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Based on compression strength tests made on several hundreds of rock types of different lithology
and originating from different locations of Poland, an attempt was made to associate the susceptibi-
lity of rock structure to brittle and ductile flow damage with intragranular and intergranular crack
mechanisms. Based on thin-section tests, deformation curves and acoustic emission, four deformation
models were compiled. These models relate the final rock structure failure either to the parting fracture
of single grains characterising a rapid crushing of igneous, sedimentary and metamorphous rocks con-
taining quartz or silicates, or, on the contrary, to the slow run of the shearing processes that characterise

carbonate rocks and breccias with carbonate, ferruginous and silty cementation.
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INTRODUCTION

Discontinuous processes of rock deformation are initiated by
local defects of inhomogeneous rock structure. Damaging mi-
cro-crack seed points often appear in the early pre-critical state
and later develop into macro-cracks but the final loss of rock
strength is reached only in a very advanced post-critical state. In
polymineral and inhomogeneous rocks, initial crack seed points
can be released very early by structural components of a lower
strength as inclusions, soft detritus fragments or pores, and also
at direct contacts among strong grains where a stress concent-
ration is present (Brace, Bombolakis, 1963; Olson, Peng, 1976;
Hori, Nemat-Nasser, 1985; Cundal, Fairhurst, 1986; Piniriska,
1992, 1997; Xie, 1993; Pininska, 1997).

A review of various types of rocks collected in Poland
(Pininiska, 1994-2004; Pininska, Dziedzic, 2006, 2007) shows
that in the majority of crystalline hard rocks, seed points are
created at the contact among strong grains. Therefore, the ba-
sic destructive mechanism is local intragranular cracking. On
the other hand, in soft sedimentary rocks, carbonate rocks in
particular seed points are the structural defects creating inter-
granular cracking and shear fracture. Symptoms of both those
mechanisms, observed in uniaxial compression tests and
acoustic emission (AE), allowed to compile comprehensive de-
formation models of sedimentary, igneous and metamorphic
rocks from Poland in relation to their origin, lithology and
structure.

STRUCTURE MODELS

Rock structure models can be created in a close connection to
their origin. The structure of hard sedimentary rocks with mo-
nosized grains as well as of the majority of crystalline igneous
rocks may be described by a periodical model where the role of
repeatable basic cells is performed by polygon-shaped grains
(Fig. 1a). The features of the aperiodical structural model may
be associated with weak sedimentary rocks containing grains of
various sizes, in particular carbonate rocks with a random tes-
sellation pattern of irregular organic remains (Fig. 1b). In hard
metamorphic rocks, crystalline repeatable elements are also
present despite their lamination (Fig. 1¢c). Those models of struc-
ture can be easily compared with the polygonal and triangular
structural mosaics (Fig. 1d) which were applied by Napier and
Peirce (1995) in the simulation of extensive fracture formation
by the Displacement Discountinuity Method (DDM) in brittle
materials.

Compression strength experiments on several hundred types
of Polish rocks with various structure patterns (Geomechanical
Data Base, Pininiska, Dziedzic,2001) show that in hard rocks with
a polygonal, periodical structure, the seed points of fractures are
induced by stress concentration on the grain / grain contact,
resulting in the intragranular parting fracture of strong grains.
In the soft rocks representing aperiodical, triangular models of
structure, seed points are generated around grain borders as a
grain / cement fracture.
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Fig. 1. Real structures: a — periodical, polygonal (quartzite sandstone from Wigniéwka — Swietokrzyskie Mts.), b — aperiodical with numerous pores and irreqularly shaped grains
(organodetritic limestone from Pificzéw — Swietokrzyskie Mts.), ¢ — poligonal quartz crystals in layer-wise structures (marble from Stawniowice — Sudety Mts.), d — structure

models: 7, 3 — polygonal, 2 — triangular (Napier, Peirce, 1995)

Fig. 2. Intragranural cracking centres: a — quarzite sandstone from Barcza (Swietokrzyskie Mts.) and flysch sandstones with silica cementation from Karpaty Mts.: b — rom Kobyle,

¢ —from Tenczyn Gérny, d — granite (Sudety Mts.)

Therefore, for a rock featuring a regular grained and com-
pact structure bonded with strong cement, the main initiator
of structure destabilisation is the brittle, intragranular parting
fracture of single grains which contact one another directly. As
a consequence, extensive microcracks inside of single grains ap-
pear, without any symptom of dilatancy that could be a presage
of strength loss. These initial phenomena are well visible in thin
section microscope analyses. As is shown in Fig. 2 a, b—c, micro-
cracks occur commonly in quartz grains e. g., quartzite, sand-
stones with silica cementation or granite.

According to this mechanism of the initial destruction
of rock structure, the final postcritical failure is burst-like in
character, causing the fragmentation of the rock body into
small pieces. This vary rapid process occurs when the critical
number of intragranular microcracs has developed and the
local destruction centres are transformed into transgranular
macrocracks (Fig.3 a, b).

In rocks containing grains distributed randomly within a
weak matrix, or in rocks containing a soft irregularly shaped
grains, the process of seed point formation is related to the
intergranular development of microcracks, initiated by struc-
tural defects. This process in the developed stage of destruc-
tion, particularly in the post-critical state of macrocracking, is
dominated by shear fracture processes. This is a typical crack-
ing mechanism for the majority of carbonate rocks, particular-
ly of organogenic origin (Fig. 4 a—c) as well as of clastic rocks
with carbonate cementation (Fig. 4d) and weak metamorphic
rocks of carbonate composition. When their complex structure

Fig. 3. Development of transgranular slot across a cracked quartz grain: a — flysch
sandstone from Wista (Karpaty Mts.), b — porphyry from Migkinia (Krakéw-Czes-
tochowa Jurassic Upland)

is built up with irregular fragments, corner shearing processes
are induced. In such a case, the cracking is of a mixed nature:
intergranular on the corner of grains and transgranular with
displacement of crushed parts getting stuck in macrocracks
(Fig. 4 e, f). Due to the surface roughness and general shear
resistance, the final post-critical failure is slow and forecasted
with a distinct dilatancy.

Both periodical and aperiodical types of the discontinuous
process of rock destruction under load can be well observed
on the deformation curves. The frequency pattern of stress
relaxation and concentration phenomena monitored with a
stiff-strength test machine as a hysteresis loops indicate the
results of micro- and macrocracking. Simultaneously, the same
phenomena recorded on the acoustic emission image indicate
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Fig. 4. Intergranular crack propagation. Organodetritic limestones: a — with well-preserved bryozoa from Pirficzéw; b — limestones with fine organic detritus from Suchowola;
¢ —fine-detritus limestone from Piekosz6w; d — sandstone with carbonate cement from Dwikozy (Swietokrzyskie Mts.). Flysch sandstones with carbonate cement: e — fragments
crushed in a macrocrack, limestone from Ogrodzieniec (Krakdw-Czestochowa Jurassic Upland); f — fragments getting stuck and displaced within a macrocrack, sandstone from

Wola Komborska (Karpaty Mts.)

both the energy and signal rate increasing and decreasing due
to the microcrack and macrocrack development (Pininska,
Lukaszewski, 1992; Pininska, 2000). The dynamics of both
processes, with a special emphasis on the post-critical stage, is
integrally related to the rock destruction mechanism.

Destruction of rocks of a periodical structure with the po-
lygonal mosaic and intragranular cracking mechanism is indi-
cated on the deformation curve by regularly repeated effects of
stress relaxation and concentration, both accompanied by regu-
lar oscillations of acoustic emission signals (Fig. 5a).

Destruction of rocks of a aperiodical structure with triangu-
lar mosaics is indicated by an irregular ocurrence of stress con-
centration and relaxation as well as by various acoustic emission
effects. Both these effects of irregularity are caused by the vary-
ing energy of intergranular damage propagation (Fig. 5b).

The final failure of both types of rock structure — periodical
and aperiodical - results from a rock-specific critical number
of cracks required for total destruction. As is proved by DDM
simulations (Napier, Peirce, 1995), the crack number required to
destroy a fine-grained structure is bigger than that for a coarse-
grained structure (Fig. 6).

This opinion is confirmed by photomicrographs of damaged
structures (Fig. 7).

Using the total number of stress loop oscillations moni-
tored on the deformation curve, or the total number of signals
monitored on the acoustic emission path, the critical value of

cracks causing the rock failure can be determined (Pininska,
1994-2008). As shown in fig. 8, the critical number of cracks
necessary for a final destruction of coarse-grained flysch sand-
stones from Barcice is related to approx. 160,000 signals only,
while of the fine-grained sandstones from Cig¢zkowice to approx.
275,000 signals.

Numbers of acoustic emission signals could be a tool for es-
timating the degree of rock destruction by signal mobilisation
ratio, recording the number of signals existing at any deforma-
tion stage, compared against their critical number. The acoustic
mobilisation ratio for the critical state of stress may vary largely
from case to case depending on the mechanism of rock structure
destruction: for hard, intragranular cracking, coarse-grained
sandstone of Cigzkowice only 9.38% of the total crack number
and in fine-grained sandstone from Barcice 7.2% are mobilised
in the critical state, but in an extreme case for soft intergranular
cracked pellitic carbonate rocks, when fracture processes occur
from early precritical stages, the acoustic emission signal ratio
can be close to 50%.

A presage of an advanced damage of rock structure is dila-
tancy, and it differs depending on the destruction mechanism as
well. As is shown in (Fig. 9 a,b), variations in the axial strain (¢ )
and volume strain (¢ ) indicate that intergranular cracking in-
duce ductil deformation and early and significant volume defor-
mations, whereas for intragranular damaging volume changes
take a slower rate.
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Fig. 5. Cracking effects recorded in axial deformation and acoustic emission diagrams various mechanisms of rock cracking. Regular process, intragranular cracking: a — sand-
stone with silica-carbonate cementation (from Barcice, Karpaty Mts.); b — granite (from Strzebléw, Sudety Mts.). Random process, intergranular cracking: ¢ — sandstone with

silty-carbonate cementation (from Tenczyn Gérny, Karpaty Mts.)

Fig. 7. Numbers of cracks in real rocks of similar origin. Quartzite sandstones (Swietokrzyskie Mts.): a — fine-grained (from Wisniowka); b — coarse-grained (from Barcza). Granite
(Sudety Mts.): c — fine-grained (from Zimnik), d — medium-grained (from Strzegom)
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Fig. 8. Acoustic emission signal distribution against
stress: a — fine-grained sandstone of Ciezkowice;
b — coarse-grained sandstone from Barcice. Critical
state is marked with a dot
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Fig. 9. Relations between axial strain (¢ ) and volume strain (g ) in flysch rocks from Poland (with regard to the terminology of triangular and polygonal structures given by
Napier, Peirce, 1995): a — ductile shear deformation, volume strain increasing significantly: sandstone with carbonate cementation (triangular structure); b — intragranular par-
ting fracture, slow axial and volume strain increase: sandstone with silica cementation (polygonal structure)

It could be taken into account that in inhomogeneous rocks,  ceous limestone (opoka) from Lublin region, a significant role as
development of intergranular and transgranular cracks may be  a barier belongs to silica sponge needles scattered in the pellitic
modified by stronger inclusions as bariers or by locally varying  carbonate matrix. They modify shear fracture propagation and
anisotropy of mineral grains (Fig. 10), therefore, the behaviour  retard the dilatancy processes, unique phenomena in weak car-
of the same rocks needs a deeper interpretation. In case of sili-  bonate rocks (Fig. 11 a, b).

Fig. 10. Barriers across transgranular fracture propagation: a — olivine inside basalt from Luban; b — modification by biotite and plagioclase fragments in sienite from Kosmin,
¢ — sericitised plagioclase grain in granite from Michatowice; d, e — structure surfaces modified with quartz grain marble from Kletno); f — unidentified inclusion in gabbro
from Stupiec
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RELATIONS BETWEEN CRACKING MECHANISM
AND DEFORMATION MODEL

Rock deformation processes, with regard to destruction under
external forces, may be shown using four models proposed by
Pinifska (1995, 1997). These models, based on axial deforma-
tion curves (g ), are compared with acoustic emission types at
a precritical state (Boyce et al., 1981) and with the postcriti-
cal acoustic emission types (Pinifiska, 2000). They illustrate
the different dynamics of fracture formation in Polish rocks
depending upon their origin and lithology (Fig. 12), and they
follow the brittle and ductile flow behaviour of rock damage
(Mogi, 1972).

Deformation model I characterises rocks with a periodi-
cal polygonal structure and a very strong diagenesis with a high
axial deformation modulus. The structure damage occurs due to
a sudden high-energy transgranular macrodestruction, which is
presaged by a high level acoustic emission just before the criti-
cal state. Due to the rapid structural failure, the postcritical path
of the deformation curve is not developed. In Poland’s condi-
tions, this model describes the nature of high strength igneous
rocks and quartzite sedimentary rocks with a strength above
200 MPa.

Deformation model II characterises rocks with a perio-
dical polygonal structure of a lower strength (up to 200 Mpa).
Deformation occurs by the integrated precritical and postcriti-
cal deformation path. Both branches of the deformation path are
of a high axial strain modulus, despite damaging the rock struc-
ture by strong effects of microcracking (f) and macrocracking
(f,) in the postcritical state. Due to the intragranular cracking
mechanism, without any clear dilatancy presage, the final struc-
ture failure is sudden and thus the residual strength, if any, is

very small. The postcritical hysteresis loops are regular, showing
a periodical damage of particular grains. All these phenomena
are accompanied by similar nature of acoustic emission precriti-
cal paths of type II (Boyce et al., 1981) and the H type (Pininska,
2000) very regular at the postcritical state of deformation. In
Poland’s conditions, this model describes the nature of high-
strength igneous rocks and crystalline sedimentary rocks with a
high silica content. The cracking cycle regularity depends on the
sorting ratio of strong, mainly quartz, grains.

Deformation model III is specific of rocks featuring ape-
riodical, triangular type of structure mosaics and in Poland’s
conditions characterises the majority of carbonate rocks with
medium and low strength. In this model, in the integrated defor-
mation path of deformation, precritical nonlinearity of the com-
paction stage as well as of initial cracking may be distinguished.
These precitical effects of structure damage are accompanied
by the acoustic emission model type III (Boyce et al., 1981). In
the postcritical state, the microcracking (f) and macrocracking
(f) cycles occur irregularly depending on intergranular fracture
propagation, and the axial strain modulus decreases significant-
ly. All these phenomena follow the postcritical acoustic emission
path type M (Pininska, 2000) with a special feature of acoustic
silence, associated with ductil displacements and high dilatancy.
Acoustic silence ends in short-term high-energy emissions pres-
aging the final destruction.

Deformation model IV describes weak rocks featuring ape-
riodical, triangular type of structure mosaics. In this model, on
the integrated path of deformation, effects of damaging are very
weak, and microcracking and macrocracking are hard to differ-
entiate. The low acoustic emission in the precritical state is equal
to type I (Boyce et. al., 1981) and fading monotonously in the
postcritical state as type L (Pininska, 2000). In Poland’s condi-
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tions, this model is specific of very soft carbonate rocks, in par-
ticular organodetritic rocks of low diagenesis.

Compliance between the deformation and the acoustic mo-
dels, together with the analysis of the rock structure damaging
mechanism, acts as an indicator of rock susceptibility to fracture
formation and its dynamic. The compact crystalline rocks are
more stable at the precritical stage of deformation than weaker
carbonate rocks, but due to their intragranular fracture of po-
lygonal grains at the postcritical state they disintegrate rapidly
with the lack of dilatancy. On the other hand, in a low-strength
carbonate rocks, due to the intergranular damage of their trian-
gular structure, the loss of stability is retarded by shearing and
sliding processes occurring, particularly at the postcritical stage,
along the rough surfaces of the fractures. Therefore, the model
of deformation specified according to the origin and structural
mosaic of the rock, together with the respective acoustic emis-
sion type, is a useful tool for the engineering-geological evalua-
tion of rock stability status at an expected stage of stress.

CONCLUSIONS

Depending on the mineral composition and bonding material
of a rock mass, uniaxial compression tests showed intragranu-
lar, intergranular or transgranular fracture formation processes
operating with different dynamics. They provide for a variable
long-term stability of the joint mass at the postcritical stage. The
susceptibility of rocks depends on the structure and cracking
mechanisms.

Basing on the analysis of the compression strength tests
made for several hundreds of rock types of different lithology
and originating from different locations of Poland on the thin-
section structure tests, deformation curves and acoustic emis-
sion, four deformation models are proposed.

Models of deformation relate the final failure either to the
intragranular cracking caused by a parting fracture of single
grains, or to the intergranular cracking occurring together with
shearing processes.

In case of rocks of a polygonal, periodical, cristalline struc-
ture with a strong cementation, mainly in igneous and sedimen-
tary rocks as well as in metamorphous rocks containing quartz
or silicates intragranular fracturing is observed. These rocks are
characterised by a brittle damaging process. Their structure, de-
spite a local internal destruction, for a long time remain stable
but finally undergo a rapid crushing.

The irregular grain structure of soft rocks is characterised by
the ductile flow. Therefore, the structure decomposition process
runs slowly when a shearing and a significant residual strength
are maintained. This damaging process is specific of carbonate
rocks, in particular of organogenic and breccia rocks with car-
bonate, ferruginous and silty cementation.
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Joanna Pinifiska

LENKIJOS UOLIENU DEFORMACIJOS MODELIAI
PAGAL VIENAASIO GNIUZDYMO TYRIMUS

Santrauka

Tiriant uolieny stiprumg vienaasiu gniuzdymu, priklausomai nuo uo-
lieny mineralinés sudéties stebétos jvairios aizé¢jimo rasys - intragra-
nuliarinis, intergranuliarinis, transgranuliarinis. Be to, aiZéjimo pro-
cesas skiriasi dinamika ir pokritinés baklés stabilumu. Pateikiami
duomenys apie uolieny stiprumg ir aizéjima, priklausantys nuo uolieny
litologijos ir atskiry komponenty stiprumo. Atlikta keliy $imty Lenki-
jos uolieny rasiy, pasizyminciy skirtinga litologija ir geneze, deforma-
cijy analizé. Pagal deformacijy pobidj bei akustinés emisijos rezultatus
isskirti skirtingi deformacijy modeliai. Galutinis bandiniy suirimas
siejasi su intragranuliariniu daleliy trakinéjimu dél tempiamuyjy jtam-
py, intergranuliarinis trakinéjimas — dél kerpamuyjy jtampy. Tyrimai
rodo, kad ryskios struktiiros uolienose, pasizyminciose stipria risamaja



Models of rock deformation under uniaxial compression conditions

S115

medziaga, vyksta intragranuliarinis aiZéjimas. Sios uolienos kazkurj
bandymo laika yra stabilios, o véliau suyra. Uolienose su nereguliario-
mis dalelémis ir silpna ri$amaja medziaga vyrauja kerpamieji jtempiai,
struktiira yra létai ir lieka liktinis stiprumas. Pastarasis procesas yra ba-
dingas karbonatinéms uolienoms, ypa¢ organogeninéms ir klastinéms
su karbonatine ir geleZies molio ri$amaja medZiaga.

Joanna Pininska

MODELE DEFORMAC]I SKAL POLSKI W WARUNKACH
JEDNOOSIOWEGO SCISKANIA

Streszczenie

Procesy kruchego pegkania skal pod dzialaniem sil zewnetrznych sa
inicjowane powstawaniem badZ mikro-nieciagtosci intragranularnych,
badz intergranularnych przeradzajacych si¢ w nieciaglo$ci transgranu-
larne. W zaleznosci od rodzaju mechanizmu inicjalnego dalszy rozwoj
procesu uszkodzenia struktury skalnej pod obciazeniem przebiega z
r6zng dynamika, wskutek czego symptomy utraty wytrzymatoéci skaly
s3 zroznicowane zaleznie od jej sktadu mineralnego i charakteru wia-
zan strukturalnych.

Z badan wytrzymatoéci na jednoosiowe $ciskanie kilkuset odmian
skal polskich, o réznej genezie i litologii oraz réznym pochodzeniu re-
gionalnym wynika, ze procesy destabilizacji wigzby skalnej w pelnym
ujeciu Sciezki przedkrytycznej i pokrytycznej mozna przedstawié za
pomocg czterech modeli deformacji (Pininiska 1995, 1997). Modele te,
oparte na charakterystyce odksztalcen osiowych (g ), s3 $cisle zwigzane
z modelami aktywnosci akustycznej opisywanymi dla stanu przedkry-
tycznego przez Boyce'a et al. (1981) oraz dla stanu pokrytycznego przez
Pininska (2000), nawiazuja réwniez do modeli kruchego i ciagliwego
zniszczenia skal przedstawionego przez Mogi (1972).

Modele te obrazuja w jaki sposéb zrdznicowany proces finalnej
utraty statecznoéci struktury skalnej ma swe Zrédto we wezesniejszych
stadiach badz intragranularnego pekania rozdzielczego, pojedynczych,
wytrzymatych ziaren mineralnych stykajacych sie bezposrednio ze
sobg, badZ w pekaniu intergranularnym potaczonym ze $cinaniem, w
strukturach o dominacji stabego spoiwa. Stopieni zréznicowania dyna-
miki narastania uszkodzen struktury, wla$ciwy danej skale, widoczny
jest tak na krzywych naprezenie / odksztalcenie w obrazach kolejnych
petli histerezy jak i w towarzyszacych deformacjom charakterystykach
emisji akustycznej, a szczeg6lnoéci w zmiennej liczby sygnatéw emisji
stanu krytycznego w relacji do catkowitej liczby zdarzen akustycznych
scharakteryzowanych krzywa sumacyjna sygnatow akustycznych stanu
przedkrytycznego i pokrytycznego.

W przypadku skat zwigztych o poligonalnej, periodycznej struktu-
rze, gléwnie skatach magmowych z wyraznymi ziarnami kwarcu, oraz
silnie scementowanych krzemionka skalach osadowych i metamor-
ficznych pekanie inicjalne ma charakter intragranularny. Struktury te
pozostaja stabilne przez diugi czas pomimo spekania wewnetrznego,
lecz ich finalny rozpad przebiega gwaltownie i praktycznie nie zosta-
je zachowana wytrzymato$¢ rezydualna (o$rodki kruche: Model I oraz
Model I), a gwaltowno$¢ zjawiska rozpadu zalezy od stopnia diagenezy
oraz wielkosci ziaren sktadowych. W strukturach aperiodycznych o ziar-
nach nieforemnych, wlasciwych skalom stabym, przewaza mechanizm
pekania miedzyziarnowego oraz $cinania, kruszenia i przesuwania
odtamanych fragmentéw ziaren przez co proces utraty stabilnosci jest
powolny i zachowana jest znaczna wytrzymatos¢ rezydualna (osrodki
ciggliwe: Model I1I oraz Model IV). Ten proces utraty stabilnosci jest
wlasciwy skalom weglanowym, szczegdlnie organogenicznym oraz sta-

bym skatom osadowym ze spoiwem weglanowym lub zelazisto-ilastym,
a powolna dynamika rozwoju uszkodzen przejawia si¢ znaczacym roz-
wojem procesow dylatancji.

Moanna IInHMHBCKA

MOJEIN JE®@OPMALNN ITIOJIbCKUX IIOPOJ 11O
PE3YJIbTATAM MCCJIEOJOBAHNI HA OTHOOCHOE
CIKATHUE

Pesome

[Ipu ucnpITaHNAX IOPOJ OZHOOCHBIM CXKaTMEM B 3aBUCUMOCTU OT
MUHEPAIBHOTO COCTaBa OPOJ, HAOMIOA/INCh Pa3Hble BUABI iedpopma-
LMil: MHTPATPaHy/IAPHBIIA, UHTEPIPAHYIAPHBIA I TPAHCTPAHY/IAPHBIIL.
[Iponecc pacTpeckuBaHUA HPOABIAETCA C PASHONM [UHAMUKONA M C
PasHoII CTabMIbHOCTBIO B 3aKPUTNYECKOM COCTOAHMM. [IpeficTaBIe b
HO/TyYeHHbIE JAHHbIE IPOYHOCTU IIOPOJ] U IIPOLeCCa PACTPECKUBAHN,
KOTODbIE 3aBUCAT OT IUTOJIOTUM IOPOJ, M HPOYHOCTH OTHEIbHBIX KOM-
MOHEHTOB. AHa/m3 feopMalyil BBIIOMHEH [IA HECKONbKUX COTEH
00pas1oB MOMbCKUX IIOPOJ], PA3MMYAIOLMXCA 1O IUTONOTUM Y TeHe-
3ucy. Xapakrep fie)OpMalmii ¥ pesynbTaThl aKyCTUYECKOH SMUCCUN
MO3BO/IM/IM YCTAaHOBUTL pasHble Mopemu fAedopmanyn. Koneunoe
paspyleHue IOPoJi TECHO CBA3AHO C MHTPArpaHy/IAPHbIM PAaCTPECKN-
BaHUEM M3-3a NMIPOABJIEHNA PACTAIMBAIOIIMX HANPSKEHMIA, a MHTEp-
rpaHyNAPHOE PACTPECKMBAHME IPOMCXOLUT IO BO3AEACTBUEM CI[BU-
FOBDBIX HaNpsOKeHUIA. VccenoBanms moxKasamm, YTo B IOPOJIax C ABHO
HPOAB/IEHHON CTPYKTYPOIl U MPOYHBIM CBA3BIBAIOIIMM MaTePUATIOM
HPOUCXOAUT MHTPArpaHynApHOe pacrpeckuBanue. [lopoppl Taxoi
CTPYKTYPBI B XOJie VICIIBITAHUA HEKOTOPOE BPeMS CTaOU/IbHBbI, a 3aTeM
paspylaoTcsa. B mopogax ¢ HeperyIApHBIMM YaCTUIIAMU U CTTaObIM
CBA3BIBAIOIINM MATePMANoM IPeob/IafialoT CIBUTOBbIE HANPKEHNA, 4
CTPYKTypa paspyLIaeTcs Me[IeHHO U HaOMIOAAeTCs OCTATOYHAS IPOY-
HOCTD. JIaHHbII IPOLieCC XapaKTepeH I KapOOHATHBIX OPOJL, U TIPO-
ABJIAETCSA B OPraHOTEHHBIX I KIACTIYECKUX OPOJAX ¢ KapOOHATHBIM
U JKEJIe3UCTO-IIMHICTBIM LIEMEHTOM.



