two surfaces which are highlighted by the
thick red lines. However, two important differences have to be emphasized: (i) for LLS FBMs the ridge shifts to higher
strength cutoffs A, indicating that due to stress concentrations around broken clusters, at a given exponent u a higher
degree of disorder, i.e. a higher value of A is needed to stabilize the system. (ii) The LLS ridge is significantly lower than
its ELS counterpart, i.e. the accelerating regime has a narrower extension in the presence of stress concentrations. In ELS
FBMs the stress field is always homogeneous over the intact fibers so that the fracture process is driven by the disordered
strength of fibers and the gradually increasing stress. Our calculations showed that stress localization around cracks makes
overloaded fibers more prone to breaking, which prevents the emergence of long accelerating record breaking sequences
close to failure. The onset of acceleration of the fracture process detected with the acceleration of record breaking may be
exploited to obtain an early signal of the imminent catastrophic failure of the system. However, when stress concentrations
are present, this signal occurs significantly closer to failure than in a homogeneous stress field.

Our study is based on computer simulations of the localized load sharing fiber bundle model with a system size
L = 401, which makes it feasible to generate a reasonable number of samples for averaging at each parameter set
considered. The disordered strength of fibers gives rise to a statistical size effect of the ultimate strength of the bundle
which has been explored in the ELS limit of our model [28]. This size effect is expected to show up also in LLS bundles
affecting the record statistics of avalanches, as well, which will be explored in a forthcoming publication.
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A

Fig. 9. Average difference (5k) of the largest record rank and of the rank of the record with the highest lifetime (§k) = (kmq — k*) obtained from
computer simulations over the entire parameter plane. Dark green indicates the 3D surface obtained for LLS, while the yellow-light green color
shows the ELS counterpart of the system. The continuous red lines highlight the ridge of the two surfaces.
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