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Abstract. In addition to gravitational compaction, tectoniogesses represent a major component
of deformation in sedimentary basins during diageneThe aim of this contribution is to provide
theoretical elements for the modeling of thesenpheena, together with numerical aspects for
basin simulators.

A comprehensive constitutive model for the sedimerdterial is first formulated within the
framework of finite poroplasticity. Particular ehgsis is put on the effects of large strains on the
poromechanical properties of the sediment material.

As regards the numerical assessment of sedimebtsiyn evolution, an original finite element
procedure has been developed, specifically devfsedsimulating the processes of sediment
accretion/erosion.

After the numerical simulation of the whole phasésediments deposition, the loading originating
from tectonic sequences is simulated by imposinggbnotal prescribed displacement at the lateral
boundaries of the basin. Two-Dimensional (2D) &ndlement analyses are performed in either
compressive tectonics situation.
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1INTRODUCTION

Simulation of sedimentary basins with tectoaativity is a complex multidisciplinary
problem involving geological, chemical and mechah&spects. Reconstructing the stress
and the deformation history of a sedimentary basima challenging and an important
problem in geoscience. The potential applicatiorduide petroleum exploration, reserve
assessment and production.

Many efforts have been done during the pasadies as regards the integration of
geological data and the simulation of hydrocarbagnegation, primary migration,
secondary migration and accumulation processes.eMenyprogress in this field has been
hampered by the absence of a comprehensive meehat@scription of the geological
material, which accounts for the strongly coupledture of the deformation problem.
Sedimentary basins form when waterborne sedimenshallow seas are deposited over
periods of tens of millions years. The depositedema then compacts under its own
weight, causing a reduction of porosity and hemgeexpulsion of pore fluid. Eventually,
as depth increases, chemical reactions occur, asiciementation of granular aggregates
and pressure solution. Purely mechanical phenorpenail in the upper layers, whereas
chemical compaction dominates for deeper burialstaiess and temperature increase
(Schmidt and McDonald, 1979).

Disregarding chemical aspects, the paper Widus on the modeling of purely
mechanical compaction with tectonic activity.

The basic models of mechanical compaction aite lm|ased on phenomenological
relationships relating porosity to effective veatistress. The concept of porosity versus
Terzaghi’'s effective stress dependence has bedy ietnoduced by Hubert and Rubey
(1959) and later by Smith (1971). These ideas leen widely adopted and implemented
in numerical finite element models that have vyidldealuable contributions to the
understanding of the evolution of sedimentary basin

Still, a more comprehensive description of thechanics involved in basin simulation
should be achieved within the tensorial formalisintlee constitutive model. This is
necessary for addressing the boundary conditiom®ugtered in the case of tectonic
activity, or for the determination of the horizon&dresses induced by the compaction
phenomenon. The main difficulty rises from the &rgorosity changes involved in
compaction probem. This requires that the porom@chhconstitutive law be formulated
in the framework of finite irreversible strains ¢séor example Tuncay et al. (2000);
Bourgeois and Dormieux (1997); Deudé et al. (2@@4arnichon and Charlier (1996)).

The coupled nature of the deformation probleay be understood as follows. Large
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strains modify the microstructure, microstrucutredifications lead to a change in the

poromechanical properties of the sediment matemiaich in turn affect the basin response.
Theoretical formulation accounting for the effectghe porosity changes on the elastic and
plastic properties of the porous material have b@@posed in Dormieux and Maghous

(2000); Bernaud et al. (2002); Barthélémy et &00@ and Deudé et al. (2004). It is shown
in particular that the time dependence of poromlgsirameters with large plastic strains
leads to additional terms in the constitutive eiqunest

In Bernaud et al. (2006), the problem of purghavitational compaction, including
explicit simulation of distinct phases of sedimedépositions, has been addressed within
the framework of finite element method in finiterpplasticity. The main objective of this
contribution is to extend the analysis to accoumt tectonic-induced deformation in
sedimentary basins during diagenesis.

It is well established that the deformationlation and associated poromechanical state
of sedimentary basins are significantly affected dllythe tectonic processes occurring
during their life-cycle. For instance, extensiosatlimentary basins that are subjected to
shortening may experience uplift of basin sedimamis reverse reactivation of faults in a
process which is referred to as basin inversion.

Few works are dedicated in the recent literaturéhemretical or numerical modeling of
these phenomena. A numerical simulation was prapaseHutton and Syvitski (2003)

making use the computer 2D program SedFlux whicls wedified to simulate the

distribution of seafloor geotechnical parametersrduthe growth of a seismically active
continental margin. The mechanics of tectonic isv@r of the Pannomian has been
investigated by Jarosinki et al. (2009) using tkEMFcode ANSYS. The authors modeled
the sediments behavior by a means of a Mohr-Coulwbwhich is capable to couple
elasticity, viscous and plastic strains and tentpeea Buiter et al. (2009) studied the
inversion of extensional sedimentary basins throagmumerical evaluation of the

localization of shortening; the modeling consistsadhermo-mechanical constitutive law
with a Drucker-Prager criterion. Zhao et al. (20@@Veloped a finite element model to
simulate the fluid rock interaction in pore-fluidtarated hydrothermal sedimentary basins.

Three-dimensional basin modeling software isv nutinely used in commercial
petroleum exploration. However, very little has tgaublished about the formulation,
discretization and solution of these models. Matoal. (2009) describe a 3D control-
volume finite-element method to solve numericallye tcoupled partial differential
equations governing geological processes involneithé evolution of sedimentary basins.
Theses processes include sediment deposition aiodnaion, hydrocarbon generation,
multiphase fluid flow and heat transfer in deforgiporous media.
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The analysis is focused in this paper on theletiog of tectonic activity within the
theoretical framework of large poroplastic stragmeviously formulated in Bernaud et al.
(2006). After the entire phase of sediment acoretihe sedimentary basin is submitted to
extensional /compressive tectonic which are suagbdo gravitational compaction and
pore pressure dissipation processes.

2THEORETICAL ASPECTS

During compaction process, the particles ofgbeus material (i.e. sediment material)
are subjected to large volumetric strains: the pioyachange may reach 50% as the burial
goes on. Appropriate prediction of the basins raspashould thus take into account both
the constitutive non linearities and the geometan linearities induced by large strains.

2.1 State equations and complementary relations

At the scale of pores and solid grains, largairss modify the microstructure of the
sediment material. In turn, these microstructutelnges are responsible for the evolution
of elastic and plastic mechanical properties.

The sedimentary rock is modeled as a fully reéa poroelastoplastic material
undergoing large strains.The anisotropy of the raeal properties of the sedimentary
material induced by compaction is disregarded. dlastic part of the deformation gradient
of the skeleton particles is assumed to remaimiteSimal. This means that large strains
involved during compaction process are of irrev@es(plastic) nature.

In the framework of finite poroplasticity, tle®nstitutive behavior comprises two state
equations in rate-type formulation together withmptementary relations specifying the

flow rule (Dormieux and Maghous, 2000; Bernaudlgt2002; Bernaud et al., 2006). Let
o denotes the Cauchy stress tensor anthe pore pressure. The first state equation elate

the stress rater, the pore pressure ratg, and the strain rate tensar defined as the

symmetric part of the velocity gradient:

=g"'+0%.Q-Q.0°'=c:(d-d") + c:c': g™ N}

where gp denotes the plastic strain rate whileis the rotation (spin) rate tensor which
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aims at taking the large rotation of the elementasjume into account. This equation
involves:
- a rotational time derivative of the Biot effe@igtress tensoge' =g +bpl whereb is the
Biot coefficient;
- a term related to the particulate derivaté/ef the tensor of drained elastic modali

The evolution of the elastic properties is tedato those of the microstructure which
cannot be neglected in the domain of large strd&Redationship (1) extends classical rate
form formulations (Meroi et al.,1995; Bourgeois abdrmieux, 1997; Dormieux and
Maghous, 1999) to the case of variable elastic gnogs.

The second state equation relates the poremelchange to the rate of the pore

pressure and to the strain rate. Let J and J® denote the jacobian of the transformation

of the elementary volume and its plastic part, eetipely. The rates) and J"are given by:

J=Jtrd and Jj°=J"trd" ) (2

With these notations, the rate form of the secstate equation reads (Bernaud et al.,
2002):

p:M(—btr(g—gp) COJEO j+—p—Mt1r( :ge') (3)

@ is the lagrangian porosity® the corresponding plastic part adds the Biot modulus.

The terms involvingM and b in (3) are related to the influence of large ptastrains on
the poroelastic properties.

The complementary equations prescribe theiplfistv rule. Generalizing the concept of
plastic potential, we therefore introduce the fioretg(g, p) which derivatives yield the

sought plastic rates:
99

o (4)

T A1

where y is a non-negative plastic multiplier.

The plastic incompressibility of the solid pbas assumed in the sequel. This implies
that the plastic part of the pore volume changddatical to the plastic part of the total
volume change and yields® = J°. Owing to (20), it is further obtained that = J°trd".

Combining this equation with (4) reveals tha plastic potential depends @n and
through the so-called Terzaghi effective strgss- g + pl (e.g. Bourgeois et al., 1995):
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: _ov
gg.p=¥ag); d =X3p (5)
g
The relevancy of the above model depends ondpability to specify:
» the elastic-plastic coupling characterized by tepethdence of tensar as well as
poroelastic coefficients andM on large plastic strains;
» the influence of large plastic strains on the etrotuof the yield surface as well as

on the hardening rule.
2.2 Influence of microstructural changes on poroelastic and hardening properties

In the case of plastic incompressibility of 8@id matrix, large plastic strains of porous
material are expected to induce significant poyoaitd pore shape changes. In order to
capture the influence of the plastic strains onpbelastic properties, the idea is to resort
to micromechanical estimates of the latter. For sh&e of simplicity, the anisotropy
induced during the loading process is disregardefiis study. The pore space is therefore
entirely characterized by its volume fraction, nanthe eulerian porosity =@/ J. We
herein adopt the Hashin-Shtrikman upper boundsiwéiie known to reasonably model the
elastic properties of isotropic porous media (s@arfstance Zaoui, 2002).Accordingly, the
bulk moduliK and the shear modujx of the porous medium now appear as functions of
the porosity as well as of the elastic propertiethe solid phase (that are assumed to be
constant):

_AkCuc1-9). _ A=) ( K+ )

K@) =——==; = 6
where k®*and ° are the bulk and the shear moduli of the solidsph# is recalled that the
Biot coefficient and modulus are connectedtthrough:

K@) gpgt -b@)=¢ (7)
k® M () k*®
We now need to relate the porosity changeeqthstic strains undergone by the porous
material. To do so, we first observe that the cooiof plastic incompressibility of the
solid constituent reads:

b(¢) =1-

17 -¢° =1-4, 8)(

where ¢, denotes the initial value of the porosity. In th@nfiework of infinitesimal elastic
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strains, it is possible to neglect the variationhaf pore volume and that of the total volume
between the loaded and unloaded configurationsh@felementary volume, since these
variations are reversible by definition. This jfie8 the following approximations:

=3 ¢’=9¢ 9)

Introducing (9) into (8) yields:

1-¢ 1-¢
=1- 0=1- d 10
¢ : T (10)
In view of (10), equation (6) shows that thecroacopic stiffness tensar is a function

of the (total or plastic) jacobiarc = ¢(J"). The same conclusion holds for the poroelastic

coefficientsb andM. Neglecting the induced anisotropy therefore an®tm the fact that
the elastic-plastic coupling properties are onlyegaed by the plastic volumetric strains.

As regards the evolution of the plastic prapertof the porous medium, it is first
assumed that the yield surfates that of the standard modified Cam-Clay (Muir &tlp
1990):

f@'=a+pLp)=55i5 M, B D) (11)

where s=g-_trg is the deviatoric stress tensor arpd:%trg' is the mean effective

Wik

stress. p.is the consolidation pressure and represents tih@ehi;ig parameter of the
model. The constanM . is the slope of the critical state line. The ptasfow rule is
associated, i.eg = f .

The hardening law, that is the influence ofgéamplastic strains on the consolidation
pressure, is a crucial feature of the model. Inftaenework of the Cam-clay model, the
standard hardening law may be written in the doroéiarge strains

pc(‘]p) = pcO e‘”(-]p_l) (12)

wherea is a material constant.

However, such a hardening law does not enfotite condition J° >1-¢,,
corresponding to total pore closure (see (10))isItherefore expected that a simple
extension of the classical Cam-Clay hardening lawhe form (12) might yield negative
porosities under high isotropic compression. Thabfi course not satisfactory. Instead of

(12), we shall hereafter resort to a micromecharaparoach to the hardening law which
overcomes the above difficulty. The idea is to tdgnp.(J") to the limit load of a hollow
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sphere subjected to isotropic compression in theailo of large strains. In fact, as early
noticed by Hashin, the hollow sphere is the sintptesceptual model for an isotropic

porous medium. Considering the case of a solid elwhghe Tresca type, the limit load
appears to be a function of the current porogit¢pore volume fraction):

Py — pcO _1_¢0
P97 = In-= ) (13)

As opposed to (12), we note that the consttidapressure predicted by (13) tends
towards infinity when the pore space vanishes. ke way that this micromechanics-
based hardening law avoids the development of negaobrosities.

2.3 Finite element analysis

Consider a material system defined by ponmeslium which occupy a geometrical
domain Q. Within the framework of finite poroplasticity, @hquasi-static boundary value
problem is defined o2 by:

» the momentum balance equation:

diva +pg=0 (14)

* the fluid mass balance equation:

p o+ I dive’ g=0 511

where p' is the fluid density andj is the filtration vector. The latter is connectedthe

fluid pressure through the Darcy’s law:
g=k(-Op+p' g (16)

k denotes the permeability tensor. In the case ofrdpy (i.e. k=Kl ), effects of
microstructural changes on the evolution lofmay be modeled by means of Kozeny-
Carman formula:

° (1_¢0)2
K=k ——"2> 17
k°¢§’ 1-¢)° 4
k, = k(@,) is the initial value of the permeability.
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» the constitutive equations.

Within the framework of finite poroplasticjtyhe latter are given by (1) and (3)
together with the plastic flow rules (5). The dlasnoduli, the yield surface and the
hardening law are described by (6-7), (11) and,(@&9pectively. In addition, the initial
conditions must be specified as well as the mechhand hydraulic boundary conditions.

It must be emphasized that all equations dejithe boundary value problem refer to
the mechanical system in its current configuratwhich is a priori unknown.

The finite element analysis will be outlined-dedter. Fully details are given in Bernaud
et al. (2002).

The updated Lagrangian scheme (Bathe, 1998)ad in order to analyze the large strain
behaviour of the structure under considerationthia approach, all static and kinematic
variables are referred to an updated configuratiagach step timat. Denoting by'x the
coordinates of any skeleton particle in the corigjon of the mechanical system at titne
it is convenient to reformulate the problem in terof the displacement betweénand
t+At:

U=""x-"x 18]

and of the pore pressure values difference P antpasimilar within the skeleton
transformation at times andt +At :

P=p(¥™ - f(¥ (19)
The weak forms of the equilibrium and fluid mdslance equations, expressed at time

t+At, are derived. A standard 2D finite element forrtiataemploying 6-nodes triangle
elements is used. The components of the displadebthane approximated by a quadratic

polynom function of the 6 nodal values. The appration of the pressurBis linear with
corresponding nodes located at the three summitiseofriangle. This procedure yields to

the following matrix equation:
|: uuJ PUi||:u:|=|:FUi| (20)
KUP KPP p _FP

where K, and E, are the global stiffness sub-matrices and fortevactors, respectively.
u and p are the global vectors whose components are nodes/af the displacement
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U and the pressurP, respectively.

Consequently, the above system of equationeméinear because of the dependence of
Fy andF, onu and p . For this reason, at each time, it is necessasple (20) by an

iterative algorithm until (20) is satisfied up t@exqquired tolerance.
Explicit expression for matricels,; and vectorsk, together with the description of the

iteration procedure are given in Bernaud et al020

3NUMERICAL PROCEDURE

The specificity of the numerical simulationsgfdimentary basins lies in the fact that the
system under consideration is an open system. Qoasdy, appropriate numerical
approaches such as finite element one must implea@ropriate procedures to model
continuous sediment supply.

The numerical approach used in this study, wisaimed to simulate the time evolution
of the basin boundary, is based upon a technigeettii inspired from tunnel engineering.
It is explained in Bernaud et al. (2006).

The basin undergoing compaction is modelechadsoaizontal infinite layer (Fig. 1). The
basement rock is located at=0. Assuming it remains horizontal, the upper boupdar
defined by the time dependent plane equattonH(t), where H(t) refers to the total
thickness of the basin at timie Besides, the sea level is located at the pland, .

These geometrical assumptions are adoptedrfgilisity. Nevertheless, more complex

2D basin geometries can also be handled by meams efumerical code.
In absence of tectonic activity, the gravityckes —ge, and the fluid pressure at the top

of the basin constitute the loading parameterséencompaction process. H(z,t) denotes

the mass density of the sediment material, the madsnents supplied per unit area from
the initial timet =0 is equal to that of the vertical column with ueribss section:

H(t)

M® = | p(zdz (21)

0

The boundary conditions consist in prescrilting values of the stress vecfbr=o.e,,
displacement vectof, fluid pressurgp and the fluid fluxq.e,:
* z=H(t) (upper surface)
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T=-p'g(L,-H())e . p=p"g(L -~ H(1) (22)

* z=0 (basin basement)

¢=0, ge =0 (impermeability condition) (23)

The numerical technique (for more details seenBud et al. (2006)) to simulate the
sedimentary basin consists in transforming the epah material system (the basin) into a
fictitious closed system. The evolution in timetbé latter must of course correspond to
that of the real system. The main advantage ofggtosedure lies in the fact that the finite
element approach briefly described in section 2 &plicable.

Z
Sea leve
Z=|_0
pf
T Top of sediment layer
z=H(t)
p
Basin basement
z=0 X

Figure 1: Schematic geometry of the basin.

4 GRAVITATIONAL COMPACTION SIMULATIONS

The basin deformation model described in ttevipus sections has been implemented
in a two-dimensional finite code.

Before studying the basin under tectonic @gtiwe first proceed to the simulation of
the sedimentary basin formation (i.e., constructibthe basin). This is achieved by means
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of the numerical technique briefly explained ints@c 3.

The first step of basin simulation (prior &ctonic loading application) is carried out
within a 2D setting. Oedometric conditions are assth for the modeling. Even a 1D
setting would be sufficient for this task, a 2D ratwg of the basin geometry proves to be
necessary in the perspective to proceed, sequgritahe construction of the basin, to the
analysis of basin tectonics induced-deformationhe Tnitial geometry of the fictitious
system considered for calculations is displayedrion 2. It is defined by a rectangular
block of 24kmlong by H =6 kmthick. Owing to the symmetry with respect to thetical
plane, only the half par@< x of the initial geometrical domain is descritizedoi finite
elements. The finite element mesh consists in #@@Agular elements (each triangle is
viewed as T6 for displacement interpolation andTa8sfor pore pressure interpolation)
regularly distributed along 120 horizontal layexach layer being divided into 60 elements.
The mesh corresponds to 14701 total nodes.

z
\L «
O
A;<A
! T=-p'g(L,-He ; p=p'dbL-H
z=6km
z N
T """ C—1T—1 e j§
P —" e YN ?\.
symmetry
condition: impermeable
I x
impermeable
) é\\g\\)ﬁ AUUURNY Xx=12 km

Figure 2: Initial geometry model: dimensions andtwary conditions.
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The simulations carried out in the subsequantlysis assume the following
characteristics:
(a) The yield surface is that of the standard mediCam-Clay (11).
(b) The sediment material supplied at the top ef blasin is assumed to have constant
mechanical and hydraulic properties at the geolbgie scale.
(c) The accretion raté1, is constant at the geologic time scale.
(d) The basin is made up of an amount of matetuaply which would correspond to a
vertical column of thickness H = 6000 m in abseoiceompaction or in other words if the
sediment material were rigid. The sea level is 2@0Bigher at the top of the basin, which
means that the column of sea water lnas 8000 m.

In addition, the following material parametbes/e been adopted for the calculations:
Initial material density o, =1.37x10 kg/m?, initial porosity ¢, =0.72(data taken from

Hamilton, 1959), fluid densityp” =10 kg/m?, initial Young modulus, = 10° MPa , initial
Poisson’s ratioy=0.33, initial Biot coefficienty = 0.9715, initial Biot modul$/p = 1.392
10°> MPa, coefficient slope of the critical state lidgs= 1.2, permeabilitgo = 10*° MPa" x
m? x s, initial consolidation pressurpe = 1.5 MPa. The rate of sediments supply
corresponds to an increase in the layer thickn€49@ m per million years (Myr), if no
deformation occurs.

Figure 3 illustrates the compaction curve o thasin versus the time. The entire

construction of the sedimentary basin takes 60angl years when the column presents the
height of H(t) =4212m, instead ofH (t) =6000m if no deformation occurs. During the

phase of basin formation (phase of accretia60 Myr) the deformation of the basin is
mainly controlled by gravity compaction. After iistal construction (i.e., after the process
of sediment accretion has stoppéd 60 Myr), the deformation is mainly due to the
process of pore pressure dissipation. The comptat@lisation of deformations is reached
after approximately 1600 millions years, and theesponding final height of the basin is
H (t) =2690m.

The numerical results of the basin simulation=60 millions years will be the initial
state for the tectonic numerical calculations. kams that for the tectonic calculation
activated at t=60Myr, the initial Young’s modulteke the values given in figure 3, the
initial hardening parameter is given by the valoédigure 4 and the initial porosity is
given by the values of figure 5. It means that sgygarameters of the problem are function
of the depth of the layer.

For the timet =60Myr, figure 4 illustrates the variation of the Yayis Modulus with
the layer depth. We can observe that as expectedYtiung’s modulus presents its
maximum value E=4800 MPa at the basement of th&bas the top of the model the
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Young’s modulus presents the value of the init@talation E =1000 MPa.

The variation of the consolidation pressureg(F), which represents the hardening
parameter of our model, has the same form of threecof the Young’'s modulus: the
maximum valuep,, =4.5MPa occurs atz=0, and the minimump_, =1.5MPa is in the

zone near the top of the basin.

Compaction of the sedimentary basin

4500

4000 A
3500
3000

— 2500 +

T 2000 -
1500

1000 -

2D calculations

500

0,0 400,0 800,0 1200,0 1600,0
time (Myr)

Figure 3: Compaction law of the sedimentary basin.

The fluid pressure predicted by the numericatlet att = 60Myr is reported in Fig. 6.
During sediments deposition £ 60 Myr ), the pore pressure is a decreasing function avith
maximum value reached at the bottom.

The porosity decreases with the depth of tlyertaas it is illustrated in figure 7: the
porosity is equal to about 0.17 at the basemetttebasin and it is equal to 0.72 near the
top of the basin.

5FINITEELEMENT SIMULATIONS OF TECTONIC SEQUENCES
A simplified 2D framework is adopted hereindinulate tectonic sequences acting on
the sedimentary basin during the process of congracfAs often made (see for instance

Mantovani et al. (2000); Strayer et al. (2001);demksen et al. (2001) or Babeyko (2002)),
the tectonic regime is modeled by means of presdrielocity boundary conditions. The
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numerical calculations are performed using they/fpbiroplastic coupled constitutive model
presented in section 2 under plane strains comdip@rallel to the plar{e, 2).

Young Modulus at t=60Myr

5000

4000 \\
gg 3000
57 2000 A

1000 -

0 T T T T
0 1000 2000 3000 4000 5000
layer depth (m)

Figure 4: Young’'s modulus versus layer depth aOMr.

Hardening parameter: Consolidation

pressure at t=60Myr
) \
3

2 \

N

pc0 (MPa)

0 1000 2000 3000 4000 5000
layer depth (m)

Figure 5: Consolidation pressure versus layer dapth60Myr.

5.1 Model geometry and boundary conditions

We proceed as follows. Once the phase of smdindeposition0<t< 60 Myr is
simulated, the tectonic loading is applied fromeiim=60 Myr and increasing the value of

the horizontal displacement imposed at the latdas of the basin as the time increases.
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The geometry and hydromechanical fields (strpsre pressure, porosity and associated
poromechanical parameters)tat 60 Myr are considered as initial configuration and state
of the basin when starting the tectonic loadindnisTmeans in particular that application of
the initial configuration for tectonic loading ibaracterized by basin thickness
H(T =60 Myr)=4212m (Fig. 8) resulting from deformation during sedirteeaccretion
phase a highly pre-stressed state and a poreupegsofile which is far from hydrostatic
distribution.

Pore pressure at t=60Myr
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Figure 6: Pore pressure profile along the bastr@QMyr.
Porosity at t=60Myr
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Figure 7: Porosity versus layer depth at t=60Myr.
The hydromechanical boundary conditions are sdowd-ig. 8. The lateral right-hand

side (resp. left-side) is subjected to a constanzbintal velocity V g, (resp.-V g,) . Only
the results related to contractional motion willgrevided in the sequel (i.ev,<0). Two
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typical values for the prescribed velocity magnéwade considered/ =-1cm/ year (fast
tectonics) and/ = -0.5 mm/ yea(slow tectonics).

It is recalled that the mesh for tectonic siaioihs is the deformed mesh of that
described in section 4 and considered for the sitimrl of basin during sediments
deposition 0<t < 60 Myr.

The fluid boundary conditions maintain the ssehts in a fully saturated condition
everywhere. The sides and the bottom of the magelnapermeable. The upper surface of
the model is infinitely permeable: water may emteleave in this frontier.

The tectonic loading starts at=T and the results will conveniently given in ternfs o
displacement incremeritl of the skeleton particles between the initial agunfation at
time T and the current configuration at tinfe+ At, and pore pressure differenée at
points similar within the skeleton transformaticetweenT and T +At.

A>i<A

T=-p'g(L-H(M)e ; p=p " dL-HT)

|
z=H(T) {
z Q vV
H(T)=4.212 km 3s<—
symmetry
condition: « impermeabl
L impermeable |
@) Q\%Q‘ :QT\Q\— X=12 km

Figure 8: Initial geometry model and boundary dbads for tectonic simulations.

It is worth noting that the objective of this firsipproach is only to investigate the
feasibility of the 2D modeling and not to provideagtitative insights in the basin
deformation under tectonic loading.

At this stage, two fundamental questions can beadly raised as regards the numerical
modeling. Firstly, the boundary condition of frmiess at the basin basement is not very
realistic and thus results in a more deformablelbl&econdly, the shape quality of the
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mesh elements resulting from compaction (vertit@tshing) betweert =0 andt=T s
rather low: due to oedometric contraction, the eets become thin with high aspect ratio.
This is clearly the source of numerical inaccurscand can lead to non numerical
convergence.

5.2 Numerical results

5.2.1 Fast compressive tectonic motion

This situation corresponds to a lateral congposs of the basin with velocity
V =-1cm/yea. The tectonic loading process is applied by iasmeg in time the

prescribed horizontal displacement. The study wastricted to total duration
At =1495year, which corresponds to a total prescribed displarenof —14.95n. This
corresponds of course to a moderate amount ofalagxtension. Actually, numerical
convergence of the procedure is not obtained fdhéu values of prescribed displacement.
The configuration reached aft&t =1495 year: will be referred to as failure configuration.

In its current state of development, the numerpraicedure is not able to simulate the
evolution of the basin for timeAt >1495year. It is likely that two phenomena contribute
to ‘the appearance’ of this failure configuratidfitst, as a consequence of the numerical
shortcomings emphasized at the end of sectionrigitavould be the expression of rather
a ‘numerical failure’ than a physical failure. Sedty, this failure can be explained as
follows. Fast contractional tectonic induces higieppressure in undrained-like conditions,
which in turn lead rapidly to substantial increasehe effective stresses controlling the
yield failure.

Increment of displacement, pore pressure and paegsure coefficient induced by tectonic
motion are showed in the sequel (Figs. 9-13). Whilavitational compaction does not
induce any horizontal displacement (oedometric tmng), that induced by tectonic
loading is as expected is of decreasing magnitsdsa@ving toward the symmetry plane
x=0 of the basin. As regards the vertical displacamEig. 10 shows that tectonic
loading slightly affects this component which isiniy due to pore pressure dissipation
process. The velocity field in the basin reportedrig. 11 is typical of a failure mechanism
defined by a localized failure zone developing frim basin basement to the symmetry
plane. The final thickness of the basin at failig about H=3554m, which corresponds to
a compaction level of 658m has occurred. It is tvaibserving that the magnitude of the
considered fast tectonic motion is not enough tseauplift of the basin.
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In classical analyses, the coefficient of earthspuee is an important parameter in basin
engineering. It is defined as the ratio betweenhitiezontal and vertical effective stresses

K

p

\

—J—“I. Based on heuristic elastic reasoning, a uswainagtion in the field consists in

considering the value of this parameter as constattte basin at a given age. The profile
of K, along the mid-plane obtained from the numericaisation is showed in Fig. 12. It

turns out that, except in a thin crust near theenmurface of the basin, this parameter is

guasi-constant. This result confirms thus the commiactice which is to characterize a
given basin by a single value Kf . The distribution along the basin of the incremient

pore pressure betwednandT +1495year: is reported in Fig. 13.

-100

-200

Uz(m)

-300

-400

-500

X-Displ

0.07792
IA 5907
-3.2594

--4.928
- -6.5967
" -8.2654
- 9.934

-11.603
-13.271
-14.94

Figure 9: Contours fill of horizontal total horizahdisplacement at failurét = 1495year:.
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Figure 10: Vertical displacement along the basimplx = 6km and at to top of basiz = H

afterAt =1495year.
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|Displacement varigtic
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Figure 11: Velocity field at failure aftést =1495year:.
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Figure 12: Coefficient of earth pressdﬁg along the mid-planex=6km.
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Figure 13: Pore pressure increment along the nadepk = 6km at failure At =1495year:.
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5.2.2 Slow compr essive tectonic motion

This situation corresponds to a contractideatonic defined by a horizontal velocity
equal toV =-0.5 mm/ yea. Unlike the situation of fast tectonic motion, thesin deforms
under drained-like conditions. This explains whylui@ only occurs after a significant

amount of lateral extension. Failure, expresseeiheby the non convergence of the
numerical procedure, is after a total duratidh=126000year corresponding to a total

prescribed displacement of63m. Two opposite mechanisms control the basin

deformation: that resulting from pore pressureidegfon due to gravitational compaction

which causes downward displacement and that indbgeldorizontal forces due tectonic

loading which causes upward displacement. Theeasefltrin the present case is an uplift of
the basin. Increment of displacement, pore pressodeearth pressure coefficient induced
by tectonic motion are showed in the sequel (Figsl8).

X-Displ
1.5047

l—5,6813
-12.867

- -20.053

- -27.24
- -34.426
- -41.612

-48.798
-55.984
-63.17

Figure 14: Contours fill of total horizontal diapement at failuréA\t =126000 year.

6 CONCLUSIONS

A constitutive model has been formulated foe tbedimentary basin. It aims at
incorporating some of the fundamentals coupled pimEma involved in the process of
basin compaction and tectonic activity by means aofsimplified micro-to-macro
framework. The magnitude of porosity changes induzg compaction imposes to adopt
the framework of finite poroplasticity. The derivewdel is able to account for the stiffness
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increase and for the corresponding variation okpaiume. An important feature of this
model is that the expression of the hardening leewds development of negative porosities
that are encountered with classical models of tlaencClay type.

Figure 15: Velocity field at failure aftést =126000year.

From numerical point of view, a finite elemdatmulation using updated Lagrangian
scheme is implemented in order to analyze the tieygendent large deformation of the
poroplastic basin.

A numerical approach to the process of sedinzmtretion has been proposed: its
principle consists in replacing the open matenatem (i.e., the basin) into a fictitious
closed one, and to model the phases of sedimeptsitieerosion by activating-deactivating
the sub-layers. These theoretical and numericaéldpments have been implemented in a
finite element code.
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Figure 16: Vertical displacement at the top ofhasin.
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Figure 17: Coefficient of earth pressdﬁg along the mid-planex=6km.

The tectonic calculations have been performgd &v2D model taking as configuration
that obtained after phase of sediments depositien énd of the basin construction), which
means that the porosity, Young's modulus and handeparameter varies with the layer
depth. The tectonic modeling is performed with mpased displacement at the right side
of the basin and we studied here only a tectonmopression. For the parameters used in
the tectonic calculations, the maximum displacemsralways the vertical one (due to
compaction), the horizontal displacement are gsm@ll compared with the vertical ones.
Nevertheless, it is found that in case of slowdeict motion, the basin can undergo an
uplift induced by the horizontal forces.

Conceptually, the numerical tool under its cotferm can be adopted to simulate basins
undergoing three-dimensional evolutions of the typduced by a tectonic loading.
However, the increase of the number of degreesedfdbm requires to develop more
efficient numerical strategies including parallehguting.
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Figure 18: Pore pressure increment along the nadepk = 6km at failure At =126000year.
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