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Abstract. The patterns of multiple fractures in carbon steel specimens at different stages of tension,
cyclic and dynamic loading were studied; characteristics of damage accumulation were estimated
and the cumulative number-length distributions of microcracks were plotted. The parameters of
these distributions were compared with those of both the amplitude distributions of acoustic
emission signals during tension and the magnitude distributions of seismic events, which
accompany the formation of multiple faults in the earth crust before earthquake. The study allowed
us to found the similarity of the kinetic features of the damage evolution on different scales, to
establish general laws of damage accumulation, and to suggest a physical interpretation of the
parameters proposed for the earthquake prediction.

Introduction

Many examples of the similarity of the multiple fracture patterns observed on the micro-, macro-
and global level of the development of kinetic processes testify about the unity of nature and
possibility to use small specimens for modeling the kinetics of tectonic processes on the basis of the
approaches of the solid mechanics and physics of fracture. The founder of tectonophysics
M.V.Gzovskiy [1] has supposed that for such modeling, along with the above-mentioned
approaches, it is necessary to ensure both geometric and physical similarity. However it is not
always possible to fulfill this condition; therefore, another approach based on the similarity of the
basic kinetic regularities was used. Such a similarity of the fracture kinetic processes on different
scale levels will be discussed below.

Localized zones of deformation and fracture

Damage evolution on any scale level begins with a localization of deformation or fracture near
structural or mechanical stress concentrators. Information about the strain localization process can
be obtained using the method of replicas of the lateral surface of specimens taken at different
loading stages.

Fig. 1. Change in area of a plastic zone on the lateral side of low-carbon steel specimen under cyclic
tension with increasing a number of cycles (the loading direction is shown by arrows).
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Under tension (or cyclic loading) of smooth specimens performed from a ductile material, the
localization of deformation is related to the formation of the Liiders bands, their passage along a
specimen and increase in the band width, which leads to the development of the continuous
deformed region. The crack initiates inside the deformation zone (Fig. 1), and structural and
mechanical concentrators facilitate this process.

Localization of deformation in the smooth specimens made of the same steel that is in a quasi-
brittle state resulting from the natural aging, is also connected with the passage of Liiders's
macrobands. However in this case, the density of these bands is lower than that in the ductile
material; the continuous plastic zone is not formed, and no slip inside grains almost is observed.
This leads to the formation of microcracks at the initial stage of deformation and their elongation.
Similar microcracks are also found in brittle and quasi-brittle rocks.

i
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Fig 2. Plastic zones at the notch tip of low-carbon steel specimens (a, c, €) 2.5 and (b, d, f) 16 mm
thick at different loading stages under relative loads P/P,,. of (a, b) 0.6, (c, d) 0.8 and (e, ) 0.9.

At testing a notched specimen, the localized zone is formed near the notch tip. As the specimen
thickness increases, a radius of plastic zone under tension is known, to reduce. This leads to a
change in the local stress state of material, that is accompanied by a reduction in fracture toughness
and a change in the shape of plastic zone (Fig. 2).

A similar change in the shape of plastic zone was revealed also on the microlevel, i.e. in studying
the zone of strain localization at the tips of sulfide inclusions with the length of 0.5 mm by
microhardness measurement. The specimens from low alloyed steel were hydrogen charged at a
tensile load with different holding periods in this corrosion medium. The microhardness
measurements in several directions in relation to the sulfide axis showed that a holding in the
corrosive medium leads to a decrease in the plastic zone and change in its shape that is similar to
that in the shape of the macro-zones of plastic deformation in the range of transition from the plane
stress to the plane strain state (see Fig. 2). The results have shown also that two plastic zones with
different hardening degree appeared at the inclusion tips similar to the formation of two plastic
zones at the main crack tip under tension.

The picture of strain localization at cyclic loading of notched specimen from the same steel depends
on the stress amplitude, namely, a number of microcracks are formed at the low stress amplitudes,
whereas cascade of expanding plastic zones appears at the high amplitudes (Fig. 3). This fatigue
fracture mechanism at the low stress amplitudes seems to be similar to mechanism of the slip-strike
growth of cracks in rocks (see the left top micrograph in Fig.3).
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The dynamic loading of shells at a rate exceeding of 1000 m/s leads to a multiple fracture with the
formation of numerous shear and rupture microcracks surrounded by a zone of pores.

Thus, the shape of the localized zones is determined by loading conditions, properties of material,
and geometry of specimen or inclusion. With increasing load before a critical event (specimen
fracture), the size of zones or the number of multiple fracture origins grows. This is demonstrated
also by data on the acoustic emission measured during experiment [2]: in testing the specimen, the
correlation radius of acoustic activity grows and corresponds to the radius (or length) of plastic
zone, which exceeds the length of the microcracks formed in the zone by 1-3 orders of magnitude.

dUdN, m /cycle

30 35 40 \
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Fig. 3. Kinetic diagram of the fatigue fracture of low-carbon steel and plastic deformation zones at
different stages of a crack growth. (The distance between marks on the specimen surface is equal to
1 mm; the loading direction is perpendicular to the crack growth one. The left top micrograph
shows a trajectory of the main crack at AK = 22 MPa\/m).

The same process occurs also on the global level during the development of faults of the rocks. The
approach a critical event (the earthquake), which is accompanied by the appearance of faults leads
to an increase in the seismic activity area characterized also by the correlation radius.
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The measurement of both the length (R,) of the plastic zone accepted for a correlation radius of the
damage accumulation process, and corresponding energy of fracture (E) at different loading stages
that was evaluated from the area under deformation curve allowed us to plot the dependence of R,
on the fracture magnitude M* for low carbon steel specimens [3]. The fracture magnitude was
calculated [4] by the relationship utilized in seismology: 1.5M= log E - 4.8 (J). The results of these
estimations showed that the fracture localization zone in the laboratory specimens differening in
thickness was proportional to the fracture magnitude log R, ~ 0.94 M*. The dependence obtained is
found to be similar to that characterizing a change in the correlation radius R¢ of seismic activity in
different regions of the world, which is proportional to the magnitude M of the earthquake: log R¢ ~
of 0.44 M5, 6].

Structure of fracture localized zones

Let us examine now the structural level of the response of material on the applied load that is
characterized by defects from 5 to 500 pum in size, i.e., differing from the localized zone sizes by 2-
3 orders of magnitude.

The beginning of tensile deformation of a specimen made of a ductile material is accompanied by
the appearance of chains of pores along the grain boundaries located near the notch tip (Fig. 4, a).
Then slip bands inside the grains are developed, and the deformation zone is formed. The pores are
accumulated in the slip bands and microcracks appear as a result of their coalescence.

Under cyclic loading of smooth specimen, deformation of grains is considerably smaller, but the
fracture sequence remains the same: first, the deformation is located at grain boundaries, at which
pores appear subsequently. With increasing load, transgranular slip is developed, clusters of the slip
bands, chains of pores in the bands and in mechanical stress concentrators (scratches) appear (Fig. 4
b). With increasing deformation, the density of slip bands grows, the clusters of slip bands appear,
the pores are formed inside the bands, the distance between the pores in the chain approaches a
diameter of pore itself; after that pores merge and microcracks, the majority of which has a size
close to an average grain diameter, are formed.

N
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Fig. 4. Structure of plastic zone (e) in notched low-carbon steel specimens tested at tension and in
(b-d) smooth specimens from the same steel tested under cyclic loading

Then chains or clusters of the defects of the next hierarchical level (microcracks) appear, length and
opening of these defects grow (Fig. 4 ¢, d). The process of the damage development is accompanied
by shear along the grain boundaries that manifests itself in the displacement of the scratch line of
(Fig. 4, ¢). In parallel with the process of the damage accumulation in the central zones of specimen,
numerous microcracks are developed from defects on the lateral specimen side, one of which
becomes the origin of the fatigue main crack. In quasibrittle materials no macrozone of plastic
deformation is formed, and microcracks appear at the initial stage of deformation.

Under dynamic loading, numerous shear microcracks (Fig. 5, a) and the bands of adiabatic shear
(Fig. 5, b, ¢) with the pores are observed. The coalescence of the pores leads to the formation of
new shear cracks. Near the cracks, the region of multiple damage (Fig.5, b) accompanying the shear
crack development is revealed.
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Thus, for all types of loading, the damage development at different hierarchical levels is related to
the formation of chains of defects, during the coalescence of which a defect of the next level
appears.

Fig. 5. Structure of fracture localized zones at dynamic loading

As is followed from many studies on seismology, the formation of faults in the earth crust is also
caused by appearance of chains of small faults whose coalescence leads to the appearance of longer
faults accompanied by earthquake of large magnitude. The forming of the chains of small faults
must to be reflected in the appearance of chains of seismic events. Indeed, the algorithm of the
earthquake prediction proposed recently and approved in practice [7] is based on the revealing and
registration of such chains, which are the precursors of large earthquakes.

Cumulative number-length distributions of microcracks and amplitude distributions of
acoustic emission signals

The use of replicas gives the possibility not only to measure the plastic zones and to study their
structure, but also to plot the number - length distributions of microcracks at different loading
stages. The maximum number of microcracks measured for each specimen was 1500-10000; it
depended on the material damage at the studied loading stage. The results of measurements were
used for plotting the cumulative number-length distributions of microcracks, i.e., the distributions
of the total number (V) of microcracks with the length (/) equal or more than each measured length.
In plotting the distributions, the microcrack length changes by 1.5 - 2 orders of magnitude.
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Fig. 6. (a) Cumulative number — length distributions of microcracks at tension of low-carbon steel
specimens and (b) amplitude distributions of acoustic emission signals received during loading

It was found that, at the initial stages of tension of the notched specimens, the distributions of
microcracks are described by simple exponential function:

lg N¢ = A- exp(-cl), which changes to the power relation: Ig Nc = B- b¢ lglc as a result of both
coalescence of microcracks during damage development and increase in the number of long cracks
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(Fig. 6, a). The change of the cumulative microcrack distributions manifests itself in similar change
of relations describing the amplitude distributions of the acoustic emission signals. In the beginning
of loading (Fig. 6, b curve 1), these distributions were described by exponential function

lg Nyg =D - exp(-c4g ), which changes to power function: 1g Nyg = B-b g 1g L4£.

The form of cumulative curves at the cyclic loading of smooth specimens from the steel investigated
obeys the exponential dependence, although it depends on the degree of the material embrittlement.
As it follows from Fig.7a, the natural aging of steel results in an increasing the maximum
microcrack length and a reduction in their number [8]. In testing the notched specimens made of
steel in the ductile state, the change of the functions describing the distributions of microcracks was
found to be similar to the change of relations revealed at tension (Fig. 7, b).
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Fig. 7. (a) Cumulative number — length distributions of fatigue microcracks in low-carbon steel
specimens: (I) the steel in the initial state and (II) after the natural aging (b) the distribution of
microcracks in the notched specimen at different distances from the fracture surface.

The analysis of the distribution curves of microcracks and acoustic emission signals showed that the
damage development leads to a reduction in the exponents of the functions describing these
distributions. The same conclusion was made, also, based on the data of the amplitude distributions
of the acoustic emission signals at tension of DCB-specimen after holding in a corrosion medium
[9]. In this case we observed the reduction in the b g - exponent before the jump of brittle crack
related to a drop in the load. This shows that the reduction in the b-exponents can be a consequence
of the fracture mechanism change.
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Fig. 8. (a) Cumulative number - mass distributions of fragments (a) formed at the dynamic fracture
of shells from steels with different composition and different mechanical properties and (b) the
dependences of yield strength and (c) the fibrous area of the fracture surface of the specimens made
of material of shells on the characteristic mass (1/mo) of the fragments
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The similar conclusion was made, also, in studying the dynamic fracture [2] (Fig. 8). The data
presented in the Fig. 8 show, firstly, that the number - mass distributions of fragments of shells
made of 14 different steels may be described by a simple exponential function:

> N~ Noexp (- m/mo),

and, secondly, that the exponents of these distributions (1/mo) are determined by the mechanical
properties of the fragment material (Fig. 8, b, c). As is also seen from Figure 8 a, the curves of the
group 11, typical of the ductile materials approach the power N-m dependences.

In seismology the cumulative dependences of the number of seismic events (Ns) on their energy (E)
obey the known power relation of Gutenberg- Richter:

lgNSZCS—bslgE:CS—bsM

Although are there examples of the description of these distributions by simple exponential function
[10-12] in the literature. The distributions of the faults in the earth crust also are described by both
exponential and power relationships [13].

Stages of the damage accumulation

The estimation of J- integral at tension allows one to connect this parameter of fracture mechanics
with the observed stages of accumulation of pores and microcracks (Fig. 10) [14].
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Fig. 9. (a) Dependences of J- integral on the ratio of the current load to the maximum one and (b)
the dependences of the average length L,,, density of microcracks » and concentration criterion k£ on
the relative fraction of damages .

At different stages of tension, the average length of the microcracks L,,, their density #, fraction of
the damages o, and the values of concentration criterion k suggested in [15] and estimated by the
relation k = n ™"/ 2/ch were evaluated. Moreover, a fractal dimension of multiple fracture patterns
was estimated using the box-counting method [3].

Four stages of the damage accumulation were found. At the first (I) stage, in the notch tip of
specimen, slip bands appear and plastic zone is formed (before approaching the yield strength); at
the second stage (II), the formation and the accumulation of the microcracks occur. Interaction of
microcracks at the third stage (III) leads to their coalescence and initiation of macrocrack as the
critical value J¢ is reached. At the fourth stage (IV), the main crack appears in a secondary plastic
zone in its tip; the area of the damaged surface grows as a result of the opening of microcracks. The
development of the main crack leads to the complete fracture. Values J; and J, characterize the
metal resistance to the initiation and accumulation of defects and can be used to control and modify
the material structure.
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Changes of the damage parameters at the observed stages of multiple fracture are shown in Fig. 9,
b. It follows from the graphs that the critical situation appears at reaching the area of damages (©*)
close to 10%, when the microcrack opening increases, density of defects decreases as a result of
their coalescence, and concentration criterion falls to the constant value (k~1.5). The value of
®*=10% is close to the threshold of percolation for many systems; therefore, changes at the third
stage precede the critical event (specimen fracture). With reaching o*, the exponential relation,
which describes the cumulative distributions of microcracks and acoustic emission signals, becomes
close to the power relation, and exponents in these relations reduce. As was shown in [3], the fractal
dimension (Dc¢) of the pattern of microcracks continues to grow, but the rate of the growth is
considerably lower as compared to that at the initial stage of the damage accumulation.

The relationship between of the fractal dimension and b-—parameter was found to be linear:

D¢ = 2.86 - 0.67bc. It is similar to the dependence of the correlation fractal dimension Dg on bg.
parameter estimated based on the data of seismic activity:

Ds=2,3-0.73 by [16] and Ds=2,72 — 1.39 bs [17].

As it is noted above, the damage development leads to reduction in the exponents in the relations,
which describe the distributions of microcracks. This decrease becomes more substantial in the
beginning of coalescence of microcracks, i.e., in transition from stage II to stage III (Fig. 9).

In many studies on seismology, a similar reduction of the exponent bg in the power equation of
Gutenberg - Richter before the strong earthquake and decrease in the concentration criterion, which
is used in algorithms of earthquake prediction, are noted [18].

Moreover, in a number of cases, the seismic gap is observed before the strong earthquake. It is
connected to the sharp decrease of the number of seismic events and, consequently, also to the
decrease in exponent bs. As was shown in [4], the same acoustic gap is revealed before the fracture
of metallic specimen as a result of the initiation of main crack in the notch tip. The period of gap
(T4g), is determined by the length of stable crack on the fractures surface of steel specimens. It
depends on the strength, ductility of a steel, and radius of notch tip of the specimen (more precise,
on the stress state and the stress intensity factor for this material).

The lower the strength and the less the tendency of material to brittle fracture, the greater the period
of reduction in the acoustic activity and, therefore, the longer the period of stable growth of crack,
which is developed in this case at a low rate. An increase in the radius of specimen notch tip and a
reduction in the loading rate lead to the same effect.

Using the new parameter, the fracture magnitude (A*), which is evaluated by the relationship given
above, allows us to compare the magnitude dependences of the period of seismic gap (7s) before the
earthquake and acoustic gap (74z) before the specimen fracture. According to data [19], the period
of seismic gap obeys the relation: log 7s=1.2M-0.9. The period of acoustic gap observed at the
specimen fracture is described by similar relation: log T4z =0.5 M*- 0.5 [4].

Thus, the results of the investigation performed allows us to assume that the seismic gap, by
analogy with the acoustic gap, which is observed at fracture of metallic specimen, is connected with
the fracture localization in the earth crust, decrease of the fracture process zone, formation of the
main fault and its further stable development.

The described changes in the metallic specimen occur in transition from the stage III of damage
accumulation to the next stage IV (Fig. 9). It is known that such a transition is accompanied by the
acceleration of the damage development before the fracture and is described by the power relations
of L.V. Kachanov for the case of static loading or P.C. Paris for the cyclic one.

As was shown in [2, 20], the Q - function of the cumulative seismic deformation [21], and also S -
function [5], which is the weight sum of basic seismic events can be used as the analog of the total
damage of specimen at the analysis of seismic activity.
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Since these functions include both the number of events and their energy, they, as it seems, most of
all reflect the process of the gradual accumulation of damages before the main event, and they are
equivalent (in physical sense) to the damage measure introduced by L.M. Kachanov and Yu. N.
Rabotnov, that determines the total area of all damages and includes both the number and the length
of defects.

The carried out analysis of the foreshock seismic activity before the earthquakes for three regions of
the world [2, 20] with the use of the S - function confirms the regularities observed during the
development of damages in the metallic specimens. So, it was shown that the higher the magnitude
of future earthquake, the higher the average rate of the dissipation of cumulative seismic energy,
which as assumed to be proportional to the cumulative length of the faults formed.

Data of the estimation of the rate of change in the S- parameter (dS/dt) as a function of S and the
magnitude M of the forthcoming earthquake showed that the obtained kinetic diagrams are
described in their middle part by the power relation, similar in form to the Paris equation, describing
the rate of the fatigue crack growth:

ds/dt = A; (MNS)™

where m is the exponent that depends on a region; it was found to be close to the exponent in the
Paris relation that varies from 2 to 4 for the majority of metallic materials. Similarly to the diagram
of fatigue fracture, the kinetic diagrams of seismicity are characterized by the threshold value of the
parameter (M\/S),h.

A similar diagram of seismicity was plotted [2, 22] using data given in [21], in which the Q-
function was used to describe the acceleration of the seismic activity before the volcanic eruption.
This diagram shows that the rate of seismic process is connected with the Q- parameter by a power
relation.

Thus, the kinetics of the processes, which occur in the earth crust and are connected to the
preparation of earthquakes or volcanic eruptions, seems to be similar to the kinetics of damage
accumulation in the metallic specimens before fracture.

Summary

Analysis of damage accumulation process in metallic specimens under different loading conditions
with the use of mechanical and physical methods allows us to establish the following common
criteria characterizing this process on different scales:

e correlation radius of microcrack accumulation process (R,) and correlation radius of activation of
acoustic or seismic events(R¢);

e number (N¢), length (L¢) and density () of microcracks (faults) in the fracture localized zone,
fracture magnitude (M*);

e number (N¢) and magnitude (M) of acoustic (seismic) events;

e concentration criterion (k) of damage accumulation (microcracks, faults, acoustic or seismic
events);

e exponents in power (bc) and exponential (c) relations, describing cumulative distributions of
number of microcracks (faults) on their length, number of acoustic emission signals (seismic
events) on their magnitude (bug, bs, c4k, cs) and number of fragments on their mass (1/m,);

o time periods of acoustic (7ag) or seismic (7s) gap related to the formation of macrocrack (fault);

e total damage of specimen evaluated in using the relative fracture area (@), cumulative energy of
seismic events (S), cumulative seismic deformation (Q2);
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e rate of damage accumulation (dw/df), rate of increasing the cumulative energy of seismic events
(dS/df) and rate of change in cumulative seismic deformation (d€%/ dt );

o fractal dimension of multiple fracture pattern (Dc), acoustic (D4g) or seismic (Ds) events.
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