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Using computer modelling on the basis of the 2-D finite-element method, the dynamic
conditions of tectonic compression of sedimentary layers are investigated. These models
represent a geotectonic situation for the Ukrainian Carpathians in Early Cretaceous time taking
into account a simplified cross-section. Geometrically, this cross-section include three parts:
moving thrust wedge, layered sedimentary complex and fixed declined basement of the
continental platform. Series of genetically inherited models, in which the number of thrust faults
increases, are constructed. The detailed numerical models within the framework of continuum
mechanics are used: the finite-element resolution is 500x100 m with biquadrate approximation
of displacements. The stress-strain state in the non-homogeneous medium with essentially non-
uniform mechanical properties according to flysch composition of load-bearing and weak layers
with different thicknesses are studied. Linear range of the models: total thickness — up to 5 km
(included 1 km as water hydrostatic pressure) and 50-80 km in lateral direction. The non-ideal
contact with slipping between layers and stress relaxation are taken into account.

The analysis of computer modelling results and investigation of the stress-strain state is
carried out on the several 2D-models, presented by cross-sections, for which hypotheses of
plane deformation in the gravitational field are accepted. Results of modelling displayed some
deformation features and stress distribution during compression up to 2.5 km. "Snapshot” maps
of stress and strain fields according to thrust wedge moving by step 0.5 km are constructed.
Particular attention is given to the area of tee-like contact between front and back rock massifs
regarding the faults of thrust kids and base layers at the detachment horizon.

The occurrence of laterally periodic zones of high stress level control (on the basis of the
brittle-fracture criterion) the formation and development of slightly sloping faults through
sedimentary layers. Plastic strains for lower layers on the detachment horizon by long-time
creep are modelled. Near to the faults they are accumulated and resulted in folded structures,
but ones are practically absent in the apical parts of thrust block.

Self-consistent restructuring of models that track the origin and evolution of thrusts or take
into account 3D-inhomogenity can be a task for future research.

Key words: computer modelling, the finite element method, thrust structures, the stress-
strain state, layered medium.

Tectonic cover nappes are typical structural units for many active belts which have passed
a convergent development stage. They are available in the Alps, Carpathians, Scandinavian
Caledonides, Canadian Rocky Mountains, Urals Mountains and other sites of the Earth’s crust.
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By object of research it is chosen covers of the Ukrainian sector of the Carpathians. The
mechanism of formation and dynamic conditions of their becoming is important for
explanation of such geological structures and remain open to question [2, 3, 5, 6]. The modern
structures are result of mainly last stages of deformation process during millions of years. For
understanding of development of complex deformation in such crust regions it is necessary to
study preconditions existed for the period of formation and becoming of structural ensembles.
In addition to tectonophysics and paleostress reconstruction methods the mathematical
modelling using continuum mechanics is irreplaceable [7]. Computer simulation on the basis of
the finite element method [8, 9] for studying of the stress-strain state in thrusting rocks is used.

The first cover nappes of the Ukrainian Carpathians were formed at the end of Early
Cretaceous times. In lateral cross-section from NE to SW for this time it is possible to locate
the passive edge of the East-European platform, passed into flysch basement, and sedimentary
basin limited on the other side by the block of the continental crust (Marmarosh massif). The
geotectonic regime was defined by convergent interaction between flysch basement and
continental block. This predetermined the thrust faults in a nearby part of basin sediments. In
future the flysch complex was compressed and the front of thrust structures migrated in the
pulsed-continuous style towards the platform.

The aim of this study is to investigate the dynamic factors (stresses and deformations)
which control the compression of sedimentary layers during formation of thrust structures.
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Fig. 1. Computer models with different number of faults.

Geological data and short model description

The computer models on the basis of geological structural data are constructed. It has
necessary simplifications and by three components is presented (Fig. 1). Two active elements
are the platform edge passed into flysch basement by system of faults (on the right size of the
model) and the block of a continental crust (on the left) as analogue of Marmarosh massif in
the Inner Carpathians. Between them on the model a layered complex corresponded with
Cretaceous sediments is constructed. The heterogeneous medium by six macrolayers with
different mechanical properties and thicknesses according to stratigraphic levels in a cross-
section of the Ukrainian Carpathians is presented. Generally, macrolayers model a sandwich-
like structure with competent middle layer, weak viscous lower and brittle plastic upper layers.
Their properties change stepwise across structure but each layer taken separately is
homogeneous. The lower layer models thin-rhythmical flysch with equivalent thickness up to
700 m (detachment horizon), and a next one is already more competent due to increase of
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contained psammitic material. The third, most competent macrolayer (up to 600-700 m) is
analogue of thick-rhythmical flysch and sandstones packs. Assumed Young's modulus for this
layer is 35 GPa. Two next macrolayers gradually become less competent (25 and 15 GPa) and
the least lithifical upper macrolayer characterized by brittle-plastic deformations are
overlapped. The platform and massif are considered as more rigid bodies (Young's modulus
equal to 100 GPa). The sedimentary basement we describe as contact conditions with rigid
lower surface kinematically connected to platform. Other physical properties of the model for
known literature data are averaged [3, 4].

For simulation of creep deformations in the sedimentary layers, specially for lower layer,
the power law is determined [4]
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where equivalent (von Mises) stresses o

eqv

parameters, —logy =9+12 MPa™ 10° s, m=2-3. For average stress o, =10-50 MPa it

follows that equivalent linear viscosity n,, =y’1(ceqv )Pm equal to m,, =10%-10%Pa-s. For
O =10 MPa and Young's modulus Egq, = 20 GPa a period of relaxation t.., =n, /E.,

(that is time interval of decrease of stress level in e ~ 2,71 times), average hundreds of years
and should be considered in the calculation.

Rheological properties of upper macrolayers are considered within model of elastic and
brittle-plastic deformation with yield criterion taking isotropic hardening into account

(plast) )S(plast) )
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When we put o ~20.001-0.002 E and residual strain accumulation increases to 5-10 %

for competent material the instantaneous value of elasticity limit o, (equal to strength limit as

provided by model of brittle fracture) is duplicated.

Between a layers system, the massif at the left, the basement and the platform on the right,
and also between layers we set conditions of non-ideal mechanical contact with slipping
between layers by Coulomb-Mohr law of friction [1]

T=1,+u|o],

where ¢ are friction forces, T, — cohesion, p —coefficient of friction; o — contact pressure.

Proceeding from a unbiased fact about flysch basin contraction different cases of lateral
movements of the left massif or the right platform (together with the basement) in direction of
the layered complex are modelled.

The boundary condition for displacements is chosen equal to 1 cm/year that correlate to
an average value fixed in modern lateral movements of the Earth's crust. The initial stages of
compression traced up to 2-2.5 km.
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Difficulties of a finite elements mesh reconstruction for greater plastic strains
deformations are known [4, 9]. Also an algorithm of contact conditions between layers and
faults sides versus hypotheses of continuum must be considered. This does not make it possible
to follow on the base model all stages of deformation and thrust formation process with
sufficient accuracy of structural heterogeneity description. Therefore we chose for computer
simulation four genetically inherited models which show behaviour of layered sedimentary
rocks during lateral compression.

The analysis of computer modelling results

The investigation of stress-strain state is carried out on the several 2D-models, presented
by cross-sections, for which hypotheses of plane deformation in the gravitational field are
accepted. We are interested in finding a level of equivalent stresses (von Mises) o, and total

finite strains ¢, . Actually they characterize stress and strain deviators, taking into account

work-hardening of material, what is important for inelastic deformation. In aggregate they are
primary factors of formation of different geological structures such as fault, fold or thrust. In
particular, the value o, greater than a yield stress level testify or to plastic deformations, or to

formation of faults in a fracture zone (a zone of release of elastic energy).

The first base model 6L-0F has the initial conditions presented above (Fig. 1). Geometry
of a basin slope play here a key role in the interacting of lateral loadings and layers taken into
account the sliding and friction between units of the model. From the platform side (with more
steep ledges), competent layers control the shortening of the sedimentary basin, and from the
massif, the compression is accompanied with slip of the lower layer upwards on a sub-
horizontal part of a gentle slope that leads to bending of all sedimentary layers in this zone.

The greatest stresses arise nearby massif and have non-uniform distribution in
macrolayers. Stress values in the third macrolayer and its lateral expansion zone are most
significant. In other macrolayers high stress level arises a little later. In the compressed
competent macrolayers the stresses localized in sinusoidal zones. The second model 6L-1F has
a band of higher stresses exceeding strength limit, thus we assign a position of a hypothetical
fault in a competent macrolayer where slipping contact conditions are defined. Compression of
such model leads to expansion of the prime zone of critical stresses to the follow macrolayers.
So, it is possible to assume development of the subordinated strike-slip faults into adjacent
layers, especially into upper layers, forming a continuous plane through sedimentary rocks
which can be a thrust fault. At the same time we show the similar zone of high stresses along
competent macrolayers. There is a zone of a new hypothetical fault.

The next models 6L-2F and 6L-3F include more faults (Fig. 2, 3). Accordingly, the finite-
element meshes are reconstructed. The assumption of faults position is grounded on the zones
of higher stresses showed in the previous models. Process of construction of next models can
be continued, however already after the third stage (the model 6L-3F) can be see a tendency
(localization and inclination angle) to cyclic occurrence of such zones.

The complex stress-strain state is inherent for both models 6L-2F and 6L-3F. Lateral
heterogeneity essentially in a subduction zone is expressed. The high stress level in nearby part
of frontal fault and in the third competent macrolayer is observed too. It is necessary to note
that their values are less than in previous models as a result of upward shifting along second
fault plane and corresponding stress relaxation. Providing subsequent lateral compression, also

eqv
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stresses and thrust amplitude grows are increased. There are the lowered stress zones in fault
bases, also relatively low values o, will be appear in apical parts of layered anticline within

thrust body. Greater stress level is in third competent macrolayer. Partially they set off during
slipping along the second fault and more less along third one, and again there are new sites of
stress concentration in undamaged rocks. Also it is possible to localize the second order high
stresses zones with other spatial orientation. They propagate into the upper macrolayers, and
new thrust structures will be controlled by faults in competent macrolayer too.

Fig. 2. Fragment of cross-section in the subduction zone on the model 6L-2F: a — distributions of
equivalent stresses o (in MPa); b — total finite strains Eeqy (dimensionless) for different stages during

eqv

compression up to 2.0 km by step 0.5 km (top to bottom).

The layered anisotropy caused by essentially different mechanical properties and
structural heterogeneity leads to redistribution of strains in comparison with compression of
homogeneous block in gravitational field. For model 6L.-2F accumulation of strains ¢,,, occurs

in the lower layers due to creep. In detachment macrolayer there is a forcing a plastic material
into thrusting zone, where development of folded structures also is possible. The higher level
of total strains in the upper macrolayers of thrust body can testify to the latent damages of
lower macrolayers. In the parts under thrust there is a significant strains accumulation which
boundaries do not coincide with high stress zones.
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Fig. 3. Model 6L-3F: compression up to 2.5 km by step 0.5 km (top to bottom);
notifications are similar to Fig. 2.

The layered anisotropy caused by essentially different mechanical properties and
structural heterogeneity leads to redistribution of strains in comparison with compression of
homogeneous block in gravitational field. For model 6L-2F accumulation of strains ¢, occurs

in the lower layers due to creep. In detachment macrolayer there is a forcing a plastic material
into thrusting zone, where development of folded structures also is possible. The higher level
of total strains in the upper macrolayers of thrust body can testify to the latent damages of
lower macrolayers. In the parts under thrust there is a significant strains accumulation which
boundaries do not coincide with high stress zones.

Distribution of total strains in model 6L-3F is similar to previous one, but has its own
peculiarities. Zones of greatest strain level in the lower viscous macrolayers associate with
lower parts of faults, what is favourable for formation of nearby thrust folds. Also the anticline
flexures in competent macrolayers are less deformed on front of thrusting.

Conclusions
1. It is important to apply heterogeneous finite-element methods in computer modelling of
long-term geological process such as thrust wedge moving. The stress-strain state of real
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sedimentary layers take into account elastic and plastic deformations and mechanically non-
ideal contact both on detachment horizon and also between the macrolayers. Phenomena of a
relaxation and relief of stresses owing to slipping must be considered too.

2. Zones of high compressive stresses in competent macrolayers control occurrence of
faults, which can intersect sedimentary rocks, and assist of the formation of low-angle thrust
structures. The criterion of Mises’ stresses for a choice of new faults location enables to
provide initial stages and propagation of structures of thrusting kind.

3. High level of inelastic strains in the lower macrolayers especially in the detachment
horizon and in the basis of thrust damages responses to nearby fault folded structures, which
during movement of cover nappes are formed. Propagation of these strains into the upper parts
of the cross-section by competent macrolayers is blocked.
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3a 10TIOMOT0r0 KOMII FOTEPHOTO MOJETIOBAHHS Ha OCHOBI IBOBUMIPHOTO METOIY CKiHUCHHUX
€JIEMEHTIB JOCTIDKYIOThCS JAWHAMIYHI YMOBH TEKTOHIYHOTO CTHCHEHHS ocamoBux mapiB. Lli
MOJIETi MIPE/ICTABIIIOTE T@OTEKTOHIYHY CHTYyaIlifo Uil YKpaiHchkux Kapnar y paHHbOKpeinoBuii
4ac 3 ypaxyBaHHSIM CIIPOILEHOTO Iepepisy. ['eoMeTpuyHO 1eil momepeuHuii mepepi3 BKIIOYAE
TPH YaCTHHH: PYXOMHH KJIMH HacyBy, IapyBaTHH OCAJOBUI KOMIUIEKC i HEPYXOMHH MOXMINit
(GyHIaMeHT KOHTHHEHTalNbHOI Iularhopmu. I[loOymoBaHO HHM3KYy T'EHETHYHO YCHaJKOBaHUX
MOJIeNIeH, B AKHX 30UIBIIY€EThCA KUTBKICTD PO3JIOMHHX NOPYIIEHh HACYBHOTO THITYy. BHKOpHCTaHO
JIeTajJbHI YUCETbHI MOJETI B paMKax MEXaHIKH CYLUTbHHX CEPeIOBHIL: PO3IiIbHA 3JaTHICTH
CKIHYEHHHX eJleMeHTiB cTaHOBUTH 500x100 M 3 OiKBagpaTHYHOIO anpOKCHUMALIEI0 TEePEMIlIeHb.
Mu BHBYaEMO HampyKeHO-Ae(pOPMOBAHUI CTaH y HEOIHOPIAHOMY CEPEHOBHII 31 CYTTEBO
HEOJHOPITHUMH MEXaHIYHUMH BIACTHBOCTSAMH BIINOBITHO A0 (IIIIIOBOrO KOMIUIEKCY 3
NepeniapyBaHHsIM KOMIIETCHTHHX Ta IOJATIMBUX IIapiB pi3HOI ToBIuHU. JIiHIiNHI po3Mmipn
MOJIeJIeii: 3arajibHa TOBIIMHA — 10 5 KM (BKJIHOYArO4d 1 KM TiPOCTATUYHOTO TUCKY BOIH) Ta 50—
80 kM y JaTepalbHOMY HANpsIMKY i3 BpaxyBaHHSIM HEileaJbHOTO KOHTAKTY i3 KOB3aHHSIM MiX
IapaMH Ta PeJaKcali€lo HampyKeHs.

PesynpTaTé KOMIT FOTEPHOTO MOJETIOBAHHS LTIOCTPYIOTH JESKi 0COOMMBOCTI JedopMyBaHHs
Ta PO3MOJIIT HAPYXKEHb i Yac CTUCHEHHA 110 2,5 kM. [ToOymoBaHi kapT — "MHTTEBI 3HIMKH" —
MOJIiB HANpyXeHb Ta AedopMamniil BiIOBIAHO A0 MEPEMIIeHHs KIIMHA HAaCyBY 3 KpokoM 0,5 kM.
Oco0muBy yBary MPHIICHO 30HI TPIYacTOro KOHTAKTY MiX MEPENHIM 1 3aHIM MacHBaMHU
TipCHKUX MOPI/ MO0 KPHII PO3JIOMIB 1 MiACTHIEHUMH IIapaMH Ha TOPU30HTI BiIPUBY.

IMosiBa mepioAMYHMX TO Jarepaidi 30H i3 BHCOKMM pIiBHEM HaNpy>KeHb KOHTPOIIOE
(GopMyBaHHS Ta PO3BUTOK HE3HAUHO IOXWJICHMX PO3JIOMIB 4Yepe3 OcaJoBi LIapH 3TiJHO 3
KpPHUTEpieEM KPHUXKO-IUIACTUYHOTO pyHHyBaHHsA. [lmactuuni nedopmarii, oo MoJeroo0Th
MOB3YYICTh JJIsI TOPH30HTY BiIPHUBY, HAKOMUYYIOTHCS B HIDKHIX IIapax MOOJU3Y PO3JOMIB Ta
YTBOPIOIOTB Y PE3yNbTaTi CKIaA4acTi CTPYKTypH, OJHAK BOHH MPAKTUYHO BIJICYTHI B alliKaJbHUX
YacTHHAX OJIOKIB HACYBY.

CamocriitHa epeOynoBa MOAETeH, SKi BiICTeXKYIOTh BUHUKHEHHS Ta €BOIIOIII0 HAacyBiB abo
BPaxOBYIOTb HEOJIHOPIJHICTh Y MIPOCTOPI, MOXKE OyTH 3aBAaHHAM ISl MAHOYTHIX TOCIiIKEHb.

Knouoei  croea.  CKIHUCHHO-EIEMEHTHI  MOJeNi, CTPYKTypH HAacyBy, Hampy)XeHO-
nedopMoBaHUii CTaH, MIapyBaTe CepeJOBHILIE.
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