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AN INTEGRATED APPROACH TO ASSESSING SEISMIC
SIMULATION BASED ON ANALY SISOF PRESEISMIC,
COSEISMIC, POSTSEISMIC AND INTERSEISMIC CREEP,
AND CREEP DAMAGE EVOLUTION

TeopeTHuHi Ta YUCENBHI TOCTKEHHS TaHoi poOOTH HarpasieHo Ha gociimkenns Parkfield semmerpy-
ciB. ['0JIOBHI JOCITIKCHHS HAMTPABJICHO Ha TMOSICHEHHS BIUIMBY (i3nyHol Ta XimMidHOi qudys3ii, nedpopma-
il TOB3y4OCTi B JOCEHCMIYHOMY, CEHCMIYHOMY, HicIsICEHCMIYHOMY Ta MiXKCeHCMIYHOMY Iepiozax,
BKJIFOYAFOYH CTally CTAJiF0 MOB3y40CTi, AM(y3iiHOI MOB3y4IOCTi, IIMKIIYHOI Ta JMHAMIYHOI MTOB3Y4OCTi,
BEIIMKUX AedopMaiif, acHMeTpii OB3y4OCTi IpU PO3TAry Ta CTHCKAHHI, SBUIIA ALNATAHCI, aKTHBHOTO
Ta IaCHBHOI'O PO3BUTKY MOIIKOMXKYBAHOCTI, UKIIYHUX Bapialiii KpalOBIX yMOB, iCTOPil TEKTOHIYHHX
HaBaHTaXKEHb, CEIICMIYHOI aKTHBHOCTI 3eMHOI KOpH Ha (OPMYBAaHHS PO3JIOMIB Ta PO3PHBIB KOPH Ta
BIJINIOBIJITHO HA BUHMKHEHHS KaTacTpo(idHuX BHMaAKiB. OCHOBHI JOCHIIKEHHS CPOKYCOBAHO Ha JOCIIi-
JUKEHHI TOro, sk audysis, moceiicMiuHa, celicMiyHa, MicsCeliCMidHa Ta MiXKCEWCMiYyHA MOB3YUiCTh,
BeNuKi JedopMartii, po3BUTOK NPOLECIB MOIIKOKYBAHOCTI Ta 3aJIIKOBYBAaHHS, PyX (POHTY pyHHYyBaH-
Hsl, KpailoBi yMOBH MOXYTb OyTH 3Mozeib0BaHi juist po3yminas Parkfield semnerpycis Ta nporsosysas-
Hsl HOBUX PYHHIBHUX 3eMIETPYCIB.

In this paper, a comprehensive theoretical, numerical and computational investigation based on the
analysis of the Parkfield earthquakes will be carried out with the main focus directed at the understand-
ing on how physical and chemical transport phenomena, creep deformation with preseismic, coseismic,
postseismic and interseismic periods including steady-state static creep, diffusional creep, cyclic creep
and dynamic creep, large strains, tension/compression creep asymmetry, creep dilatancy, active creep
damage state (degradation) and passive creep damage state (healing), cyclic variations of velocities in
boundary conditions, and tectonic loading history affect fault diding, seismic activity in the crust sur-
rounding a fault including accel erated sei smic rel ease characterized by cumulative Benioff strain, spatio-
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temporal seismicity patterns, large earthquake cycle on the fault as well as future destructive events.
Furthermore, focus is put on how the diffusion, presaismic, coseismic, postseismic and interseismic
creep processes, large strains, creep damage evolution including degradation and healing, movement of
the front of creep rupture, boundary conditions as well as tectonic loading history may be modeled in
order to understand the workings of the Parkfield earthquakes and to predict new destructive earth-
quakes within a much shorter time frame than currently possible.

Introduction. The specific objectives of our international cooperation are:

to identify the features of creep deformation and damage evolution with
preseismic, coseismic, postselsmic and interseismic periods,

to develop an integrated three-dimensional micro-meso-macro constitutive
framework at large strains based on the modeling of diffusional creep, cyclic creep,
dynamic creep and creep damage evolution including degradation and healing in
the seismogenic zone, and of steady-state static creep in the surrounding crust that
will then be used to calculate the time dependent distribution of stresses, strains
including cumulative Benioff strain, and creep damage along the San Andreas
fault's flanks as well as to generate an earthquake cycle with distinct preseismic,
coseismic, postseismic and interseismic periods, and foreshock-mainshock-
aftershock sequences, and additionally to predict new destructive Parkfield earth-
quake within a much shorter time frame than currently possible,

to establish a relation between transport phenomena, preseismic, cosals
mic, postseismic and interseismic creegp processes at large strains, ten-
sion/compression creep asymmetry, creep dilatancy, creep damage evolution in-
cluding degradation and healing in the seismogenic zone, movement of the front of
creep rupture, cyclic variations of velocities in boundary conditions, tectonic load-
ing history and evolution of stresses, strains including cumulative Benioff strain,
and creep damage aong the San Andreas fault's flanks, and fault diding, spatio-
temporal seismicity patterns, self-driven mode switching of earthquake activity on
the fault, large earthquake cycle on the fault and foreshock-mainshock-aftershock
sequences,

to incorporate an integrated micro-meso-macro constitutive framework at
large strains developed in this project as well as an integrated constitutive frame-
work developed by Ben-Zion and Lyakhovsky (2006), into the ANSY S codesin a
form of the computer-based structural modelling tools for analyzing the distribu-
tions of stresses and gdrains along the fault's flanks and in the surrounding crust
over time, for analyzing the rock hardening, and creep damage evolution including
damage-induced rock softening processes and healing under preseismic, coseismic,
postseismic and interseismic creep conditions, for analyzing the movement of the
front of creep rupture along the fault's flanks, and for new destructive California
earthquakes predictions within a much shorter time frame than currently possible,

to provide a comparison of the present model predictions based on the
laboratory results of creep up to rupture and acoustic emission rock mechanics ex-
periments over time under constant and cyclic loadings as well as on geophysical,
geodetic and seismological data, with the results of the simulations based on the
congtitutive framework of Ben-Zion and Lyakhovsky (2006),
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to formulate general practical recommendations based on the results of
computational modeling and seismic simulation for the 1857, 1881, 1901, 1922,
1934, 1966 and 2004 Parkfield earthquakes, on how to predict where and when a
future, large earthquake may occur.

1. State of theart. A better underganding of the earthquake faulting and
earthquake process with distinct preseismic, coseismic, postseismic and intersais-
mic periods should enable scientists to develop seismic hazard assessment tools
based upon improved estimates of the locations and sizes of future earthquakes and
the time-dependent probabilities of their occurrence [1]. It will allow incorporation
of realistic simulations of dynamic rupture and wave propagation into hazard mod-
els so that time histories of strong ground-shaking from scenario earthquakes needed
in performance-based seismic design of structures can be synthesized. There are
many approaches to such problems, including statistical physics, continuum
mechanics, laboratory experiments, and fie d observations.

The statistical physics analyses provide powerful tools for studying possible
types and dtatistical properties of event patterns. However, they cannot be used to
calculate details of stress and displacement fieldsin a deforming solid [2].

The framework of subcritical crack growth was developed originally as an
empirical description of laboratory observations involving primarily the evolution
of a single crack from an early quasi-static deformation at small size scales to an
ungtable dynamic rupture at a critical length [2]. This may be referred to as a de-
terministic continuum mechanics approach at ardatively small single scale. 1t was
established [2] that subcritical crack growth before a large dynamic failure on a
fault does not provide a satisfactory explanation of accelerated seismic release
characterized by cumulative Benioff strain.

Numerous seismological observations for small earthquakes [3-5] suggest con-
sistently that fault structures governing seismic response tend to evolve with cumu-
lative dip toward geometrical simplicity and the continuum-Euclidean framework
at al scales. Initial deformation is associated with drain hardening (Stage A). At
this stage there is creation of granularity and band-limited fractal structures at sev-
eral hierarchies. After arelatively small initial strain there islocalization to tabular
primary dip zones accompanied by a transition to strain weakening (Stage B). At
stage C large deformation is dominated by strain weakening and overall evolution
at different scales toward Euclidean geometry and progressive geometrical smplic-
ity and regularization. Theinitial complex structure becomes largely passive at this
stage.

Numerical simulation of dip ingabilities on avertica strike-dip fault without
damage evolution in a 3-D half-space has been performed for various models be-
longing to two different categories. The firgt category [6] is related to the consid-
eration of realistic strike-dlip fault zones (Fig. 1).
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| by a 2-D fault embedded in a3-D half-space [7]
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ﬁ I The second category [7, 8] is much simpler modeling
| approach that contains a computational grid (Fig. 2) where
z evolving seismicity patterns are generated in response to

Fig.l. A schematic ~ ongoing loading imposed as dip boundary conditions on
representation of an  the other fault regions. The brittle properties of the compu-
individual strike-slip  tational grid are characterized by static strength threshold
falt systemwitha3-D gy gregt stress distributions that are spatially heterogene-
geometric disorder [6] s 1yt fixed in time, and a dynamic weakening coefficient.
The latter simulates areduction from static
friction to dynamic strength at a point on a fault sustaining multiple slip episodes
during a given model earthquake. The other fault regions are under conditions of
creep with constant vel ocity.

2. Modeling of earthquake process and earthquake faulting. In order tore-
produce coupled evolution of earthquakes and faultsit is necessary to introducein a
model the structural evolution toward increasing localization and simplicity as an
expected outcome for deformation in a medium governed by any strain weakening
rheology. In thisregard, Lyakhovsky et al. presented in [9] aformulation of alitho-
spheric model consisting of a seismogenic zone governed by nonlinear elastic dam-
age variable over a viscodlagtic half space. The employed damage rheology is a
generalization of Hookean eadticity to a nonlinear continuum mechanics frame-
work accounting for large strain and irreversible deformation. The evolving dam-
age in the seismogenic layer smulatesthe creation and healing of fault systemsas a
function of the deformation history. The upper crust is coupled viscoelastically to
the substrate where steady plate motion drives the deformation. A parameter space
study for thismoddl indicates[2, 10, 11] that the types of generated fault structures
and earthquake statigtics are governed by the ratio of the time scale for materia
healing (t;) to thetime scale for loading (t,). In general, each brittle failure is asso-
ciated locally with both strength degradation and stress drop. The value of t; de-
pends on the rheology and it controls the time for strength recovering after the oc-
currence of a brittle event. The value of t, depends on the boundary conditions and
large-scale parameters (which also determine the average time of a large earth-
guake cycle) and it controls the time for re-accumulation of stress at a failed loca-
tion. Relatively high ratios of t;/ t, lead to the development of geometrically regular
fault zones and frequency-size statistics of earthquakes compatible with the charac-
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terigtic earthquake distribution. Relatively low ratios of ti/t; lead to the develop-
ment of highly disordered fault zones and frequency-size event statistics compati-
ble with the Gutenberg-Richter distribution. Note that intermediate cases of ty/t;
produce a ‘‘mode-switching’’ behavior in which the fault zone structures and sais-
micity patterns alternate between time intervals associated with relatively regular
structures and characteristic earthquake distribution and intervals associated with
relatively disordered structures and the Gutenberg-Richter statistics. The results
under discussion are compatible with the seismologica observations [4, 5].

Thus, a present, a unified framework for earthquake process and earthquake
faulting does not exist. Additionaly, to the best of the authors knowledge, the
framework given above can be considered as the best framework for modeling
crustal deformation related to the coupled evolution of earthquakes and faults.

A number of comments need to be made in reference to the framework de-
scribed in [2, 9-11]. Firstly, the damage mode in [2, 9-11] ignores gradual accu-
mulation of irreversible creep strains. As an example, the creep curve of rocksalt
[12] from triaxial compression test with constant differential stress and confining
pressure is shown in Fig. 3. It is seen that the creep strain of rocksalt at the in-
stant preceding rupture can
reach value of 15%. Secondly,

it was shown in [2] that the 15 o5 P i
results following from the ﬂ"_u’:"':_‘p °

nonlinear dastic damage b vtk ""j
model under discussion are £a T
compatible with the cumula- P L

tive Benioff strain associated § 6 P}__;‘";--} - Experiment

with the accelerated seismic e -Theoretical model
release. On the other hand, in 3 /

1951 year Benioff analyzed in ¥

[13] mechanisms of after- %0 05 70 15 o 26 30 33
shock considering creep be- Time /d

havior. Findly, recently pub-
lished in [14, 15] modd is a
further devel opment of damage rheology framework given in [2, 9-11] for evolv-
ing effective eadticity. The final variant of the framework accounts for irrevers -
ble creep strains with consideration of the same damage variable. The open ques-
tion here is it possible to predict the creep curves of the material using the
framework under discussion, the single scalar damage variable under considera-
tion and model parameters found from the basic experiments given in [14, 15]?
We now return to the original questions of Rice formulated in [1]: (1) Why is
the stress level low (<200 bars) along high-dip plate-bounding faults where the
large earthquakes occur but high (consistent with lab friction) in the more stable
crust where large earthquakes rarely occur? (2) Is the rheology at the base of the
seismogenic zone controlled by hot frictional sliding on the fault plane, which satis-
fies RSD friction and exhibits velocity strengthening, or by a high-temperature
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Fig.3. Creep curve of rocksalt [12]



creep mechanism? (3) Does dilatancy or strong velocity strengthening stabilize
shallow fault rupture?

The answer to thefirst question of Rice can be found in the nature of the creep
behavior of the seismogenic layer associated with the fast stress relaxation. The
second question of Rice has been analyzed in [16] using the framework given in
[14, 15]. It was found the closed relation between the creep damage model, and
rate- and state-dependent friction. Thus, introduction of hot frictional diding on the
fault plane and consideration of creep deformation are different (but equivalent)
ways to model the earthquake process. In the same way, dilatancy and strong veloc-
ity strengthening should be consid-

ered as different (but equivalent) [ oo mermeraek onsd mieerRck 7
ways to stabilize shallow fault rup- [y P
ture. Active damage state with open K -\ ‘{
microcracks (Fig.4, @ in rocks is — N -
realized under compression with - / 1 1~ / S
zero pressure while the passive - -
damage state with closed micro- - N\ ) N
cracks (Fig.4, b) occurs under

compression with nonzero confin- VAR NN /LN
ing pressure. Therefore, in order to

describe the processes of degrada- b ’

tion and healing in the seismogenic Arem e Hncer conmay s Presse

zone it is necessary to introduce the
first invariant of the stress tensor
into the creep moded as well as
creep damage model.

The modding of creep in the seismogenic zone and surrounding crust is a
nonlinear problem, and the adequate simulation of creep processes involves several
difficulties. In order to overcome them, numerical methods involving three smulation
steps which are al equally important have been used: accurate simulation of the ki-
nematic (possibly nonlinear) and the quasi-gatic behavior; appropriate constitutive
simulation of the rheological properties of the material; mechanical representation of
the creep processincluding transport phenomenaand creep damage. Each category of
simulation directly influences the overall mechanical reevance of theresults. Various
attempts to include these effects in the analysis have been made, but due to the com-
plexity of the creep problem, most investigators have concentrated their efforts on
one specific aspect. Special numerical techniques for solving creep nonlinear equa-
tions have to incorporate mixed schemes of discretization in gpace and time.

3. New conception. The aim of the present paper is the presentation of a suit-
able strategy which enables us to analyze creep deformation, creep damage evolu-
tion and movement of the front of creep rupture in the seismogenic zone with pre-
seismic, coseismic, postseismic and interseismic periods as well as steady-state
dtatic creep in the surrounding crugt. Total strains are composed of a nonlinear
elastic part without damage, thermal part and a part due to creep related to a con-
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Fig.4. Degradation (a) and healing (b) in rocks

tinuum damage parameter by Kachanov-Rabotnov.

Let us consder the features of creep in the seismogenic layer.

Firgly, let us consider the coupling of creep with different physical and chemi-
cal transport phenomena. For example, the chemical influence of water leads to
creep deformation and failure through such mechanisms as ,, stress corrosion crack-
ing” that can alow rocks to fail over extended periods of time at stresses far below
their short-term failure strength and at low strain rates. Another case of the diffu-
sion process is the dress-accelerated oxygen diffusion into the bulk of a rock and
formation of brittle oxides along the grain boundaries. The diffusion of oxygen can
be described by the second Fick’slaw [17]:

1Cc _ @’c, T'C 1°co

It ™ Iy 125

where variable C is the oxygen concentration, and D is the diffusivity parameter.
The diffusion process introduces an important time scale into the constitutive
model. When a material is uniformly oxidized in an environment with a constant
oxygen concentration, oxide production can be described by an empirical oxidation
law, which relates the amount of oxide produced, P(t), to oxygen concentration C
and exposure time t. For example, the Logarithmic Reaction Law with three oxida-
tion parameters that may depend on C isgiven by

P{t) =klog(at +b).

The rate of oxidation, Ry(t), is then determined by differentiating P(t) with respect
to time while holding the oxidation parameters constant. If these parameters de-
pend on C, and C varies with time (e.g. due to oxygen diffusion), then the rate of
oxidation must be determined based on the Boltzmann superposition principle. For
example, supposein (2) that only k depends on C, then the rate of oxidation can be
shown to be

! k
R(t)= %(t)H(t)+@%%%H(t- t)dt .

It should be introduced into the diffusional creep model and creep damage model in
accordance with recommendation given in [18]. Here H(t) is the Heaviside func-
tion. The oxidation law introduces another important time scale into the constitu-
tive model. Modeling of creep and creep damage with consideration of ten-
sion/compression creep asymmetry, creep dilatancy, effect of hydrostatic pressure
and active/passive creep damage state has been earlier performed for different ma-
terialsin [19- 21].

Secondly, the creep law and damage evolution equation for specimens|oaded by
fixed and cydlic loads have been established by the set of experiments [22, 23]. The
arbitrary functions in the congtitutive and evolutions eguations have been established
from experiment too. It iswell known from experiments [22, 23], that if the charac-
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ter of loading is harmonic in time with a small period and with cyclic load compo-
nent smaller than the gatic load the globa creep process of the materia is not just a
repested ,,microcreep” process . The influence of the varying stress part in each cycle
on the creep process rate and on the life-time is a physica phenomenon, which is
referred to as dynamic creep. By neglecting inertia forces, this phenomenon will be
referred to as cyclic creep.

Let us consder dynamic (or cyclic) creep and dynamic (or cyclic) creep damage
evolution in the seismogenic zone coupled with the surrounding crust and subjected
to fixed and cyclic loads. Creep analysis, using a class of implicit single step algo-
rithms, is not possible, because the large number of small time steps usually required
for accurate solution could not be successfully extended to dynamic creep problems.
This consderation implies a large consumption of computer time. Therefore it is
quite interesting to seek solutions by other methods. For example, use of two time
scales method enables us to handle two approaches to models for evaluating the
stress-grain state under creep conditions [22]. In thefirg approach ,fast time’” modes
give an adequate mathematical description of the behaviour of an eastic body under
fast cyclic loading. In the second one, the ,,dow time&’ modd gives the mathemati cal
description of the creeping body as well as damage evol ution under fixed loading. On
the other hand, this modd takes into account the digtribution of amplitudes of the
effective stress corresponding to results previoudy obtained on the basis of the sec-
ond approach. The mathematical technique of the theory of two time scales leads to
some ,,homogenization” of the creep process. Generally speaking, homogenisation is
the approach for smulating global homogeneous creep behaviour with local inho-
mogeneities periodically growing in time. If the character of loading is time-harmonic
with a small period and with amplitude smaller than the fixed load, it is well known
from experimenta investigations that the globa creep process of a materia does not
depend on repeated ,,micro-creep” process. Creep analysis using a class of explicit or
implicit sngle step agorithmsis usually required for accurate solution. Modern soft-
ware, for example, ANSY' S capable of handling al of the above-mentioned effects
arein use now.

A comparison of the present model predictionswith the results of the previous
simulations of Ben-Zion and Lyakhovsky in [15], and computational modeling and
seismic smulation for the 1857, 1881, 1901, 1922, 1934, 1966 and 2004 Parkfield
earthquakes will be the main target in the future research. The basis for a successful
completion of this research is definitely given since the participating researchers
from Kharkov and Kansas City have an invaluable experience, accumulated over
the past several years, in the computational moddling and smulation of different
nonlinear physical phenomena

The first author would like to thank Madam Yana N. for hep, useful advices
and fruitful discussions.

References: 1. Ben-Zion Y., Sammis C., Henyey T. Perspectives on the field of physics of earth-
quakes. Seismological Research Letters. —1999. — 70. — PP.428-431. 2. Ben-Zion Y., Lyakhovsky V.
Accelerating seismic release and related aspects of seismicity patterns on earthquake faults. Pure and
Appl. Geophys. — 2002. — 159. — PP.2385-2412. 3. Ben-Zion Y., Sammis C.G. Characterization of

146

fault zones. Pure and Appl. Geophys. — 2003. — 160. — PP.677-715. 4. Wesnousky S. Seismological
and structural evolution of strike-dlip faults. Nature. — 1988. —335. — PP.340-342. 5. Scholz C. H.
Earthquakes and faulting: Self-organized critical phenomena with a characteristic dimension
/ISpontaneous Formation of Space-time Structures and Criticality, Riste, T. and Sherrington, D.
(Eds.). — Norwell: Kluwer Acad., 1991. — PP.41-56. 6. Ben-Zion Y. Stress, dlip and earthquakes in
models of complex single-fault systems incorporating brittle and creep deformations. J. Geophys.
Res. — 1996. — 101. — PP.5677-5706. 7. Ben-Zion Y., Rice J. R. Slip patterns and earthquake popula-
tions along different classes of faultsin elastic solids. J. Geophys. Res. — 1995. — 100. — PP.12,959-
12,983. 8. Ben-Zion Y., Rice J. R., Dmowska R. Interaction of the San Andreas Fault creeping seg-
ment with adjacent great rupture zones, and earthquake recurrence at Parkfield. J. Geophys. Res. —
1993. — 98. — PP.2135-2144. 9. Lyakhovsky V., Ben-Zion Y., Agnon A. Distributed damage, faulting,
and friction. J. Geophys. Res. — 1997. — 102. — PP.27,635-27,649. 10. Ben-Zion Y., Dahmen K.,
Lyakhovsky V., Ertas D., Agnon A. Self-driven mode switching of earthquake activity on a fault sys-
tem. Earth Planet. Sci. Lett. —=1999. — 172. — PP.11-21. 11. Lyakhovsky V., Ben-Zion Y., Agnon A.
Earthquake cycle faults, and seismicity patternsin rheologically layered lithosphere. J. Geophys. Res.
— 2001. — 106. — PP.4103-4120. 12. Wang G. A new constitutive creep-damage model for rocksalt
and its characteristics. International Journal of Rock Mechanics & Mining Sciences. — 2004. — 41. —
P.364. 13. Benioff H. Earthquakes and rock creep (Part I: creep characteristics of rocks and the origin
of aftershocks). Bull. Seism. Soc. Am. — 1951. — 41. — PP.31-62. 14. Hamiel Y., Liu Y., Lyakhovsky
V., Ben-Zion Y., Lockner D. A Viscoelastic damage model with applications to stable and unstable
fracturing. Geophys. J. Int. — 2004. — 159. — PP.1155-1165. 15. Ben-Zion Y., Lyakhovsky V. Analysis
of aftershocks in a lithospheric model with seismogenic zone governed by damage rheology. Geo-
phys. J. Int. — 2006. — Doi: 10.1111/j.1365-246X.2006.02878.x 16. Lyakhovsky V., Ben-Zion Y.,
Agnon A. A viscoelastic damage rheology and rate- and state-dependent friction. Geophys. J. Int. —
2005. — 161. — PP.179-190. 17. Zolochevsky A., Hop J. G., Servant G., Foosnes T., dye H. A
Rapoport-Samoilenko test for cathode carbon materials- |. Experimental results and constitutive
modelling. Carbon. — 2003. — 41. — PP.497-505. 18. Zolochevsky A., Hop J. G., Foosnes T., dye H.
A. Rapoport-Samoilenko test for cathode carbon materials- II. Swelling with external pressure and
effect of creep. Carbon. — 2005. — 43. — PP.1222-1230. 19. Altenbach, H., Altenbach J., Zolochevsky
A. Unified Models of Deformation and Limit State in Mechanics of Materials.- Stuttgart: Deutsher
Verlag fir Grundstoffindustrie, 1995. 20. Betten J., Sklepus S., Zolochevsky A. A microcrack descrip-
tion of creep damage in crystalline solids with different behaviour in tension and compression. Int. J.
Damage Mech. — 1999. — 18. — PP.197-232. 21. Zolochevsky A., Voyiadjis G. Z. Theory of creep
deformation with kinematic hardening for materials with different propertiesin tension and compres-
sion. International Journal of Plasticity. — 2005. — 21. — PP.435-462. 22. Breslavsky D. V.,
Morachkovsky O. K., Zolochevsky A.A. Dynamic creep behaviour of structures //Structural Dynam-
icsEURODYN'93, Moan et a. (Eds.). — Rotterdam: Balkema, 1993. — PP.795-801. 23. Zolochevsky
A., Itoh T., Obataya Y. A continuum damage mechanics model for multiaxial low cycle fatigue fail-
ure. Journal of the Mechanical Behavior of Materials. —2001. — 12. — PP.1-19.

IHocmynuna 6 peoxoaneeuio 20.05.07

147



