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the adopted formulation, as well as a permeability tensor dependent on deformation is
introduced.

A consolidation scenario induced by filling of silos is investigated and the effects of the
adoption of finite strains discussed.

Nico De Marchi, M.E.
Universita degli Studi di Padova
Padova, Padova ITALY

nico.demarchi@dicea.unipd.it
Nico De Marchi, M.E.
Valentina A. Salomoni, Prof.
Nicolo Spiezia, Ph.D.

Kaspar Willam, Prof.

University of Colorado Boulder

willam@colorado.edu

Expert in the field of non-linear modelling of porous media

Francesco Marotti de Sciarra, Prof.

Universita degli Studi di Napoli Federico Il
francesco.marottidesciarra@unina.it

Expert in the field of non-linear modelling of porous media

Angelo Marcello Tarantino, Prof.

Universita degli Studi di Modena e Reggio Emilia
angelomarcello.tarantino@unimore.it

Expert in the field of non-linear modelling of porous media

Response

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Authors are required to attain permission No
to re-use content, figures, tables, charts,
maps, and photographs for which the
authors do not hold copyright. Figures
created by the authors but previously
published under copyright elsewhere may
require permission. For more information
see
http://ascelibrary.org/doi/abs/10.1061/978
0784479018.ch03. All permissions must
be uploaded as a permission file in PDF
format. Are there any required
permissions that have not yet been
secured? If yes, please explain in the
comment box.

ASCE does not review manuscripts that  No
are being considered elsewhere to include
other ASCE Journals and all conference
proceedings. Is the article or parts of it

being considered for any other

publication? If your answer is yes, please
explain in the comments box below.

Is this article or parts of it already No
published in print or online in any

language? ASCE does not review content
already published (see next questions for
conference papers and posted
theses/dissertations). If your answer is

yes, please explain in the comments box
below.

Has this paper or parts of it been No
published as a conference proceeding? A
conference proceeding may be reviewed

for publication only if it has been

significantly revised and contains 50%

new content. Any content overlap should

be reworded and/or properly referenced. If
your answer is yes, please explain in the
comments box below and be prepared to
provide the conference paper.

ASCE allows submissions of papers that No
are based on theses and dissertations so

long as the paper has been modified to fit

the journal page limits, format, and

tailored for the audience. ASCE will

consider such papers even if the thesis or
dissertation has been posted online

provided that the degree-granting

institution requires that the thesis or
dissertation be posted.

Is this paper a derivative of a thesis or
dissertation posted or about to be posted
on the Internet? If yes, please provide the
URL or DOI permalink in the comment
box below.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation


http://ascelibrary.org/doi/abs/10.1061/9780784479018.ch03
http://ascelibrary.org/doi/abs/10.1061/9780784479018.ch03

Each submission to ASCE must stand on 'No
its own and represent significant new
information, which may include disproving
the work of others. While it is acceptable
to build upon one’s own work or replicate
other’s work, it is not appropriate to
fragment the research to maximize the
number of manuscripts or to submit
papers that represent very small
incremental changes. ASCE may use
tools such as CrossCheck, Duplicate
Submission Checks, and Google Scholar
to verify that submissions are novel. Does
the manuscript constitute incremental
work (i.e. restating raw data, models, or
conclusions from a previously published
study)?

Authors are expected to present their No
papers within the page limitations
described in <u><i><a
href="http://dx.doi.org/10.1061/978078447
9018" target="_blank">Publishing in
ASCE Journals: A Guide for
Authors</a></u></i>. Technical papers
and Case Studies must not exceed 30
double-spaced manuscript pages,
including all figures and tables. Technical
notes must not exceed 7 double-spaced
manuscript pages. Papers that exceed the
limits must be justified. Grossly over-
length papers may be returned without
review. Does this paper exceed the ASCE
length limitations? If yes, please provide
justification in the comments box below.

All authors listed on the manuscript must No
have contributed to the study and must
approve the current version of the

manuscript. Are there any authors on the
paper that do not meet these criteria? If

the answer is yes, please explain in the
comments.

Was this paper previously declined or Yes
withdrawn from this or another ASCE

journal? If so, please provide the previous
manuscript number and explain what you

have changed in this current version in

the comments box below. You may

upload a separate response to reviewers

if your comments are extensive.

Please provide the previous manuscript  Please consider that the previous manuscript GTENG-6840 was examined by the

number and explain what you have Chief Editor Prof. Mohammed (ASCE Journal of Geotechnical and Geoenvironmental
changed in this current version in the Engineering) who suggested us to submit it to IJOG because "the scope is a better
comments box below. You may upload a match for our companion journal IJOG (...) | believe the innovation and scope best
separate response to reviewers if your fit/serve the journal" (i.e. IJOG).

comments are extensive. The manuscript has been examined by the Editor only, it has NOT been reviewed

as follow-up to "Was this paper
previously declined or withdrawn from this
or another ASCE journal? If so, please

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



provide the previous manuscript number
and explain what you have changed in
this current version in the comments box
below. You may upload a separate
response to reviewers if your comments
are extensive.

Companion manuscripts are discouraged
as all papers published must be able to
stand on their own. Justification must be
provided to the editor if an author feels as
though the work must be presented in two
parts and published simultaneously.
There is no guarantee that companions
will be reviewed by the same reviewers,
which complicates the review process,
increases the risk for rejection and
potentially lengthens the review time. If
this is a companion paper, please indicate
the part number and provide the title,
authors and manuscript number (if
available) for the companion papers along
with your detailed justification for the
editor in the comments box below. If there
is no justification provided, or if there is
insufficient justification, the papers will be
returned without review.

If this manuscript is intended as part of a
Special Issue or Collection, please
provide the Special Collection title and
name of the guest editor in the comments
box below.

Recognizing that science and engineering
are best served when data aremade
available during the review and discussion
of manuscripts andjournal articles, and to
allow others to replicate and build on
workpublished in ASCE journals, all
reasonable requests by reviewers
formaterials, data, and associated
protocols must be fulfilled. If you are
restricted from sharing your data and
materials, please explain below.

Papers published in ASCE Journals must
make a contribution to the core body of
knowledge and to the advancement of the
field. Authors must consider how their
new knowledge and/or innovations add
value to the state of the art and/or state of
the practice. Please outline the specific
contributions of this research in the
comments box.

The flat fee for including color figures in
print is $800, regardless of the number of
color figures. There is no fee for online
only color figures. If you decide to not
print figures in color, please ensure that

Within the research field of non-linear modelling of porous media, the paper contributes
to underline the consequences of accounting for finite strains when studying soil-
structure interactions in consolidation scenarios. Particularly, it is evidenced that for
realistically reconstructing the hazard of silos rotation and tilting, a non-linear geometric
approach must be followed. The model is improved by a dependence of the
permeability tensor from deformation, as well as by the introduction of an enriched
Finite Element able to fulfill stability requirements of the adopted approach.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



the color figures will also make sense
when printed in black-and-white, and
remove any reference to color in the text.
Only one file is accepted for each figure.
Do you intend to pay to include color
figures in print? If yes, please indicate
which figures in the comments box.

If there is anything else you wish to
communicate to the editor of the journal,
please do so in this box.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Main file

20

21

22

23

24

Click here to download Manuscript ascexmpl-new.tex

Finite strains effects in 3D fully coupled geomechanical simulations

Nico De Marchi!, Valentina Salomoni2, and Nicold Spiezia3

Dr, Dept. of Civil, Environmental and Architectural Engineering, University of Padua, via
Marzolo 9, 35121 Padua, Italy. E-mail: nico.demarchi @dicea.unipd.it
ZProf., Dept. of Management and Engineering, University of Padua, via Stradella S. Nicola 3,
36100 Vicenza, Italy.E-mail: valentina.salomoni @unipd.it
3Dr., Dept. of Civil, Environmental and Architectural Engineering, University of Padua, via

Marzolo 9, 35121 Padua, Italy. E-mail: nicolo.spiezia@dicea.unipd.it

ABSTRACT

Numerical modelling of geomechanical phenomena and geo—engineering problems often in-
volves complex issues related to several variables and corresponding coupling effects. Under
certain circumstances, both soil and rock may experience a non-linear material response, due to
e.g. plastic, viscous or damage behavior, and even a non-linear geometric one, due to large defor-
mations/displacements of the solid. Furthermore, the presence of one or more fluids (water, oil,
gas, etc.) within the skeleton must be accounted for when evaluating the interaction between the
different phases of the continuum body. A multiphase three-dimensional coupled model in finite
strains, suitable for dealing with solid-displacements/fluid-diffusion problems, is here described
and an elasto-plastic behavior for the solid phase is assumed. Particularly, a 3D mixed finite element
is implemented to fulfill stability requirements of the adopted formulation, as well as a permeability
tensor dependent on deformation is introduced. A consolidation scenario induced by filling of silos

is investigated and the effects of the adoption of finite strains discussed.

Keywords: Porous media, multiphase problems, finite strains, elasto-plasticity, Finite Element

Method.
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INTRODUCTION

Geomaterials such as soil, rock or concrete, are basic materials in the civil engineering field,
with many different applications. The description of their mechanical behavior is a challenging
task, requiring sophisticated numerical analyses. Particularly, such materials must be considered
as multiphase porous media, composed by a solid skeleton and one (or even more) fluid within
the pores. Hence, geomechanical problems are characterized by solid-fluid interaction, due to the
presence of overlapping phases, and correspondingly a coupled analysis is required (Lewis and
Schrefler 1998). Further, geomaterials can also experience material non-linearities of the solid
skeleton, e.g. due to plasticity, creep or damage. Even in the elastic regime, the mechanical
behavior of geomaterials is often non-linear.
Depending on the phenomenon to model, it may be necessary to take into account finite deforma-
tions, so introducing a source of geometric non-linearity in the formulation of the problem (Wang
et al. 2009). Examples of geomechanical problems where finite deformations are involved are the
inception of slopes (Lee et al. 2012; Zhu and Randolph 2009; Mohammadi and Taiebat 2014), the
consolidation of heavy structures over soft soils (Bienen et al. 2015; Andresen et al. 2010), the
excavation of tunnels (Meguid et al. 2002) and wellbores (Spiezia et al. 2016), the consolidation
settlements around pile foundations (Osman and Randolph 2011; Zhang et al. 2015) and the con-
solidation of mine waste tailings (Caldwell et al. 1984), just to recall a few.
In the last two decades, theoretical and computational research has provided wide support for the
solution of this kind of problems, where large deformations are encountered. Although several
innovative methods have been proposed in literature, such as the Smoothed Particle Hydrodinamics
(SPH) (Wang et al. 2016), the Material Point Method (MPM) (Abe et al. 2013), the Particle Finite
Element Method (PFEM) (Carbonell et al. 2009) and the Meshless Local Petrov-Galerkin (MLPG)
(Atluri and Zhu 1998), the Finite Element Method (FEM) is still probably the most widely used
tool. It allows to solve the set of differential equations arising from the imposition of the balance
equations to a continuum multiphase body, computing displacements, stress and strain fields, pres-

sures etc. for the solid-fluid mixture. By using a FEM approach (Hughes 2012; Wriggers 2008),
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finite strains can be rigorously taken into account as an extension of the infinitesimal framework,
adopting an adequate formulation for both the balance laws and the constitutive model.

Even though the theory for coupled poromechanics in finite strains, solved within the framework of
FEM, has been proposed in the late nineties by the pioneer works of Simo et al. (Simo and Meschke
1993), Borja et al. (Borja and Alarcon 1995; Borja et al. 1998) and Armero et al. (Armero 1999),
this subject presents still some aspects that are worth being studied further.

In fact, even if in some recent works the effects of assuming finite strains when simulating geotech-
nical problems have been investigated (Nazem et al. 2006; Kardani et al. 2013; Zhang et al. 2018),
only a few take into account the coupling between the different phases (Huang et al. 2014; Singh
etal. 2016; Qi et al. 2017), which is an aspect of relevance when dealing with porous materials.
Hence in this work a coupled hygro—mechanical model in finite strains (Borja 2013) based on the
modified mixture theory (Borja et al. 1998) is presented, following the lines of (Spiezia et al. 2016)
for saturated porous media.

Particularly, the approach takes advantage of a constitutive model (Borja and Tamagnini 1998)
which has demostrated to be particularly suitable in predicting different features of the granular
materials as pressure sensitivity, hardening response with large plastic volumetric compaction,
softening response with plastic dilation and coupled volumetric deviatoric plastic deformations.
The model has been upgraded via the introduction of a permeability tensor variable with the de-
formation of the solid skeleton, as well as of a specific type of hexahedral elements, developed to
guarantee solvability and stability of mixed formulations (Brezzi and Bathe 1990). The paper is
organized as follows.

First, the balance equations, together with the constitutive laws for both the fluid and the solid
phase, are briefly recalled (Borja and Alarcon 1995; Borja et al. 1998; Song and Borja 2014).
Section 2 presents the numerical implementation of the developed equations, describing in detail
the formulation of the three-dimensional code and its novel features.

Section 3 presents the validation of the code, by comparing the results with the benchmark cases

described in (Borja et al. 1998) and with the experimental results reported in (Callari et al. 1998;
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Al-Tabbaa 1987).

Section 4 presents the numerical simulation of a consolidation process due to the filling of two
tall structures over a fully saturated domain, evidencing the code capabilities in simulating soil—
structure interaction.

Notations and symbols used throughout the paper are as follows: bold-face letters denote matrices
and vectors; the symbol -’ denotes an inner product of two vectors (e.g2. a - b = a;b;) or a single
contraction of adjacent indices of two tensors (e.g. ¢ -d = c;jdj;); the symbol ‘:’ denotes an
inner product of two second-order tensors (e.g. ¢ : d = ¢;;d;;), or a double contraction of adjacent
indices of tensor of rank two and higher (e.g. C : €° = Cjjy€;,); the symbol ‘® denotes a
juxtaposition, e.g. (a ® b);; = a;b;. For any symmetric second-order tensor a and 8 we have
(@ ® Bijr = @ijPri, (@ © Pijui = @yfjr and (@ @ B)ijrr = @jiPik. A positive stress is also

assumed for tension according to the solid mechanics convention.

THEORETICAL FRAMEWORK

This section briefly recalls the coupled balance laws for a fully saturated porous media (Borja
and Alarcon 1995), together with the constitutive model for both solid and fluid phase.
Balance laws

In agrement with the mixture theory and by assuming incompressibility of the two phases, the
balance of linear momentum and the balance of mass for a fully saturated porous medium in the

quasi static regime are

pg+divo =0; (D

divv +div [e(v" = v)] =0, )

where p, = Jp is the reference mass density, g the vector of gravity acceleration, ¢ the total Cauchy

stress tensor, related to the total Kirchhoff stress tensor T and the total first Piola-Kirchhoff tensor
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P (Marsden and Hughes 1994) via the following expression
P=%F" =J&-F7". 3)

The term J is the Jacobian defined from the deformation gradient F' of the motion ¢

_9¢ .

= F F_
J =det(F); X

¢=X+u. (4)

In Eq. (2), v is the vector the solid phase velocity vector, v* is the fluid phase intrinsic velocity and

¢ is the porosity of the soil skeleton defined through the Jabocobian as

_JdV-(-p)dV . (-p) )

JdV J

¥

The term ¢(v" — v) represents the Darcy velocity 7, defined as the relative volumetric rate of fluid

per unit area through the deforming soil mass.

Constitutive models
Solid phase
For the description of the elasto-plastic mechanical behavior of the solid we employ the multi-

plicative decomposition of the deformation gradient and the product formula algorithm described

by Simo (Simo 1992)

_0p  Ox

= . =F°¢.FP, ) >
oy SFOF VXe#; 120, (6)

where x* is the intermediate unloaded configuration. From the second law of thermodynamics we

can define the following set of constitutive relations describing the elastoplastic process

oY
0b¢

1 0F . 07
R O e ey R e @)
2 or

=2 >
T aX
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where ¥ = W(X, b¢, ¢) is the stored energy function, b¢ = F¢ - F ¢" the left elastic Cauchy-Green
strain tensor, & a plastic variable and y = d¥/0¢ the hardening response of the solid matrix. The
quantity %, b¢ is the Lie derivative of b¢, while .% is the yield function and y is a non-negative
plastic multiplier satisfying the Kuhn-Tucker conditions: y > 0, % (1, x) < 0 and y.Z (1, x) = 0.
The elastic left Cauchy-Green tensor b¢ and the Kirchhoff effective stress tensor T can be

expressed through the spectral decomposition

3 3
b¢ = Z(/li)zm(A); T = ZﬁAm(A), mY =n enA, (8)
A=l A=

where A¢ are the the elastic principal stretches, 84 the principal Kirchhoft effective stresses and
n the principal direction for both strains and stresses thanks to isotropy assumption. Together
with frame indifference assumption, the free energy can be written as a function of the elastic

principal strains

WX, b¢) = W(X, &850, & =1In(1%); A=123, )

e

where ¢ 7

are the principal elastic logarithmic strains, and from the first relation of Eq. (7) we obtain

the following relation

¥
BA:§§ A=123. (10)

A
In the present work, we adopt the following stored energy function (Borja and Tamagnini 1998)
describing the elastic response of the soil in terms of volumetric &} and deviatoric & elastic strain
invariants

N 3
Pl &) = P(e9) + Eﬂ@gﬁ{ (11)

a ~

=¥, (12)
k

~ ~ 86 _ 86
V() = —PikexpQ; Q= _VTVO; 1€ =y +
where ¥ is the contribution given by the isotropic part, k the elastic compressibility index, u¢ the

elastic shear modulus, y, a constant term, @ a parameter coupling shear and volumetric parts and
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finally P, the mean reference normal Kirchhoff stress invariant. The yield function is given by

2
ﬁgu;m):%5+mp—agzm (13)

where P and Q are the effective Kirchhoff stress invariants, P, the Kirchhoff preconsolidation
pressure defining the size of the ellipsoid and M the slope of the critical state line, as shown in
Fig. 1.

The model assumes a bi-logarithmic hardening law, as shown in Fig. 2, described by the

following equation

(2 = —iln(%), (14)

Vo o
where A is the virgin compression index, v = V/Vs = 1 + e the specific volume of the soil and v, a
reference value.
The hardening law governing the expansion/contraction of the ellipse through the parameter P, is
given by
% = -0&!, (15)

with ® = 1/(1 - §).

Fluid phase

For the fluid phase, assuming laminar flow, the model adopts the generalized Darcy’s law
vV=—-k- gradll, (16)

where v = p(v* — v) is the Darcy velocity and IT is the total fluid potential defined as

P
8PrF

IM=I1" +11° = - I1¢, 17)

where I17 is the pressure potential with p the the Cauchy pore pressure and p, the mass density

of the fluid; I1° is the elevation potential. Finally, k is the second order permeability tensor,
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which is assumed to be dependent on the deformation of the solid skeleton through the Jacobian J,
introducing therefore an additional source of non-linearity with respect to the original formulation
proposed in (Borja et al. 1998).

According to the Kozeny-Carman equation (Song and Borja 2014), the permeability reads

prg D? [J— (1 =g’
180 J(1 — p)?

k(J) = (18)

where D is the effective diameter of the grains, y the dynamic viscosity of water, ¢¢ the initial

porosity of the solid and 1 the second order identity tensor.

NUMERICAL IMPLEMENTATION

Variational equations

For developing the variational counterpart of Egs. (1) and (2), following the approach proposed
in (Borja and Alarcon 1995), we consider a fully saturated solid domain % € R"s< and define the
motion of the solid phase ¢, its first variation 5, the Cauchy pore pressure p and its first variation

Y. The variational equation of the linear momentum G reads

G(¢,p,n)=f (gradn:?—pon-g)dV—f ntdA =0, (19)
7 EY3

and the variational equation of the mass balance equation H reads

H(p, p,¢) = f (vdivv — grady - v)dv — f wqgda =0. (20)
$(P) a0 (%)

These field equations G and H are expressed in the Eulerian form for developing an updated
Lagrangian formulation, allowing for obtaining the solution of the non-linear coupled problem.

We rewrite the equations in the following way

G(¢,p,n)=f (gradn:T—deivn—fpn-g)dV—f n-tdA; 1)
B 73

0
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Jk
8PF

H(¢,p,¢)=fwde+fgrad¢- (gradp—prg)dV — | YQdA. (22)
B B 09h

In the first equation, the total Kirchhoff stress tensor has been decomposed into the effective part
T and the pore pressure part Jp, through the classical Terzaghi’s formula. The second equation
is obtained from the definition of the Darcy’s velocity, recalling that the time derivative of the
Jacobian J is equal to J = Jdivv (Marsden and Hughes 1994). Furthermore this integral is
formulated with respect to the initial configuration 4, and hence dv = JdV has been substituted.
t is the prescribed stress vector on the boundary 02" and Q is the prescribed rate of flux across
the boundary 928", assumed as positive when the fluid goes into the solid matrix. The condition
g = Q = 0 means that no fluid flows through the boundary. The presence of J inside Eq. (22)

requires the semi-discretization of the second variational equation

HAt(d),g,w):f Aﬂ(-]rwl_-]n)dv
p At
- L [Bgrad - I)er + (1 B)grad y - J¥),]dV

f Y[BOn+1 + (1 - B)0O,] dA, (23)
0OARB

where At =t,,1 —t, and S is the trapezoidal integration parameter defining the three time integration
schemes: for 8 = 0 the Explicit Eulero, for 8 = 1/2 the Crank-Nicolson and for S = 1 the Implicit
Eulero scheme, respectively.

The first variation of the variational equations G (¢, 6, 57) and H (¢, 6, ), necessary for the solution
of the problem through a Newton-Raphson scheme, is reported in Appendix A. By comparing the
equations with those proposed in (Borja et al. 1998), a new contribution arises (see Eq. (45)), due
to the permeability variation of the porous medium. The variation of the second order permeability

tensor k with respect to the Jacobian of the gradient tensor J gives

o= Ok _prg D23 (-0 U= (-0l

= 24
dJ  u 180 J2(1 = ¢p)? 24)
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Numerical integration

A three-dimensional mixed finite element has been implemented within the research code,
which combines a three-quadratic 20—node displacement interpolation with a three-linear 8—node
pore pressure interpolation (Fig. 3), so to fulfill the necessary stability requirements, satisfy the
ellipticity requirement and the Ladyzhenskaya-Babuska-Brezzi (LBB) condition (Brezzi and Bathe
1990; Arnold 1990). The adopted element belongs to the Taylor-Hood family (Arnold et al. 1984;
Guzman and Sdnchez 2015), in which the displacement interpolation is one-order higher than the
pressure one. By assuming a quadratic order function for the displacement field, the continuity for
the stress/strain field is also guaranteed.
Correspondingly, N%(x) and N”(x) indicate the shape function for the solid phase ¢ and the pore

pressure field p. The displacements field u”(x) € R™<, with n,, = 3 becomes
u'(x) = N%(x){d + d,}, (25)

where d € R"? and d,, are the unknown nodal displacements and the prescribed nodal displacements

vector, respectively, NQ =20. In the same way, the pore pressure field p”(x) € R! is expressed as

p"(x) = N?(x){p + p/}, (26)

where p € RV" is the unknown nodal pore pressures vector while p, is the prescribed nodal pore

pressures vector, with NP =8. The weight functions i and ¥ may be written as
n'(x) =Ny = NP0y, 27
where ij € RV2 and y € RV”. The discretized form of Eq. (21) becomes

G" (¢, p,ij) = 71" [N*(d) + N"(p) — Fpxr] = 0, (28)
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227

228

229

230
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232

where:

N5(d) = f B'£dV : (29a)
B
N*(p) = - f B (N"p + N'p)JdV (29b)
B
FmrzjﬁmNWGmﬁh[ N tdA . (29¢)
B 0A

The quantity T = {711, T2, T33, T12, T23, T13, | is the vector containing the components of the sym-

metric Kirchhoff effective stress and pg = Jp is the reference mass density of the soil water-

mixture. B=[By, By, ..., By,] is the classical strain-displacement matrix in spatial form, with B 4
(A=1,...,NO)
N 0 0]
0 Nf, 0
B, 0 0 N,
Nip Niy 0
0 Ny N,
Nis 0 NG

Matrix b is given by the product b =m" B, where {m} = {1,1,1,0,0,0}" for n,,=3, and G = g is
the gravity acceleration vector.

Time integration of the mass balance equation (Eq. (23)) leads to

AtH! (6, p. ) = 4" [J(d) + At ®(p) + At Heyr ] = 0, (30)

with
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238
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240

241

242

243

J(d) = - f NP (Jpar = ) dV - Gla)
B

®(p) = B f E" JyrBnnrdV + (1 B) f ETJy5,dV ; (31b)
B B

Hpyr = ‘fa‘(%’ NPT [ﬁQnH + (1 - ,B)Qn]dA, (31¢)

where N?" is the shape function matrix for the pressure field, E = [E1, E», . . ., E\ | the gradient-

pressure transformation matrix, with E4 (A=1,...,NP)
p
N Al
E,4 :grade; = Nﬁz .
p
N A3

By adopting the implicit Eulero scheme (8 = 1), which is first order accurate and unconditionally

stable, and referring to Darcy’s velocity, ¥ (Eq (31b)) can be rewritten as

k,
D(p) = _f ET_+1[E{I7 +Pr}n+1 _ng]JanV, (32)
B 8PrF

with k non-linear permeability tensor and {p + p,} vector of prescribed and unknown nodal pore
pressures. For sake of brevity the reader is referred to (Borja and Alarcon 1995; Borja et al. 1998)

for the discretized expression of G" and H gt. Particularly, the first variation of G is:

5G" (¢, p, i) = i [Kpp0d + Kg,0p] (33)

where
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247

248

249

250

251
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255

Koo = [ 2702 4+2701)2 - p, IN* GB]aV: (342)
B

Ky, = —f%bTNdeV. (34b)

Z=1Z\,Zy,...,Zy,] is the full spatial gradient operator (see (de Souza Neto et al. 2011)), with
components Z4 (A=1,...,NQ)
NY 1
Zy= N,f,zl
Y|
where 1 is the second order identity tensor, with 3 X 3 dimension for n;; = 3. The quantity a is the

total tangent operator defined by
a=c+(rtel)=a-(ro1), (35)

where « is the algorithmic tangent operator (Borja 2013)

(1 m(A) ® m(B)

Mw

3
=),
A=

1

o+
Il

1

3
2 2 e S @ m 25w © mi), (36)
A=1 B#A

H

with m™ = n® @ n®, and m“? = n® ® n® with n (Eq. (8)). 14" is the trial elastic principal
stretch and aff; = 01y/0ep (Borja and Tamagnini 1998) is the elastoplastic tangential modulus,
obtained from the return mapping algorithm for determining the tensor 7.

I, is provided by the second and third integrals of Eq. (44), and gives

I,=p"1e1-101). (37
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266

267

268

269

then Eq. (30) holds

At AH! (¢, p, W) = —§" [K,p6d + K,,,6p] (38)
where
k+k'
Ky = —f JN""b AV - ,BAtf ET( b J)(E{p +p) - pre)bJdv
B B Pr8
At
+ F f E"(A+W)ZJdV; (39a)
Pr8 J#
At
K,, = P f E"kKEJdV . (39b)
Pr8 J&#

k’ operator is the first variation of the permeability tensor with respect to the Jacobian J of the

deformation gradient F'. A has 3 X 9 dimension

A = [P11, 91, 951], (40)

where 7, are the components of the vector ¥ = k - (E{p + p,} — prg). W = [W}, W, W3] has 3 x9

dimension as well

Wil Wi121 W13l
Wi= w1 war wa

w3t wa21 Wwizg

Wil2 W12 W32
Wo=1wan wam wam

w312 W32z W332

w113 Wi23 Wi33

W3 =1lwys wasz was

w313 W323 W333

where the components are obtained from w;;x = kjx p,;.
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The final discretized coupled system of equations can be written as

ry(d, p) _ NS(d) N NF(p) N —Fpxr _ 0 @1

rp(d, p) J(d) BoAt @(p) BoAt Hpxr 0

and the Newton-Raphson incremental solution is calculated from

K¢¢ K¢p 6d _ r¢, (42)

Kps  Kpp v op rp

k+1 k

The tangent operator K in Eq. (42) is in general non-symmetric and indefinite.

VALIDATION OF THE NUMERICAL CODE

The numerical analyses are performed by using GeoMatFEM, a Matlab research code for three-
dimensional coupled geomechanical simulations.
The code has been validated against two numerical examples (Borja et al. 1998), namely the
uniform consolidation of a soil column and the consolidation of a strip foundation. Both numerical
simulations assume fully saturated hyperelastic-plastic porous media.

Additionally, two experimental tests have been considered for validating the constitutive model.

Hyperelastic-plastic consolidation of a column

Let’s consider a column of fully saturated soil with square base of 1 m side and 5 m height, as
shown in Fig. 4. The mesh is composed by 10 three-dimensional finite elements.
The material parameters are in shown in Table 1.

The initial stress configuration is not stress-free, but it balances the gravity load (Borja et al.
1998; Borja and Tamagnini 1998); it is obtained by an uncoupled small strain analysis, applying
self-weight in three steps and then determining the internal stresses. We recall that nonzero initial
stresses are required to activate the procedure, so a small initial value p, and preconsolidation
pressure p., have been assumed at all Gauss points for the first run of the model.

The displacements are subsequently reinitialized to zero, and the consolidation analysis is carried
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310

311

312

313

314

315

316

317

out by applying a vertical downward load Aw = 0.09 MPa at the top of the soil column in three equal
time steps at a constant rate of 0.03 MPa/day, while time steps are increased #,,; = 1.5A¢,. The
results of the consolidation analysis are shown in Figs. 5(a) and 5(b) in terms of total fluid potential
and average degree of consolidation versus time, respectively. The total fluid potential [T=T17+11¢ =
p/(pwg) + x; is calculated at the Gauss point A , with Xy, = [0.106 m 0.106 m 0.106 m ] close
to the column base. The average degree of consolidation U,,. and the time factor T are computed

as

- L_t(t) cyt ,lel‘
ave = - T_v_ A

A T H?  pwg HZ )

Fig. 6 reports the isochrones of Cauchy pore pressure predicted by the small strains and finite
strains approaches; the obtained results are superimposed to those reported in (Borja et al. 1998),
so proving the correctness of the implemented procedure.

The convergence velocity (Fig. 7) exhibits a quadratic profile, typical of Newton-Raphson

schemes, so configuring on this side the correct implementation of the tangent operator.

Hyperelastic-plastic footstrip consolidation

The consolidation of an half-space of clay subjected to a flexible footing strip (Fig. 8(a)) has
been additionally considered following (Borja et al. 1998).
A constant value of total potential equal to IT = 20.0 m is applied, together with an initial hydrostatic
Cauchy pore pressure distribution as shown in Fig. 8(b).
The material data of the clay are the same as in the previous example but the porosity and
permeability parameters change with the deformation of the porous matrix. The material properties
are reported in Table 2, assuming an hyperelastic behavior for sand and and hyperelastic-plastic
one for clays.

Three preloading stages (case #1, case #2 and case #3) have been considered, leading to different
initial stress states, similarly to what performed in the previous example. For case #1 an initial
stress state due to the self—weight has been considered, while for case #2 and #3 both self-weight

and two preloading conditions have been assumed, equal to 0.015 MPa and 0.030 MPa, producing
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339
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two different over-consolidation states. Fig. 9(a) shows the evolution of vertical displacements for
a node on top surface located on the symmetry plane. Fig. 9(b) depicts the evolution of Cauchy
pore pressure p=6/J at Gauss point B with X5, =[0.106m 0.106 m 16.211m].

Again, as observed in the previous example, the results are superimposed to the benchmark

ones and the convergence velocity shows a quadratic profile (Fig. 10).

Experimental tests
The constitutive model has been further validated against an isotropic compression test and a
standard drained triaxial test (Callari et al. 1998; Al-Tabbaa 1987); the material parameters are

listed in Table 3.

Isotropic compression test

A normally consolidated sample with initial isotropic pressure pop = p. = 0.1 MPa has been
reconstructed and a set of loading-unloading cycles has been applied. Figure 11 depicts the
evolution of the specific volume v with Kirchhoff isotropic pressure P, evidencing the agreement

between numerical results and experimental data, both in the loading and in the unloading stages.

Drained triaxial test

A normally consolidate sample is now subjected to an initial isotropic pressure py = p, =
0.3 MPa. The soil has been loaded in order to reach a deviatoric stress Q = 0.12 MPa and then
unloaded. Again, by considering Fig. 12, the real material response appears to be correctly caught

by the numerical model.

THREE-DIMENSIONAL ANALYSIS

A consolidation process due to the filling of two tall silos over a fully saturated clay domain is
considered.

Most foundation failures in clayey soils occur when a silo is quickly loaded for the first time.
The rapid filling process leads to a possibly hazardous increase in pore water pressure, so repro-

ducing a typical undrained condition associated to a decrease in effective stress, with eventual large
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irreversible strains and possible mechanical failure (Dogangun et al. 2009) (Fig. 13). Water over-
pressure hinders soil compaction and causes dangerous shear deformations that could compromise
the structural stability.

The investigated example has been inspired by the case study presented in (Puzrin et al. 2010). The
example describes the soil behavior underneath two adjacent silos built in the Red River Valley,
Canada, which did not have strength enough to resist to the applied loads. The two silos were too
close, and therefore pressure bulbs under the foundations overlapped. This caused large stresses
and, in turn, large settlements under the parts of the ring foundations. The final result was tilting
and touching.

This proposed example, although simple and straightforward, is particularly suitable to investigate
the potentiality of the approach, and specifically to evaluate the effects of a finite strains assumption
on the modeled scenario. In fact, this geomechanical problem is of interest: a three-dimensional
simulation is required, furthermore both material and geometric non-linearities must be taken into
account, along with the interaction between solid and fluid phases. Additionally, as reported below,
even the so called P — A effect can be caught thanks only to the introduced geometric non linearity.

Two cylindrical silos with 10 m diameter, 40 m height and placed at a distance of 2m m one
to the other (Fig. 14) have been reconstructed. The silos are built on a normally consolidated and
fully saturated clay layer of 30 m, resting on a rigid rock base. In order to reduce the number of
elements, only half of the model has been realized, to take advantage of the symmetry with respect
to the X—Z plane. Lateral surfaces are assumed to be horizontally restrained with the bottom surface
fixed; free flux can occur on top and bottom of the clay layer.

The soil discretization is composed by 3542 D20P8 mixed finite elements, with a total of 3622
elements, with 16644 nodes for the displacement field, 4356 of which also for the pore pressure
field; the total degrees of freedom are 54288.

As previously done, an initial stage accounting for the self-weight, plus a surface pressure p; =
0.2 MPa, has been considered.

By assuming that the silos are used for the storage of cereals, a load of 0.8t/m? is added
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to the consolidation analysis. The silos are modeled as rigid elastic elements (Young’s modulus
E = 1 x10*MPa and Poisson ratio v = 0). Permeability k is calculated via the Kozeny-Carman
equation (Eq. 18), whereas for the small strain analysis the value indicated in Table 4 applies.

The two silos are simultaneously filled during four constant time steps of 12 h, then the weight is
maintained during the consolidation stage. The time steps are increased according to the equation:
Atn41=1.5At,. Fig. 15 shows the time evolution of the vertical displacements for the central point
of the silos base (points C and D of Fig. 14), evidencing pretty similar results when small or
finite strains are considered: particularly, a difference of 0.9 % in the final settlements have been
obtained; when horizontal displacements of top of silos are taken into account (Fig. 16, points A
and B), the difference reaches 68 % and the silos rotation predicted by the finite strains analysis
is about three times higher (1.56°) than that reported by the small strains one. Such a difference
evidences the P — A contribution, essential in the correct description of the ultimate scenario.
Correspondingly, the represented situation is particularly hazardous, implying that the silos under
such a rotation can come into contact (at approximately 90 days when the analysis is then stopped).

Fig. 17 shows the evolution of Cauchy pore pressure at points E and F (Fig. 14), i.e. 3m
below the top of clay layer. After the fast filling of the two silos, the pore pressure reaches the
maximum peak value of 0.26 MPa for both small and finite strains analysis (typical undrained
condition). Since initially the load is sustained by the pore pressure, the skeleton does not deform,
and therefore the two models give a very similar result in terms of pressure peak. Further, with the
evolution of pore pressure in time (drained condition), the results show a slightly lower rate of pore
pressure if finite strains are accounted for, due to the change in permeability with soil deformation.
The final value of pore pressure is hence of 0.031 MPa, slightly higher than the initial hydrostatic
pressure of 0.030 MPa. This is the consequence of imposing a constant hydraulic potential at the
bottom of the clay layer, and represents a local artesian condition due to the deformation of the soil.
Finally, an overview of pore pressure evolution in finite strains regime is visible in Fig. 18, which
shows the contours of Cauchy pore pressure for some time steps. The typical consolidation bulbs

is evidenced under the two silos, which slowly dissipates until the initial hydrostatic condition is
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reached (Fig. 18.f).

The results in terms of plastic deformations are plotted in Figs. 19 and 20. Both analyses give
similar values but those from finite strains model are higher, plus a wider zone of soil plasticization
between the two silos, producing in turn a differential settlement at silos’ foundation Au, = 26.4cm
(Au, = 8.5 cm for the small strain model). By considering Fig. 20, it is interesting to observe two
conical zones characterized by high deviatoric plastic deformations, resembling hence typical 3D
shear bands of strain localization.

Fig. 21 depicts the plastic deformations plotted along vertical Z-Z axis (see Fig. 14), evidencing
the relevance of a finite strains approach. Both volumetric and deviatoric strains show their peak in
proximity of the silos’ foundation, with a deformation mechanism essentially of deviatoric nature,
as reported below. Finally, Fig. 22 plots the P-Q stress path for Gauss points G (see Fig. 14),
showing no appreciable differences in terms of stress for small and finite strains analyses. Figs. 23
evidences that, even if the predicted volumetric stress is always higher than the deviatoric one, the
deformation mechanism is mainly driven by deviatoric strains in the undrained stage (I; higher
deviatoric strains and higher deviatoric strain rate) and by volumetric strains in the drained stage
(11; consolidation, higher volumetric strain rate). Anyway, overall larger deviatoric strains (as
reported by Fig. 21) show a typical soil behaviour more sensitive to shear straining, a mechanism

appreciable via a finite strains approach only.

CONCLUSIONS

In this work a fully coupled hydro-mechanical model has been described and validated against
available literature and experimental results. Particularly, the model has been developed within a 3D
Finite Element research code by assuming material and geometric non-linearities, also introducing
a dependence of permeability on deformation as well as a specific type of mixed finite element.
The former allows for correctly reproducing fully saturated scenarios in finite strains, the latter for
solving stability issues of the adopted formulation.
A consolidation case study has evidenced the potentialities of the code and the relevance of a finite

strains approach, particularly when P — A effects must be accounted for in realistically reproducing
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hazardous scenarios of soil-structure interaction. Together with the capability of reaching such
an ultimate state of silos tilting, the upgraded code has even demonstrated to better describe the
evolution of the deformation state for the foundation soil, experiencing a transition from higher
deviatoric strains and higher deviatoric strain rates to higher volumetric strain rates when passing

from an undrained stage to a drained one.
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APPENDIX I. FIRST VARIATION OF THE LINEAR MOMENTUM AND MASS BALANCE
EQUATIONS

The variation of the linear momentum, Eq. (21), in the spatial form is written as:

5G:fgradl]:(c+‘r®1):grad6udv
B
—fgradn:(]pl@l):gradéudV+f Jpgrad' n: grad Sudv
B B

—f J&pdivndV—f pFJdiv((Su)l]~ng—f n -5t dA, (44)
B B 0B

where c is the fourth order spatial tangent tensor (Borja and Alarcén 1995), T @ 1 is a fourth order
tensor representing the initial stress term and Jpl ® 1 is a fourth order tensor representing the
pore pressure term. The quantities du, dp and 6t are the variation of the displacement vector, the
Cauchy pore pressure and stress vector, respectively.

The first variation of mass balance, Eq. (23), integrated over a fixed At in the spatial configuration

is:

Jk
8PF

k J 0k
+,Bf gradt,//-( + —)-[gradp—ppg]JdV
. gpr 8pr0J

k

—ﬁfgradzp-gradéu-
% 8P
Jk

-5 [ gradu-
B 8PF

where 0Q is the variation of the flux Q through the surface dA.

OH\; :f zJ divoudV + Bf grady - -grad 60dV
o At 2

- [gradp - prglJ dV

F

-grad' Su - gradpdV — B B%W(SQ dA, 45)
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TABLE 1

Parameter U.M.

Small strains Finite strains

Ho MPa
a

k

1

k

A

M

Po MPa
Pco MPa
€5

Ps t/mm>
Pw t/mm?>
¥

k mm/s

0.2 0.2
0.0 0.0
0.0476 -
0.1667 -
- 0.05
- 0.2
1.00 1.00
-0.01 -0.01
-0.01 -0.01
0.00 0.00

2.7x107° 2.7x107°

1.0x107° 1.0x107°
0.7024 0.7024

1.0x1073 1.0x1073
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TABLE 2

Sand layer
Parameter U.M. Small strains Finite strains
v 0.0 0.0
©o - 0.4118
Ds t/mm> - 2.7x107°
Pw t/mm?> - 1.0x107°
P t/mm’  2,00x107° -
Clay layer
Parameter U.M. Small strains Finite strains
¢ 0.5441 0.5441
k mm/s  1.0x107 1.0x107
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TABLE 3

Parameter U.M. Values

@ 90.0
k 0.013
A 0.93
M 0.80
€, 0.00
Vo 2.37
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TABLE 4

Parameters U.M. Small strain  Finite strain
m MPa 5.0 5.0

@ 0.0 0.0

k 0.0196 -

1 0.0385 -

k - 0.02

A - 0.04
M 1.00 1.00
20 MPa -0.050 -0.050
Peo MPa -0.050 -0.050
€, 0.00 0.00
Ds t/mm®>  2.7x107° 2.7x107°
Pw t/mm>  1.0x107° 1.0x107°
© 0.36 0.36

k mm/s  0.6328x107> -

D mm - 1.0x1073
u MPa-s - 1.0x107°
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