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Abstract. In this work an analytical strategy to derive consistent density-corrected tangent operators for compressible
materials in the context of finite deformation is proposed. It is shown that the density dependence of some model variables
implies corrections in the tangent operators. To derive this called density-corrected tangent operators an algorithm con-
sistent equation is devised and added to the set of return mapping nonlinear equations only at the moment of linearization.
Examples of such corrections are presented considering two different elastoplastic compressible models inside the context
of finite deformations. Numerical examples showing the influence of the density-correction term in the global convergence
are presented in order to attest the proposed methodology.
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1. INTRODUCTION

As well stated by Doraivelu et. al. (1984) "In the development of plasticity models for compressible porous materials
it is necessary to establish a yield criterion and a flow rule from which the complementary evolution equations can be
derived. However, the yielding of porous materials is much more complex than the yielding of fully dense materials,
mainly due to the fact that the yielding is not only influenced by the deviatoric part of the stress, but also by its hydrostatic
part".

Examples of compressible materials are soils, powders and foams. Each one of these materials has its particularity,
which influences its modeling. In the literature, it is possible find many original models and dozens of their variations. In
general soils are modeled by Cap models, powders are modeled also by Cap models and by the so called elliptical models,
a variation of the von Mises criterion that incorporates the hydrostatic part of the stress, and foams are in general modeled
by the usage of a specific model that takes into account the foam microstructure.

To successfully model compressible porous materials by means of computational efficiency, CPU time consuming
and convergence rates, it is necessary, despite the correct material model choice, to derive the so called consistent or
continuum tangent operator. A particular characteristic of compressible porous materials is that some model constitutive
variables can depend on the density evolution. In a first look such a dependence do not bring any important novelty once
the solution of the so called return mapping equations takes place by assuming a known fixed value of the displacement
vector and therefore a fixed density.

However, to achieve better convergence rates it is imperative that during the linearization of the return mapping equa-
tions one takes into account the density as variable. Therefore an equation comprising the relationship between the density
and the strain, for instance, have to be identified. This equation shall be consistent with the description and algorithm in
use. Pérez-Foguet er al. (2001,2003) presented how to derive consistent tangent matrices for density-dependent finite
plasticity models inside the arbitrary Lagrangian-Eulerian description. A general equation for the tangent operator was
presented, Pérez-Foguet et al. (2001), based on the previously density-independent results presented by Ortiz & Mar-
tin (2000). The tangent operators for the elastoplastic models presented in Pérez-Foguet et al. (2001,2003) were then
computed by using numerical strategies presented by Pérez-Foguet et. al. (2000).

In this work an analytical strategy to derive consistent density-corrected tangent operators for compressible materials is
derived. The proposed procedure assumes the Total Lagrangian description and considers: a multiplicative decomposition
of the deformation gradient, into a plastic and an elastic part; the isotropic constitutive formulation given in terms of the
logarithmic deformation measure and the rotated Kirchhoff stress so that the exponential return mapping can be used. In
this work the elastic response is assumed to be hyperelastic, according to the Hencky model, where the elastic material
parameters can or can not depend on the relative density.

2. DENSITY-DEPENDENT FINITE PLASTICITY MODELS

Inside the context of the mathematical theory of fully dense materials, density-independent materials, it is stated that
the functional form of the yield function f has dependence on the stress tensor and on a set of 3 hardening thermodynam-
ical forces.

Despite the functional form of the mathematical model used in the modeling of density-dependent finite plasticity
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models they usually have some parameters that are dependent on the evolution of the mass density p

__Po

where p, is the initial mass density and F is the deformation gradient. This equation can be presented in terms of relative
density 1 which is defined as

n=L=_To
pm  det (F)’

2)

in which p,, is the mass density of fully dense material and n, = 5%’. Therefore, in the modeling of density-dependent
finite plasticity the yield function shall be written as

f=r6,m), 3)

in which7 is the rotated Kirchhoff stress. In addition to the yield criteria an elastoplastic constitutive model has to
establish the evolution of the plastic flow rule and of the internal variables. Here the constitutive elastoplastic model can
by summarized, by assuming an associative flow! rule, as to enforce at every point where f > 0 the satisfaction of the
following set of nonlinear equations

f(7,8,m)=0 (4a)
or =39 _ N, (4b)
or
Y B
b= A% = ANy (40)

In equation Eq.(4b) and Eq.(4c) A is the plastic multiplier, which is determined by the satisfaction of the Karush-Kuhn-
Tucker conditions

f<0  A>0  Af=0, (5)

DP is the modified plastic evolution, ¢ plays the role of the internal variables evolution vector, 3 denotes the vector of
internal variables which are associated with . Besides the constitutive equation for the stress is

7=D°(n)E® 6)

where D¢ is the fourth order elasticity tensor, E¢ = In (U®) is the Hencky strain measure, U¢ = v/C¢ , C¢ = (F°)” F¢
and F = F°F?.

3. THE MATERIAL TANGENT MODULUS

It is well known that the material version of the tangent modulus, assuming the finite strain case, can be derived if one
assumes the first Piola-Kirchhoff stress tensor as a function of the deformation gradient

P =P (F(u) ©)

in which u is the displacement vector. As a result the material version of the virtual work is given by

Gu)=0 VaeWw, (Q) ®)
with
g(u,ﬁ):/ P(u)-Vxﬁon—/ pol_)~ﬁon—/ t-adrt )
Q, Q, re

where b is the body force field defined in the initial body configuration €2, which has boundary 99, = I'{ UT¥ with
't NT% = (), t is the prescribed traction defined on boundary '}, Vx () means the material gradient of the field (o), @
is the prescribed displacement defined on I'yy and 1 is the virtual displacement vector field. The linearization of the weak
form presented in Eq.(8)

DG (u,0) [0u] = % G (u+ edu,a)|__, (10)

Non associative functions could also be used.
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leads to the linearization of the term associated with the internal virtual work, i.e.,

d
— P (u) - VxadQ,
de /QO (w)- Vx

which can be expressed, after a straightforward algebric manipulation, as

e=0

DG (u, 1) [fu] = / A (u) Vxu - Vit €, (1
Qo
whereA is fourth order tensor called material tangent modulus that can be written as
opP
A = 12
W= 55| (12
or more specifically in components
oP; Or; _
Agr = 5 = 0ot FolRL (13)

OF — OFy 7

Here 7 is the Kirchhoff stress tensor, 7 = Jo with o denoting the Cauchy stress tensor and J = det (F). 7 is related to
the first Piola-Kirchhoff stress tensor by P = 7F 7T

4. ALGORITHM CONSIDERATIONS AND TANGENT OPERATOR CORRECTIONS
4.1 Determination of the tangent modulus A

The determination of the tangent modulus A requires the computation of the derivative of the Kirchhoff stress tensor
with relation to the deformation gradient tensor, as seem in Eq.(12). In addition, it is possible to relate Kirchhoff stress
tensor with the rotated Kirchhoff stress tensor and therefore write 7 as a function of the 7. In other words, the computation

f g—; requires the computation of g—;.
Taking into account the incremental constitutive formulation, see Souza Neto et al. (1998), the derivative of the rotated

Kirchhoff stress tensor with relation to the deformation gradient tensor can be evaluated realizing that

_ A~ trial

Tt = Fust (Bify ) - (14)
Now, by applying the chain rule

trial trial

OTny1 _ OTap1 OEG, 0ChL,

= 15
3Fn+1 aEetrmL acetrzal 3Fn+1 ( )
and denoting
a_ aE trial ac trial
D= T:ti_iz ) :t—'t}al and H = . (16)
8En+1 8Cn+1 aFnJrl
it is possible rewrite the Eq.(15) as
OTn+1
= DGH. 17
aF, 7)
Starting from Cnt:f = (Ff;:f l) Fff:fl the H components, after a straightforward algebric manipulation, can be
expressed as
trial trial pfl
Hijp = Ff;, FkJ o T i FL (18)
The fourth order tensor G is computed by the following expression
0 trial 1 0 ptrial
szln(Un+l):§Wln(Cn+l). (19)

Note that in G determination we need to compute a derivative that involves la)(( ), that is a derivative of the isotropic

function In (X). This class of functions and their derivatives are investigated in detalls in the works presented by Souza
Neto et al. (1998) and Ortiz et al. (2001). In the Eq.(17) the fourth order tensor D is the term that involves the material
constitutive relationship. The other two are related with geometric portion of the tangent modulus. In fact, the derivation
of D will depend on the type of material being modeled, i.e., in the case of a material that exhibits elastic and inelastic
behavior, if the yield function f < 0 then DD is taken as the elastic modulus D¢, otherwise if f > 0 then D will be the
consistent elastoplastic tangent operator D°P.
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4.2 The elastic predictor and plastic corrector algorithm

To understand how the relative density influence arises into tangent operators it is important to review the returning
mapping algorithm used in the solution of the local equations and how it relates to the determination of the tangent
operator DP. The use of the approximation via the elastic predictor and plastic corrector algorithm technique leads to an
algorithm based on two main steps. They are:

1. Elastic prediction: the problem is assumed to be purely elastic between t,, € £,,41;

2. Plastic correction: by the enforcement of the elastic relation, plastic flow rule, the evolution of hardening variables
(internal variables) and the satisfaction of the Karush-Kuhn-Tucker conditions.

4.2.1 Elastic prediction

In the elastic prediction it is assumed that

FP =0 & =0. (20)
As the solution is former assumed as elastic then
| o e 1)

The called trial elastic state is obtained by means of

trial —
i1 = Faa (F) 7 (22)
This implies that the logarithmic strain measure is computed by
etrial 1 etr'ial
=5 mC (23)

. rial rial rial . rial . .. . . . .
with Cff = (Ff:H ) Ff: 11 - Since that E¢ 11 is determined, then it is possible determine the trial rotated Kirchhoff

n

stress tensor by the use of the elastic relation,i.e,

—tria etr‘ial 2 etrial
s = 2l B | o) = S| or (BEET) 4
where we assume the standard fourth order elasticity tensor being also dependent on the relative density, that means
2
D =24 (1) T+ [ﬁ (1) = gH (7In+1):| Il (25)

4.2.2 Plastic correction

The plastic correction must be performed if f (727!, ari4! 1, 1) > 0. The procedure adopted to perform the plastic
correction belongs to the return mapping algorithms, extensively explored in literature. In this work, as proposed by

Eterovic and Bathe (1990) and Weber and Anand (1990), the exponential mapping is used.

Exponential return mapping The discretization of the plastic flow, F? = DPF?, and its approximation based on the
backward exponential mapping leads to

FP., =exp (AAN3,,,) F2. (26)
In addition, the evolution of the internal variables are approximated based on the backward Euler, i.e.,
kg = Ok, + A)‘Nﬁkn+1 : (27)

Moreover, after a straightforward manipulation, Eq.(26) reduces to

etr'ial

’fL-‘rl = n+1 AAN;—"L#J . (28)
. rial . . . .
Also, it can be shown that R}, ; = ff 11 - As aresult, the return mapping algorithm comprises the solution of the
following non-linear system of equations
trial
ES, —Ef, +AMNz 0
Uk — Ok, — AANﬁknJA = 0 (29)
f (7_—n+175kn+1§77n+1) O
for AX, ay,,,, and Ef ;. Remark: Notice that based on a fixed incremental displacement at the instant ¢, 1, that is

U,+1, the deformation gradient F',, 11 is computed and so the relative density 7,,1. Therefore, the relative density is
fixed, not a variable, in the context of the return mapping algorithm, see Pérez-Foguet et al. (2001).
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4.3 Density-corrected consistent tangent operator determination - D

In this section we investigate the influence of the density-dependence models into the derivation of consistent tangent
operator. The relative density model dependence impose a correction in the tangent operator. A spatial version of the
corrected tangent operator is presented in the work by Pérez-Foguet et al. (2001). In fact, in the identification of D°P
the the linearization of the return mapping equations must consider the elastic trial strain also as a variable. This implies

rial . . rial . .
that dEf: 11 — dnny1. This means that a coupled relation between dEf; 41 and dn, 1 must be derived. The relation

trial

between dEfL:l and dn,+1 should be consistent with the algorithm used. To identify such relation recall that in the
elastic prediction step we state that

trial

F,. = F ' Fe. (30)

Based on the trial elastic state assumption and on the Eq.(23) and reminding that

ceT = exp (2E;1;“’) 31)
it is possible show, after a straightforward algebric manipulation, that

det (Fiy") = exp (B2 (32)

Thus, substituting Eq.(32) and Eq.(30) into Eq.(2) yields

. ptrial
Tn+1 = 7] €Xp (*Evm ) (33)
where E5.'\" = tr (511" ) and ) = gl In addition the linearization of Eq.(33) yields
dpyr + 7 exp (—ngj_:j’) des" = 0. (34)

Now, for the correct determination of the elastoplastic tangent operator

DeP — d7_-n+ 1

- etrial )
dEn+1

(35)

one must add Eq.(33) to the system of equations shown in Eq.(29) and perform the linearization of this augmented system
of equations. Such linearization leads to following set of equations

trial

dEfL+1 - dEfl+1 +d (A/\) N7—'n+1 + A/\N?n+1 0
dakn+l —d (A/\) Ng, |n+1 —AX dNﬁk |n+1 0
e = (36)
f (Tn+1» ﬁkn_u ) 77n+1) 0
trial trial
dinyr +ijexp (~E5 ) dE 0
where
ONz ON ON=
dNT _ 7-n+1d A 7-n+1d n Tn+1d n 37
n+1 87_—n+1 T +1 aan+1 « +1 + ann+1 77 +1 ( a)
Bk aNﬁk aNﬁk
dN = "L A7, —— " da, —* dn, 37b
By i1 B +1+ o1 Qpp1 + Dt Mnt1 (37b)
df (Trt1: Brnsrins1) = Np o dTngr + ! dani1 + ——dnnt1 (37¢)
80én+1 67}n+1

and by assuming that some elastic parameter could depend on the relative density, 7 = D¢ (n) E¢, we also impose that

8D671 (nn+1) -

-1
dEj 1 =D (Mt1) dTpgr+ Do Tnt1dNng1- (38)
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5. MODEL CASE 1 - ELLIPTICAL OR POROUS MATERIAL MODELS

Since the work presented by Doraivelu er. al. (1984) many contributions have been made regarding this class of
model. Some authors state that the use of the elliptical model should be used only when the relative densities are superior
to 0.7, but others authors advocate that its use can be extended to lower relative densities values. Despite the discussion
about the proper use of such kind of model, this model will be used here to illustrate the derivation of the consistent
elastoplastic density-corrected tangent operator for elliptical models. Elliptical or porous material models are described
by the following yield function functional form

f=AJy+ BI} = o). (39)

In this equation A and B are scalars that are, in many cases, dependent on the relative density and o, is the apparent yield
stress. Jo and [; are respectively the second invariant of the stress tensor in the deviatoric space and the first invariant of
the stress tensor. In general

ol = o, (40)
where o, is the initial yield stress of the fully dense material. Doraivelu et al. (1984) shown that the values of A and B are
not arbitrary. However, there are a great variety of proposals for A and B in the literature. Zhdanovich (1971) proposes
that a Poisson dependence on the relative density, such that

1
=" 41
V=31 (41)

The exponent n ~ 2 has been used to describe such dependence. The v multiplier is known as the geometric hardening
and can be also dependent on the relative density. When v = 1 the material must behaves as a fully dense material and
for some value between 0 and 1 the material should presents no mechanical strength. This value, represented by 7¢, can
vary for each author but is about the called tap density.

5.1 Proposal model

Let us propose that the porous material model could experience an isotropic hardening & in its dense matrix. So, the
proposal material model can be represented by an yield function as

f=Al+BI} =~(k+o0,). (42)
Taking the square root in both sides of the Eq.(42) this function can be rewritten as

=5, — N2 (k+0y,) (43)
where

Sy = \/AJs + BI? (44)

plays the role of equivalent stress. Let us assume that isotropic hardening k of the dense material matrix can be represented
by

k(€)= He+ (000 —0y) (1 — %) (45)
where H, 0, and  are material parameters that not depend on the relative density and e plays the role of the isotropic
hardening strain.

5.2 Tangent operator

Once the model has been described in the previously section, it is possible now to identify the elastoplastic tangent
operator for the proposal model. This identification comes from the linearization presented in Eq.(35). After a straight-
forward algebra manipulation it is possible to show that

d?n—kl

D=D® = — =D 1o 46
dEZf:{ﬂ stdn ( )
where
—1
. . _ ON:, 1
D, = |D° (pg1) " + AN — — (N7, ®N=,,,) @7)

o7, of 7
n+1 Fenio Yn+1

—1 9D (nn e
Necor = I— Tn+1 D® (nn+1) ! %JI)EZH + fCN?nJrl —AX

%} oI (48)

OMNnt1
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of
; A
fc — Onn1 4 Oy(Mn+1) . (49)

f ONn41
83]11 VIl g O
6. MODEL CASE 2 - SMOOTH THREE SURFACE Cap MODEL

This Cap model, originally proposed by Swan & Seo (2000), is modified in order to be consistent with the proposed
finite deformation description and to account for the dependency on the material parameters to the relative density of the
material. The Cap description presented here is very concise. More details can be found in Rossi & Alves (2008).

The smooth Cap model is composed by a exponential shear failure surface f;, a compression circular Cap f> and a
tension circular Cap f3. These yield functions are given by

fL(7xXP)=|ISP|| - Fe (1) <0 (50)
fo (7, %2 w) = |82 = F. (I, w) <0 (51)
f5 (7.%°) = |8°|° - F. (1) <. (52)

where w is the center of the compression Cap, I = tr (7), and the tensor S? is given by
SP — 7D _ P (53)

where ||§D H = VSP . SP, ¥ denotes the back stress and (o)D represents the deviatoric part of (o). At this point, one
assumes I, F,. and F; to be

F.(I)=a+y[l—€] if If<n<If (54)
F.(I;,w)=R* W) — (I —w)* if I <I{ (55)
Fy(h) =R} — I if L=>If. (56)

in which «, 8 and y are material parameters, I{ denotes the intersection point between the tension Cap and the Drucker-
Prager exponential envelop and I{ the intersection point between the compression Cap and the Drucker-Prager exponen-
tial envelop. Here, R and R are the radius of the compression and tension Caps respectively. In this work we assume
that the powder can be modeled by an associative flow rule an that the normal dissipation hypothesis is valid. Thus, inside
of the framework of the existence of a local intermediate configuration, we introduce the modified plastic stretching D,
which measures the rate of the plastic deformation, as

b — Z/\] o (57)

and the Karush-Kuhn-Tucker conditions given by
f;<0, ;>0 and f;A\; =0. (58)

In this context, the stress space is defined by €& = {7| f; (7, 8,1) < 0}. The loading conditions associated with the Cap
model are identified as: Hyperelastic loading (f; < 0, j = 1...3); Loading occurrmg through the shear surface (f; = 0
and /\1 > 0); Loading occurring through the compression Cap surface (f, = 0 and )\2 > 0); Loading occurring through
the tension Cap surface (f3 = 0 and A3 > 0); Surfaces 1 and 2 are active sunultaneously (1 e, fi=fo=0and A\ >0
and /\2 > 0); Surfaces 1 and 3 are active simultaneously (i.e., f; = f3 = 0and A\; > 0 and )\3 > 0).

The evolution of the center of the compression Cap is given by

w="h(w)tr (]_)p) (59)
where A/ is the tangent hardening modulus expressed as

dh(w) e P&

W (w) = dv — WDE (w) (60)
with D and W being material parameters and

Ew)=w—RWw). ©1)

The kinematics hardening

v~ = c1PDr, (62)

where C'is the constant hardening parameter and I° =1 — 2 [I®1].
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6.1 Consistent density-corrected tangent operators

1. Drucker-Prager exponential envelope f; is active: The tangent operator relating the Drucker-Prager exponential
envelope, disregarding the kinematic hardening, can be derived by the linearization of the return mapping equations
related with this surface. It yields:

dTn+1

D, =D = o =D 63
1 1 dEth;zlal lstdnlcor ( )
with
e - — -1 -1
DY, = (D + A (|75 7 17 = Ny @ Ny ) + 4860 (1@ 1) (64)
-1 0D°
Mooy =1 =101 D 5By, @ L (65)
MNn+1

2. Compression Cap f> is active: In the powder compaction processes, the compression Cap plays a very important
role. In such forming process the material is confined inside a mold and then submitted to high compression
loadings. Therefore, the negative hydrostatic stress portion tends to be more prominent. Two are the requirements
imposed on this surface: the Cap must be centered in (I 1 =w, || SP || = 0) and that a smooth intersection with the
Drucker-Prager exponential envelope exists. The tangent operator, disregarding the kinematics hardening, yields

e d7_—n 1 e
with
—1
_ 0 fa 1 0 fa f2
DY = D¢ £2A0 [P +101] —C C —2A NI 67
o + 2 [I7 +I®1] T ® agfil 2571 2l | ® P (67)
—1 OD*¢ 1 8f2 ( 8f2 >
=gy D —E¢ L, @I+ Co?2 —2ANI ) ®T| +1 68)
G 1 Mpyr afﬁl sy \7 0T i (
where
A 14+ 6ANR
o 2 Cy T o8l (69)

= — == 7
Iln+1 — Wn+1 6hn+1 (Iln+1 - w”JFl)

3. Tension fixed Cap f3 is active: Similarly to the compression Cap, there are requirements imposed on this surface,
i.e, the tension Cap must be centered in (I; = 0,||S?|| = 0), a smooth intersection with the Drucker-Prager expo-
nential envelope must take place and that this Cap remains fixed, that is, there are no isotropic hardening parameter
associated with this Cap. Again, disregarding the kinematics hardening and taking the linearization of Eq.(??)
together with Eq.(33) yields

e d7_—n+1 e
P g~ P 7
with
- -1 )
D= {De 4 2AM [1P +1®1]} M3, =1 —npD® —E¢,, ®TL. 1)
ann+1
7. RESULTS

In order to attest the effect of the correction 7)., into the standard elastoplastic tangent operator D%}, it is proposed
in this section the simulation of a unitary sided body under axisymmetric assumption, Figure 1a), representing an iso-
static compaction and the simulation of the model under plane strain assumption, Figure 1b), representing an uniaxial
compaction. The discretization of the body as well as their boundary conditions are also displayed in Figure 1.

e Model 1 - Elliptical model: In this example we consider a material model as described by Eq.(43) and Eq.(45) with
A, B and ~y given by the Doraivelu et al. (1984) model. The simulation consists in: Set the initial relative density is
assumed to be 7, = 0.7; Set the material parameters to be: nc = 0.4, E = 10000M Pa, v = 0.1, H = 130M Pa,
0 = 17, 00c = 715M Pa and o, = 100M Pa; Carry out the isostatic compaction by applying simultaneously
ur = u, = —0.112096 in 20 equally spaced steps; Carry out the uniaxial compaction by applying u, = —0.3 in 20
equally spaced steps.
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Figure 1. Model problem - a) Isostatic compaction - Axisymmetric model - ) Uniaxial compaction - Plane strain model.

e Model 2 - Smooth Cap Model: Set initial relative density set to 7, = 0.4; Set the material parameters to be:
E(n) = 364013, see Gethin et al. (1995), v = 0.35, W = 1, D = 7 x 1073MPa~'w, = —0.2M Pa,
a = 5.883MPa, 3 = 1073 and A\ = 226.455; Carry out the isostatic compaction by applying simultaneously
U = u,; = —0.263194 in 100 equally spaced steps; Carry out the uniaxial compaction by applying u,, = —0.6 in
100 equally spaced steps.

The Figure 2 shows the comparison between the convergence results expressed in terms of the residue norm ||ry, 41|
versus the number of iterations n;..,- in a one axis log graph. The results presented in this figure take into account the use
of the standard consistent elastoplastic tangent operator D7, and density-corrected D = [D} d]_1 Teor under the same
load step. More specifically, figure 2a) and b) shows the convergence results for the model 1 under isostatic and uniaxial
compression respectively and figure 2¢) and d) shows the convergence results for the model 2 under the same boundary
conditions.

The residue vector is the classical one used in the finite element analysis context, r = f ext _ fint Tp hoth cases the
criterion of convergence is the number of iterations to achieve the admissible error given by ||ry+1 ||ng <1076, Inall
cases it is employed a Newton-Raphson method with line search.

8. CONCLUSION

This paper deals with the analytical derivation of the consistent density-corrected tangent operators for density-
dependent finite plasticity models in the framework of the Total Lagrangian formulation, multiplicative finite strain plas-
ticity, logarithmic strains and the exponential return mapping algorithms. It is clearly shown that the density dependence
of the material model implies in corrections on the standard elastoplastic tangent operators. Based on the results shown
it is possible note that if no density correction is performed on standard elastoplastic tangent operators the convergence
is affected, increasing dramatically the number the iterations to reach the specified admissible error, or even leading to
non convergence state. On the other hand, if the correction is taken into account then the convergence is slightly affected
during the simulation. The way the convergence is affected depends on the nonlinear constitutive model density evolution
dependence.
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Figure 2. Convergence comparison analysis: @) Model 1 - Isostatic compaction - b) Model 1 - Uniaxial compaction - c)
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