Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Volume 30, Issue 1, January-February 2011

European ournul of

MeChG n | CS
A/ SO| ids

Editor-in-Chief: Viggo Tvergaard, Lyngby [Denmark )

www.elsevier.com/locate/ejmsol

(This is a sample cover image for this issue. The actual cover is not yet available at this time.)

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

European Journal of Mechanics A/Solids 31 (2012) 163—178

journal homepage: www.elsevier.com/locate/ejmsol

Contents lists available at SciVerse ScienceDirect

European Journal of Mechanics A/Solids

European Joumal of

Mechanics

A/Solids

A novel formulation for integrating nonlinear kinematic hardening

Drucker-Prager’s yield condition

Mohammad Rezaiee-Pajand®*, Mehrzad Sharifian®

2 Civil Engineering, Ferdowsi University of Mashhad, Mashhad, Khorasan Razavi 91775-1111, Iran

b Structural Engineering, Ferdowsi University of Mashhad, Iran

ARTICLE INFO ABSTRACT

Article history:

Received 7 March 2011
Accepted 8 August 2011
Available online 18 August 2011

Keywords:

Plasticity

Numerical integration
Error control
Drucker-Prager
Nonlinear hardening

suggested technique.

The Drucker-Prager’s plasticity model obeying nonlinear kinematic and linear isotropic hardenings is
considered. A new integration formulation is suggested that is based on definitions of angles between
the strain rate and the shifted stress, and between the shifted stress and back stress in the deviatoric
plane. This method will reduce the constitutive relations to five ordinary differential equations (ODEs).
For solving this system of ODEs, the embedded pairs and local error estimation schemes along with FSAL
property are used. As a result, an integration scheme is developed with automatic error control. The
updated stress produced by the proposed numerical scheme is consistent with the yield condition.
Finally, a broad set of numerical tests are carried out to investigate the accuracy and efficiency of the

© 2011 Elsevier Masson SAS. All rights reserved.

1. Introduction

When the plastic deformations of materials are involved, the
nonlinear finite element methods along with the theory of plas-
ticity are commonly used for solving this kind of engineering
problems. The accuracy and efficiency of the overall nonlinear finite
element analysis are directly associated with the robustness of the
stress updating process. The stress updating is carried out by
integrating the constitutive equations at each Gauss point. This
integration is normally done by a numerical method because the
analytical exact integrations for a few plasticity models are merely
available.

In the past century, numerous investigations have been done to
develop and examine the integration methods. These comprehen-
sive studies are because of the issue importance and for the reason
that a variety of the plasticity models and hardening rules are
existed. Wilkins (1964) proposed the radial return integration,
which the scheme needs a purely elastic predictor and a plastic
corrector (return mapping). A closed-form exact solution for the
elastic-perfectly plastic von-Mises model was suggested by Krieg
and Krieg (1977). Yoder and Whirley (1984) developed an analyt-
ical integration for the von-Mises model with a condition of purely
kinematic hardening, and a perturbation solution by considering
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the isotropic hardening effects. Ortiz and Popov (1985) preformed
comprehensive studies on the accuracy and stability of the well-
known integration schemes, such as the radial return procedure.
A family of return mapping schemes for the plane stress elasto-
plastic problem was proposed by Simo and Taylor (1986). Loret and
Prevost (1986) presented an accurate solution for the Drucker-
Prager’s criterion along with a linear hardening rule and arbitrary
degree of non-associability. In their research, an ordinary differ-
ential equation has been derived, which can be integrated by an
accurate Runge-Kutta procedure.

For the case of the von-Mises criterion with mixed hardening,
Dodds (1987) examined common numerical integrations. Runesson
et al. (1988) presented a limited accuracy analysis for constitutive
equations for the behavior of metals as well as concrete and soil.
Sloan and Booker (1992) showed the Tresca constitutive law may
be integrated exactly under plane strain conditions. In their study,
a semi-analytical algorithm for Mohr-Coulomb plasticity model
was derived. Ristinmaa and Tryding (1993) suggested a unified
approach which could include all the earlier exact integration
algorithms. Genna and Pandolfi (1994) provided a two-step inte-
gration scheme for the Drucker-Prager’s yield surface with linear
mixed hardening. The return mapping algorithm for a class of cyclic
plasticity models was extended by Hopperstad and Remseth
(1995). Wie et al. (1996) proposed a consistent algorithm for
Prandtl-Reuss elastic-perfectly plastic materials. Their stress
updating scheme combines the advantages of the exact solution
and the rapid convergence of Newton iteration technique.
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In the current century, the rate of the development for the
integration methods in plasticity has been even increased. As
a result, the exponential-based method has been developed based
on the internal symmetries of the plasticity models. For the internal
symmetries constitutive equations, the plastic consistency condi-
tion is satisfied if the numerical solution could consider it (Hong
and Liu, 2000, 2001; Liu, 2003, 2004a). In addition to these
developments, the schemes based on Euler’s integrations have
been proposed for the new plasticity models. Sloan et al. (2001)
refined effective explicit integrations with automatic error control
for the Cam clay family. Wallin and Ristinmaa (2001) reformulated
the constitutive equations to a system of ordinary differential
equations. In their study, the fifth-order Dormand-Prince scheme
5(4) is used for solving this system of ODEs. Moreover, an algo-
rithmic tangent stiffness tensor and its approximate evaluation
were derived. A comprehensive investigation on the application of
the differential-algebraic equations (DAEs) in nonlinear finite
element analysis was performed by Ellsiepen and Hartmann
(2001). In this study, the system of DAEs was connected to the
Multilevel-Newton method. It is worth mentioning that the system
of DAEs is obtained from coupling the mechanical balance laws
(which are algebraic equations) and the constitutive equations of
the internal variables (which are ordinary differential equations).
Kobayashi and Ohno (2002) implemented an integration algorithm
based on the backward Euler method for a cyclic plasticity model.

Auricchio and Beirdo da Veiga (2003) suggested a non-consistent
integration scheme based on an exponential map for the associative
von-Mises plasticity with linear hardening. Kobayashi et al. (2003)
presented an implicit integration and its consistent tangent
modulus in the case of constitutive equations, which depend to time
and temperature. Liu (2004b) derived two explicit exponential-
based integrations for the elastic-perfectly plastic Drucker-Prager’s
model. Hartmann (2005) presented remarks on the application of
the classical Newton—Raphson algorithm related to the finite
element method and compared it with the classical and improved
version of the Multilevel-Newton method. Artioli et al. (2005) pre-
sented two consistent exponential-based schemes for the von-
Mises yield surface with linear mixed hardening. Clausen et al.
(2006) developed a return mapping scheme for constitutive rela-
tions with multiple yield planes. A second-order explicit exponential
scheme for the von-Mises material with linear mixed hardening was
extended by Artioli et al. (2006). Rezaiee-Pajand and Nasirai (2007)
derived a semi-implicit exponential-based integration with
quadratic rate of convergence for the von-Mises plasticity model
along with linear mixed hardening. Artioli et al. (2007) suggested
a second-order exponential algorithm for the von-Mises plasticity
governed by linear isotropic and Armstrong-Frederick’s kinematic
hardening. Rezaiee-Pajand and Nasirai (2008) proposed 2 second-
order semi-implicit stress updating schemes for the elastic-perfectly
plastic Drucker-Prager model.

Wallin and Ristinmaa (2008) presented a reduced set of ODEs
from the von-Mises isotropic hardening plasticity coupled to damage
models. It was demonstrated that an additional set of ODEs for
consistent tangent stiffness tensor is needed, which should be solved
simultaneously with the reduced set of the former ODEs. Szabé
(2009) developed a semi-analytical algorithm for von-Mises plas-
ticity with linear isotropic hardening. Followed by, two semi-
analytical integrations in the case of the combined linear isotropic-
kinematic hardening von-Mises plasticity were provided by Kossa
and Szab6 (2009). These solutions correspond with the strain-
driven and stress-driven problems, which are developed by using
the assumptions of constant strain and stress rates, respectively.
Coombs et al. (2010) derived an analytical backward Euler algorithm
for the modified Reuleaux model. Rezaiee-Pajand et al. (2010)
proposed an exponential-based integration for the von-Mises

plasticity with multi-component nonlinear kinematic hardening.
Finally, an accurate solution and approximate integrations of the
Drucker-Prager’s constitutive equations with linear mixed hardening
were presented by Rezaiee-Pajand et al. (2011).

In the present study, the Drucker-Prager’s constitutive equations
governed by linear isotropic and nonlinear kinematic hardenings are
considered. A new integration formulation is derived, which is based
on introducing the angle between the strain rate and the shifted
stress, and the angle between the shifted stress and back stressin the
deviatoric plane. The constitutive equations are reduced to five
ordinary differential equations (ODEs). The derived differential
equations can be solved by ODE integration techniques. The third-
order Bogacki-Shampine method 3(2) and the fifth-order Dormand-
Prince scheme 5(4) are used for medium and high accuracies,
respectively. These approaches were designed to produce an esti-
mate of the local truncation error for a single Runge—Kutta step. In
addition, an extra advantage of these approaches is having FSAL
(First Same As Last) property. As a result, an effective scheme for
integrating the nonlinear constitutive equations will be developed,
which can effectively control the errors. A wide range of numerical
tests is provided to investigate the accuracy and efficiency of the new
integration. These tests include strain load histories, iso-error maps,
and computation time.

2. Constitutive equations

In this study, it is assumed that the realm of the deformations is
small. The Drucker-Prager’s criterion (Drucker and Prager, 1952)
with nonlinear kinematic and linear isotropic hardenings is adop-
ted. This yield function is a simple modification of the von-Mises
plasticity model that the effect of the hydrostatic pressure on the
failure is considered by the inclusion of an additional term as
follows:

F = %s/ 8 — (1y — ﬂp’)z, Ty — Bp’>0 (1)

where, 1y denotes the yield stress in pure shear, and § is a material
parameter related to yielding. The evolution of the yield stress is
represented by a linear isotropic hardening. The parameters s’ and
p’ denote the deviatoric shifted stress and the hydrostatic shifted
stress as:

6 =5 +piwith p = %tr(c’) (2)

In this equation, i represents the second-order identity tensor.
Also, ‘tr’ denotes the trace operator. The shifted stress, ¢’, is defined
by the next relation:

o =0-a 3)

Where the total stress and the total back stress were denoted by ¢
and a, respectively. As a usual, the back stress represents the center
of the yield surface in the stress space. For convenience, the total
strain, e, is split into the deviatoric strain, e, and the volumetric
strain, &,, as below:

e — e+%evi with ey = tr(e) (4)

The additive decomposition of the strain into elastic and plastic
parts is used by the following relations:

e ="+ &P (5)
e =e°+ef (6)
ey = €&+ (7)
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Now, an associative flow rule is adopted to determine the plastic
strain rate as:

_OF
P —
& = 175 (8)

Where, the term 7 is the plastic multiplier. Using Eq. (1), the last
relation can be written in below form:

@ = 7|5+ 261y — Bp)i (9)

Using the last equation, the rate of the volumetric plastic strain,
i.e. tr(¢P), is easily determined as follows:

& — 287(xy - 7)) (10)

In the present study, a linear isotropic hardening is adopted. This
rule can be introduced by the equation:

Ty = TyAO +Hiso'Y (11)

where, 1y ¢ denotes the initial yield stress in pure shear, and Hig, is
the linear isotropic hardening modulus. The kinematic hardening
rule presents the translation of the yield surface as a rigid body
during plastic yielding. An Armstrong and Frederick’s kinematic
hardening, which is the most well-known nonlinear kinematic
hardening rule (Armstrong and Frederick, 1966), is utilized. A recall
term (called dynamic recovery) in this rule has been defined that
incorporates the fading memory effect on the strain path. The
subsequent evolution law of the back stress is expressed according
to the Armstrong and Frederick rule:

a= Hkinép - ').’Hnla (12)
Where, the constants Hy;, and H; are the material parameters. This
rule is presented in the deviatoric plane in the below form:

o= Hkinép - 'YHnld‘ (13)

In the last equation, a signifies the deviatoric part of the back
stress, and it can be defined as follows:

@ —a—pi with p = %tr(a) (14)

Where, p is the volumetric part of the back stress. The rate of the
shifted stress for isotropic materials is obtained by taking the time
derivative of Eq. (3) and using the generalized Hooke’s law and Eq.
(12). As a result, the following relation will be valid:

¢ = 2Ge® + (K - %G) 81 — HynéP + YHpa (15)

In this equation, G and K are the shear and bulk modulus,
respectively. The rate of the hydrostatic shifted stress can be ach-
ieved by using Eqgs. (2) and (15) as:

P = Kéy —Ké§ + YHup (16)
Where, K is expressed as:

K = K+%Hkin (17)

Now, the radius of the yield surface in the deviatoric plane, R, is
defined by:

R — vV2(ty — 6) (18)

Then, substituting Eq. (10) into Eq. (16) and using the last rela-
tion yield:

p' = Kéy — V2BKYR + YHy P (19)

This relationship specifies the governing differential equation of
the hydrostatic shifted stress. The rate of the volumetric part of the
back stress, p, can be obtained by using Egs. (14), (12), (10) and the
definition of the radius of the yield surface as:

- V2 . -
p= ?HkinﬁyR - /YHnlp (20)

Using Eqgs. (9) and (10), the rate of the plastic deviatoric strain
can be found, which has the below form:

e = ys' (21)

The rate of the deviatoric part of the shifted stress, §', can be
determined based on the rate of elastic deviatoric strain and the
deviatoric back stress by:

§ = 2Ge*—a (22)

Substituting Eqgs. (13) and (21) into the last equation leads to the
following constitutive equation for the deviatoric shifted stress:

§' = 2Gé — 2Gys' + YH, o (23)
where,
2G = 2G + Hyj, (24)

To complete the basic equations, the Kuhn-Tucker loading/
unloading conditions are given as follows:

¥y=>20, F<0, yF =0 (25)

According to the last complementary conditions, the state of the
material is plastic (or elastoplastic) if {y >0 and F = 0}, and
elasticif {y = 0 and F < 0}. Finally, the plastic multiplier, ¥, can be
derived by using the consistency condition, i.e. ¥F = 0 if F = 0,
during plastic yielding:

g = 2Gs' : & + V2KRey (26)
2(6 + Rﬁ2)R2 + V2(Hiso — BHyP)R — Hy8' : o

2.1. Remark 1

While yielding in many metals, such as iron-based materials and
aluminum, is depended to pressure, the plastic deformation is
essentially incompressible (Spitzig and Richmond, 1984). Plastic
incompressibility can be considered by means of a non-associative
flow rule based on the following plastic potential (Lei and
Lissenden, 2007):

1

_ / . /

Q= 58 S (27)
The non-associated potential flow has the below form:

. . .0Q .

P _ aP _— — /

€ e 76 — =S (28)

Therefore, while yielding of material is pressure sensitive, the
volume does not change (¢} = 0). In this case, the deviatoric part of
the back stress is equal to the total back stress, i.e.o. = aandp = 0.
Furthermore, the rate of the hydrostatic shifted stress, p’, and the
plastic multiplier, ¥, can be obtained by:

P = Kéy (29)
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b= 2Gs' : & + V26KRey
ZCRz + \/iHiSOR — Hnls/ o

(30)

3. A new integration formulation

In order to integrate the constitutive equations, the constant
strain rate assumption over the time interval is used. This means
that both é and &, are kept constant in each time step. It should be
added, this assumption has been widely used in both exact and
numerical integration methods. Moreover, it is assumed that at
beginning time of integrating the stress state becomes plastic, i.e. s’
lies on the yield surface. As a result, based on Egs. (1) and (18) one
can easily write the following relation:

R =] (31)

The angle (¥) between the deviatoric shifted stress, §’, and the
deviatoric strain rate, &, is defined in below form:

s':é = R|é|[cos ¥ (32)

Moreover, an extra angle, ¢, between the deviatoric shifted
stress, s/, and the deviatoric back stress, a, is defined as:

s’ ;o = Ra cos ¢ (33)
Where,
@ = [l (34)

The definitions of the angles ¥ and ¢ are shown in Fig. 1.
Taking the scalar product of Eq. (23) by s’ leads to the relation:

s':§ = 2Gs':e—2Gys : s + yHys : a (35)
For convenience, one can write the next equalities:

S"S':Rz

s':§ = RR (36)

By substituting these relations and Eqgs. (32) and (33) into Eq.
(35), the following differential equation can be achieved:

R = 2G||e||cos ¥ — ¥(2GR — Hyjacos ¢) (37)

Fig. 1. The definitions of the angles ¥ and ¢.

The last equality is the governing differential equation of the
yield surface radius in the deviatoric plane. Substituting Eq. (21)
into (13) and taking the scalar product of the result by « give the
following expressions:

o: & = Hygpyo: s — YHyo : o (38)
oy 2

w:o= o (39)

oo = ao

The evolution equation of @ is achieved by inserting Egs. (33)
and (39) into Eq. (38) as follows:

& = 'Y(HkinRCOS ¢ _Hnla) (40)

At this point, it is intended to achieve the evolution equation of
Y. For this purpose, taking the derivative in time of Eq. (32) leads to
the next formula:

§':e = R|je|cos ¥ — R||e||ysin ¥ (41)

Then, taking the scalar product of Eq. (23) by € and using the
definition of the angles y and ¢ yield the below result:

§':e = 2G|e|” — 2GiR||é|[cos ¥ + THya||e|cos (v +¢)  (42)

By comparing Eqgs. (41) and (42) the following relationship will
be in hand:

Reos ¥ — Rysin ¢ = 2G||é|| — 2GyRcos ¥ + YHyacos (¥ + ¢)
(43)

Now, substituting R of Eq. (37) into Eq. (43) and rearranging
terms lead to the subsequent rate equation:

; 1., . s
V= E(yHnlasm ¢ — 2G||€||sin ¥) (44)

The rate of the angle ¥ obeys the last differential equation. In
order to find a rate equation of the angle ¢, first, taking the scalar
product of the deviatoric back stress a by the deviatoric strain rate &
is written as:

a:e = alé|cos (¥ +¢) (45)

Then, taking the derivative in time of this equation gives:

&: e = aécos (¥+9¢)—ae|(¥+¢)sin (¥+¢) (46)

After that, taking the scalar product of Eq. (13) by € and applying
Egs. (21), (32) and (45) will achieve the next relation:

&:e = Hy,VR||é||cos ¥ — YHy@|/€||cos (¥ + ¢) (47)

Now, comparing Eqs. (46) and (47), applying Egs. (40) and (44),
and simplifying the results the following differential equation can
be obtained:

. 1 L 1, _. .
¢ = —EHkinyRsm qb—E(yHnlasm ¢ — 2G||é||sin V) (48)

It is observed that in differential Eqs. (37), (40), (44) and (48) the
plastic multiplier, Y, has been appeared. This parameter is a func-
tion of the variables R, @, ¥, ¢ and p. Therefore, substituting Eqs. (32)
and (33) into Eq. (26) can determine a relation for the plastic
multiplier, as:
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G 2GR||é]|cos ¥ + v2BKRéy (49)
2 (C + KBZ)R2 +V2(Higo — BHyP)R — HyRacos ¢

Note that the rate of the variable p was given by Eq. (20). At this
stage, two 5-dimensional vectors are defined as:

Y1
Y2
Y=qy3, =
Ya
Ys

(50)

TS <=

2G|é|[cos y3 —7(2Gy1 — Hyy2c0s ya)
¥ (HkinY1€0S ¥4 — Hy1y2)
}Tl(ﬁ"HnD’zSiﬂ ya —2G||¢][sin y3)
1 L 1. . o
——HyinYy15in ¥4 — —(YHyy2sin y4 — 2G|€||sin y3)
Y2 Y1

(V2
Y (THkinﬂlﬁ —Hyys

(51)

Finally, the ordinary differential Eqs. (37), (40), (44), (48) and
(20) can be rewritten by the following compact form:

Y = F(t,y1,y2,y3,y4,y5) = F(t7 y) (52)

Since there is no analytical solution for this system of ordinary
differential equations (ODEs), it can be solved by a numerical
integration technique. One type of the most important ODE inte-
grations is the explicit Runge-Kutta families. Two of these strategies
for integrating the system of ODEs (52) will be explained in next
section. Now, it is intended to integrate the constitutive equations
over the time interval [ty, t1]. The initial conditions for solving the
system of ODEs (52) are defined as follows:

Yo = ¢ %o (53)

Then, solving the system of differential Eq. (52) by an ODE
integration technique results in the vector Y; at time t = t;.
Consequently, the deviatoric shifted stress at the end of time step
s} = §(t = t;) can be assumed as a linear combination of
sy = S'(t = tp) and As'™R in the following form:

) = £sp + (AsTR (54)
Where, As™R is an increment of the trial stress, i.e.
As™ — 2Ge(t; — tg) = 2GeAt (55)

The scalar parameters £ and { have the subsequent expressions:

_ Rysinyy
" Rpsin
) ‘ Yo (56)
¢ = Risin (o —¥1)
[AsTR[sin g

It is worth mentioning that the last parameters can be obtained
by the relations:

{ (£sp + (ASTR) : AsTR = Ry ||As'™R||cos ¥4 (57)

(6sp +CAs™R) : s} = R2
According to the last equations, the suggested integration
formulation automatically satisfies the condition of consistency
with the yield surface. Also, the deviatoric back stress at time

t = t1, i.e. aq, can be achieved by a linear combination of the
tensors o and As'™R as follows:

ay = fog +{As' TR (58)
Where, the parameters ¢ and  are given by:

aisin (Y4 + ¢1)

* = Gosin (o + do) 59)
7 sin Wo+9o—¥1-¢1)

|AsTR||sin (Yq + ¢g)
3.1. Remark 2

If Yo = 0 or w, the loading is proportional, and ¥ remains equal
to zero or 7 throughout the load step and Eq. (54) will change to the
subsequent relation:

(60)

3.2. Remark 3

If yo+¢ o = 0 or w, then, ¥ + ¢ remains equal to zero or 7
throughout the load step, and Eq. (58) will be formed as:

o = =—0p (61)

4. ODE integrations with error control and FSAL property

In order to integrate the system of ODEs (52), two following
methods are used in this study: the third-order Bogacki-Shampine
method 3(2) (Bogacki and Shampine, 1989) for medium accuracy
and the fifth-order Dormand-Prince method 5(4) (Dormand and
Prince, 1980) for high accuracy. These techniques have the FSAL
property, and these can estimate the local error to implement
adaptive step size. It is worth mentioning that a particularly
interesting special class of explicit Runge-Kutta methods, which is
used in most modern codes, has the coefficients with FSAL property
(so-called First Same As Last property). For the ODE integration with
this property, the last stage of one integration step is evaluated at
the same as the first stage of the next integration step. Furthermore,
the adaptive tactics are designed to produce an estimate of the local
truncation error of a single Runge-Kutta step. It should be
mentioned, the Runge-Kutta methods have already used by the
researchers for integrating the constitutive equations and their
reduced form (e.g. Sloan and Booker, 1992; Sloan et al., 2001; Wallin
and Ristinmaa, 2001, 2008).

4.1. Bogacki-Shampine method 3(2)

The Bogacki-Shampine strategy 3(2) (BSh32) is a Runge-Kutta
technique of the third-order with four stages having FSAL



168 M. Rezaiee-Pajand, M. Sharifian / European Journal of Mechanics A/Solids 31 (2012) 163—178

property. Therefore, this approach approximately uses three func-
tions in each step. Moreover, the method has an embedded second-
order technique, which can be used to implement adaptive step
size. In order to integrate, a time step, At = t,,, 1 — tp, is considered.
Also, it is assumed that Y, denotes the value of Y at the time t = t;,.
Now, using the Bogacki-Shampine tactic, the system of ODEs (52)
can be integrated numerically to find Y, ; at t = t,.; by the
following equations:

2 1 4

7,—,+1 Y, + At (—k1 + ’(2 + ’(3 + —k4) (63)

All the vectors appeared in these equations are calculated as:

k‘l = F(tn, Yn)

1 1

k, = F(tn + iAt7 Y+ jAtlﬁ)
3 3

k3 = F(tn + ZA[’, Yn + ZA{’(z)

k4 = F(tn+1ayn+1)

Where, Y, and Y,,; are the second-order and third-order
approximations to the exact solution, respectively. Therefore, the
difference between these vectors can be used to implement adap-
tive step size. Since the method has the FSAL property, the value k4
in one integration step equals the value k; in the next step and
effectively three function evaluations are computed in each time
step. The local truncation error in Y, ; can be computed by:

< 5 1 1 1
Eni1=Yr1-Yn 1= At( — ﬁk] + ﬁkz + §k3 — §k4> (65)
Utilizing Eq. (65), the scalar measure of the relative local error
can be defined by the next equality:

£ = max{E1, 21 1B i )
Vil y2l" 3l yal” 1ysl) na

In this relation, E; (where,i = 1,2, ...,5)is the i th component of
the vector E, 1. Now, the relative local error can be utilized for
determining the size of the next step. The following equation is
widely used in the integral step size controller (Shampine and
Watts, 1976):

(66)

Aty.1 = 0.9At, (Tgl) (67)

Where, At,,,; and Tol denote the size of the next time step and the
maximum allowable local error, respectively.

4.2. Dormand-Prince method 5(4)

The Dormand-Prince method 5(4) (DP54) is a member of the
embedded Runge-Kutta family in the fifth-order with a FSAL
scheme. This procedure has seven stages, but it effectively uses only
six function evaluations per step. Moreover, it can estimate the local
error to implement the adaptive step size. Once again, it is assumed
that Y, and At are the value of vector Y at the time ¢, and the size of
the time step, respectively. In order to integrate the system of ODEs
(52) one step of the Dormand-Prince method is given by the
expressions:

35 500, 125, 2187, 11
Yni1 = Yo+ At (384"l +1713% T 792%4 ~g7sas t 84"6)
(68)
_ 5179 7571, 393, 92097
Yoir =¥Yn+t At(57600"1 + 166953 * 640* ~ 339200
187
2100"6 + k7> (69)
and,
ki = F(tn, Yo) 1
ks — F(tn + 130At Yo+t Atk1 +3Atk2)
ky — F(tn +§At, Y + Atk1 56Atk2 n Atk3
8 19372 25360 ‘64448
ks — F(tn AL Yo+ oo oAty — S Aty Atk
212
729Atk4)
9017 355 46732
kg = F<tn+], Yo+ 3168Atk1 33 —-Atk, + 5547 Atks
49 5103
F76R ke — 18656Atk5)
k7 = F( n+17Yn+1) (70)

Where, Y, and Y, represent the fourth-order and fifth-order
accurate solution, respectively. An error estimator can be formed
by subtracting Y, 1 from Y, as:

e T 7, 71, 17253
Enia 57600 ! ~ 166953 ' 19204 ~ 339200
22
bk 4—0k7) (71)

The scalar measure of the relative local error can be computed
by Eq. (66). In order to determine the size of the next time step, the
following equation can be used (Shampine and Watts, 1976):

Aty.; — 0.9At, (T;”) (72)

5. Stress updating schemes with automatic error control

For updating the material state, it is assumed that the strain
history is a rectilinear path, such that ¢ is constant during each time
step. This is denoted by ¢, at a discrete time t = t;,. The constitutive
variables at the time ty, i.e. &y, Gy, @p and v, are all known, and the
updated strain e, is also given at the time t,,;. The proposed
numerical scheme must integrate the constitutive variables over
the time increment to update the material state. In order to inte-
grate, a strain increment, i.e. Ae = Até = e,,1 — ey, is applied and
it is decomposed into deviatoric Ae and volumetric Ae, parts. Then,
a trial solution for the elastic phase at the end of the time step, i.e.
tn.1, is calculated as:

TR
Spi1 = Sp 1+ 2GAe

pﬂ_‘] = pl, + KAg,

aR = ap (73)
1_7—11;5—] ﬁn
TR

Tyne1 = Ty
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The trial values are admissible, if the following condition is
satisfied:

2
ST < 250 — B0 (74)

Therefore, the time step is elastic and the variables at the time
tn.1 are taken as the trial values. If Eq. (74) is not fulfilled, the time
step can be divided into an elastic part followed by a plastic part. A
scalar parameter ae [0, 1) is introduced, as aAt and (1 — a)At give
the elastic part and plastic part of the time step, respectively. This
scalar parameter can be computed by:

B2 — 4AC — B
€= (75)

where, the scalars A, B and C are given as:

A = ||2GAe|?> — 2(BKAey)?

B = 4GAe : s, + 48K (ty,n — Bp,)Aey (76)
C = 8,1 = 2(tyn — BD})>

It should be noted that the parameter o was computed by
considering the exact yield condition, i.e. F = 0. When the exact
condition is replaced by the approximate one |F| < tolg, which tolg
denotes a small positive tolerance, the algorithm presented by
Sloan et al. (2001) can be used for obtaining «. In the following,
using this parameter («), the deviatoric and volumetric compo-
nents of the shifted stress at the time t;,, can be calculated as
follows:

Sha = Sp+2Gale

n+ao (77)
Phia = Dp + Kaley

At this stage, s, , has been lied on the yield surface. To find the
updated stress and constitutive quantities at the end of the elas-
toplastic part of the load step, the system of ODEs (52) should be
numerically integrated over the time interval t = ty o tot = t,q.
The initial condition for the system of ODEs at the time t;,o is
Ynie = {Rnta, @, Ynia, Onias E,Ha}T. Since it is intended to
control the error, schemes along with sub-steps should be selected.
One way to control accuracy in the solution of an initial value
problem is to solve the problem twice by using step sizes At and
At/2 and then compare the results at the end of the larger step size.
But, this approach needs a large amount of calculations for the
smaller step size. Also, if it is determined that the obtained results
are not admissible, the solution must be repeated. The ODE inte-
gration methods mentioned in Section 4 are the ways to resolve this
trouble. Generally, each time step may consist of several sub-steps,
and the relative local error of each sub-step should be computed to
determine the size of the next sub-step based on the maximum
allowable local error, Tol (for example, see Eq. (67)). In fact, this
approach permits the size of each sub-step Atf = 1 — ¢/ (super-
script j is a counter for the number of sub-steps) to be varied
throughout the interval t = th,q to t = t,,, ie. 0 < AP <
(1 — a)Aty.

In each sub-step, the system of ODEs (52) is integrated with the
initial condition ¥/, , and applying A¢ into Eqs. (62) and (63) for
the BSh32 method, or in the case of the DP54 tactic, Eqs. (68) and
(69) are used. After that, the relative local error is computed by
Eq. (66). If the relative local error E/ is not greater than the specified
error tolerance Tol, the present sub-step is admissible, and the size
of the next sub-step is given by Eq. (67) for the BSh32 (or Eq. (72)
for the DP54 method). But, if the relative error is greater than the
specified error tolerance, the present solution is not admissible, and
the size of the sub-step must be decreased. One way for computing

a smaller sub-step size is using an extrapolation by Eq. (67) for the
BSh32 (or Eq. (72) for the DP54). This approach has been used by
Sloan et al. (2001) for selecting a smaller sub-step in the case of the
sub-step has failed. The integration process is finished when the
sum of the sub-steps becomes equal to (1 — a)Aty, i.e. STAH =
(1 — a)Aty. Finally, using the vector Y,,1 = {Rnpi1, @ni1, ¥ngts
®ni1s Dn H}T computed by an ODE method, the following consti-
tutive quantities can be updated:

S;Hl = gﬂs;wa + :nAS,TR

_ _ (78)
Oni1 = EnOnia + (nASTR
Where, As™® = 2G(1 — a)Ae and the scalar parameters are:
£, — Rni1sin ¥4
Rpsin ¢
B (79)
¢, = Ryp1sin (Vo — ¥ni1)
8 [ 4AsTR|[Sin ¥
Furthermore, the parameters &, and ¢, are given by:
E = ?n+15%n ne1 + ¢ ng1)
oSN (Ynyo + @ nia) (80)

Zn Q1SN (Vg .+ P nia = Vni1 — @ 1)
[ASTR]Isin (Vpia + @ nia)

In order to update the hydrostatic stress, first by using the Egs.
(19) and (20), the following equation is held:
P = Kéy — V2KBYR — D (81)
Now, Eq. (81) is directly integrated as:

tn+1
Phor ~Pha = [ (Kév— V2KBIR - p)de (82)

thia

Then, using Eq. (21) and simplifying the result, the subsequent
relationships can be easily obtained:

tas1 thi1 thi1
p;pr;Ha:K/ é‘,,dtf\/fﬂK/ P ||dt — / pdt (83)
tn+n tn+ﬂ tHAﬂ

Pyt = K(1 = 0)Aey — V2BK|| AP — Py + P+ Phoa (84)
Where, AeP is obtained by using the basic relation fors;,  ,, i.e.
Spi1 = Spi1 — Onp1 = Sp+ 2G(Ae — AeP) — o, (85)

Manipulating the above equation, the below equality can be
achieved:

1
AeP = E(S” +2GAe —s), | —0y.q) (86)
Finally, the yield stress at the time t,,; can be computed by
using the definition of the yield surface radius in the deviatoric
plane, i.e. Eq. (18). The new stress updating scheme is summarized
in a flow chart which is shown in Fig. 2.

5.1. Remark 4

The direction of both angles ¥ and ¢, must be the same because
the angle between the back stress and the strain rate is computed
by summing the angles ¥ and ¢. Therefore, the angles ¥ and ¢ at the
time t = t,., can be computed from the below relationships:
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sn+l’ pn+1’ an+l’ prr+1’ Ty,n+l At =tn+l =l —
end
Fig. 2. Flow chart for suggested stress updating scheme.
5.2. Remark 5
-1 S;Ha : Ae
¥nia = €OS Rn|/Ae] (87) A consistent tangent stiffness tensor is required to preserve the
quadratic asymptotic convergence for the Newton iteration method
in a nonlinear finite element analysis. Consistency implies that the
X if cos ) = COS (Yrg + Knsa) stresses obtained by the tangent stiffness tensor must be matched
D i = { _"K+“ i cos(X(nM ); cos (1//'”“ 4 K”*“) (88) the stresses updated by the integration scheme to the first order.
na Xnta ne T At Computing the tangent operator is briefly presented in the
Where following. The discrete consistent tangent operator is derived by
’ linearizing the stress updating method as:
s/ s o —
Knia = COS™! (£+a = n) do, i1 — (ds;zﬂ dan+1>”dev+ (dp;1+1 4 dpp.q )i®i (90)
et (89) deniq dey 1 dep,q deyni1 deynin
N COSil ol : Ae 1
Xnta = aﬂHAeH Hdev =1 —§l®l (91)
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Fig. 3. Choosing the appropriate integration.

Where, | denotes the fourth-order identity tensor. To compute the
derivatives of the tensors appeared in Eq. (90), a derivative of Yy, 1,
ie. Gy 1 = (dY/de),, is needed. Taking the time derivative of G,
the following evolution equation may be in hand:

dG dF dY
dt — dY de

At this stage, solving the above system of ODEs simultaneously
with the system of ODEs (52) gives the consistent tangent operator

and constitutive variables. Both the system of ODEs (52) and (92)
can be presented as:

; F
4[4
G vy

It should be noted, this technique has been already used by

Wallin and Ristinmaa (2008) for integrating the damage evolution
laws.

(92)

(93)

6. Treatment of apex

It should be noted that there is a singularity point associated
with the apex of the Drucker-Prager’s cone. In fact, if the trial stress
is situated inside the complementary cone, the stress updated must
be located at the apex, i.e. s, ,; = 0and R, = 0. If not, updating
the material state is the same as the formulation presented earlier
(Fig. 3). At the apex, by following the typical methodology, the
increment of the plastic multiplier, 4, for a fully plastic load step can
be calculated from the next condition:

Ry = \/Z(Ty,nﬂ *ﬁp;qH) =0

Utilizing the last equation and Egs. (11) and (19) and adopting an
approximate explicit manner, the subsequent plastic multiplier can
be obtained:

V2BKAey — Ry

(94)

= - 5= (95)
\/iHiso - \/jﬁHnlpn + 25 KRp
Now, the other parameters can be updated as:
AeP = Js),
Opi1 = O + HkinAep - AHnlocn
_ — V2 _
DPn+1 = Pn Jr?/wHkinRﬂ — AHp Py (96)

Tyn+1 = Tyn + AHigo

/ _
Phy1 = ETY«,"+1

As a result, for integrating the constitutive equations the
following algorithm can be tracked. First, the updated state of
material is assumed to be on the smooth portion of the cone. In
other words, integration is done based on the scheme was pre-
sented in Section 5. Subsequently, the below condition is verified:

IsTR, || > 2G||AeP| (97)

If the last condition is fulfilled, the updated material state is
acceptable and is located on the smooth portion. Otherwise, the
trial stress is positioned inside the complementary cone, and the
updated stress point must be at the apex of the cone. Also, other
constitutive variables can be determined by Eqgs. (95) and (96). This
algorithm is typically used for integrating the Drucker-Prager’s
constitutive equations (see, for example, References: de Souza Neto
et al., 2008; Rezaiee-Pajand et al., 2011).

7. Numerical tests

In order to investigate the accuracy and efficiency of the new
integration formulation, a broad set of numerical tests is provided
in this section. The assessments are classified in three categories. In
the first one, two strain load histories are adopted and the relative
error of the stress and back stress output are computed by the new
scheme. The robustness of the suggested method is verified by
plotting the iso-error maps in the second categories. To show the

5.00:5yo Loy

Controlled Strain
o

—5.00£y0 L

Time (sec)

Fig. 4. Strain load history 1.
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Fig. 5. Strain load history 2.

efficiency and performance of the proposed integration technique,
computation time for the new strategy, the forward Euler and the
backward Euler methods will be tested and compared. In all
numerical examples, the general material properties are adopted as
follows (Lei and Lissenden, 2007):

E = 1.02 x 10° MPa; » = 0.325; 1y — 156 MPa; § = 0.055

Moreover, the mechanical properties for the hardening rules are
given below:

Hyin = 24600 MPa; H, = 118; H;, = 500 MPa2

Since the suggested integration is based on the definitions of the
angles between the quantities, this technique is called Angles’
method. To make the text self-sufficient, the backward and forward
Euler integrations will be briefly presented in Appendices A and B,
respectively.

7.1. Strain load histories

Two biaxial non-proportional strain load histories are adopted.
In these histories, the strain components are varied proportionally

Reference
*  Angles-DP54
O Angles-BSh32

0 1 2 3 4 5 6 7
Time (sec)

Fig. 7. The history of updated stress component a4, for strain history 1.

to ey = V3 (tyo/E) while all the other strain components are
equal to zero. The strain load history 1 and 2 are given in Figs. 4 and
5, respectively. The strain paths have considered linear to eliminate
the discretization errors. First, to verify the correctness of the new
integration results, i.e. the Angles’ method, the updated stress
history associated with the strain history 1 is computed by the
backward Euler scheme with a fine time step (At = 10~ sec) as
a ‘reference solution’ because of lacking the exact solution of the
investigated problem. Afterward, using the Angles’ integration
along with the DP54 and the BSh32 (Angles-DP54 and Angles-
BSh32), the stress histories are updated with At = 0.1 sec and
Tol = 10~4. The histories of two updated stress components ¢;;
and o1, obtained by the new method, and the ‘reference’ one are
plotted in Figs. 6 and 7.

In the next stage, it is intended to assess the accuracy of the new
scheme pertaining to the specified error tolerance, Tol. To fulfill this
aim, three error tolerances Tol = 102, 103 and 10~* are
considered, and the updated stress is achieved by the Angles’
approach and using the BSh32 (Angles-BSh32). To present the
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0.9 1
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Fig. 6. The history of updated stress component ¢;; for strain history 1.

Fig. 8. Stress
Tol = 1072

and back stress relative errors for history 1 by Angles-BSh32 and
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Fig. 9. Stress and back stress relative errors for history 2 by Angles-BSh32 and
Tol = 1072

solution results, the stress and back stress relative errors are
calculated by the following equations:
E
_ llon — oyl

S — 119n— Onll

IoE| (98)

_ llan—aj|

F = (99)
[EH]

n
Where, 6, and a, denote stress and back stress, respectively,
computed by the Angles-BSh32 at the time t,. Also, oE and a are
the stress and back stress, which are updated by the Angles-DP54
with a time step At = 0.1 sec and a stringent error tolerance of
Tol = 10~10, These are assumed as the ‘exact solutions’.

Figs. 8 and 9 show the relative error of the stress and back stress
with Tol = 102 for strain histories 1 and 2, respectively. Further-
more, the relative errors of stresses for two specified error toler-
ances of 10-3 and 10~ are presented in Figs. 10 to 13. As it can be
seen in these figures, the errors of the computed stresses are

-3
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Fig. 10. Stress and back stress relative errors for history 1 by Angles-BSh32 and
Tol = 1072,
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Fig. 11. Stress and back stress relative errors for history 2 by Angles-BSh32 and
Tol = 1073,

around the specified tolerance error, Tol, because the errors are not
directly controlled for the stress, 6, and back stress, a, in the Angles’
method. In fact, the integration process is performed based on the
scalar parameters {R, @, ¥, ¢, p}, and the errors are calculated
based on these parameters in computation of the stress updating.
Therefore, the errors might be slightly more than the specified error
tolerance.

7.2. Iso-error maps

It is desired to examine the accuracy and robustness of the new
formulation based on the size of the load step and an error toler-
ance. Therefore, the iso-error maps are utilized as a strong tool for
this purpose. The iso-error maps have been successfully used by
Krieg and Krieg (1977), Ortiz and Popov (1985), Ortiz and Simo
(1896), Loret and Prevost (1986), Genna and Pandolfi (1994),
Simo and Hughes (1998), Artioli et al. (2006, 2007), de Souza
Neto et al. (2008), Rezaiee-Pajand and Nasirai (2008) and Wallin
and Ristinmaa (2008).
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Fig. 12. Stress and back stress relative errors for history 1 by Angles-BSh32 and
Tol = 1074
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Fig. 13. Stress and back stress relative errors for history 2 by Angles-BSh32 and
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In order to calculate error contours, it is assumed that the stress
state at the time t, is on the yield surface. Then, an arbitrary
increment for the deviatoric strain Ae will be chosen to have the
principal directions identical to s;,. To determine a strain increment
Ae, the volumetric part of the strain must be specified. Therefore,
the following parameter is used:

Aey
V= _ %
V2| Ae|

In this relation, V is a scalar parameter to characterize the ratio
of the volumetric strain increment and the deviatoric strain
increment in the load step. Now, a reference system of (,t) is
assumed as an orthogonal basis for the deviatoric plane in principal
stress space. In this system, 71 is defined as the unit outward normal
to the yield surface at sy, i.e. i = s, /R,. Subsequently, a range of
the deviatoric strain increment can be produced by the parameters:

(100)

N = v2pcos ()

. 101
T = Vapsin (¥y) (1on
Where,
p— ZGIHeAeH (102)
n

Fig. 14. Definition of the parameters T, N.

Stress iso—error (%) — Tol=1%

- Max=0.87%

o~ 0.01—|

o¥o.1/"\/ .

0 1 2 3 4 5
N

Fig. 15. Stress iso-error maps for V = 0.

In fact, both the direction and the amplitude pertaining to
a deviatoric loading increment can be easily obtained by using
these projections, N and T. The definitions of the parameters N and
T are shown in Fig. 14. Finally, a unique strain increment Ae is
characterized by selecting values for V, N and T. To investigate the
accuracy of the new integration, two different values V = 0 and 1
are considered and the subsequent domains of N and T for them are
considered (see references: Loret and Prevost, 1986; Rezaiee-Pajand
and Nasirai, 2008):

O0<N<5 0<T<5forV =0
—-5<N<5, 0<T<5forV=1

It should be noted that the trial stress, i.e. 2GAe, lies on the
deviatoric plane for V = 0 and the interval of ¥, must be [0, 7/2]
to guarantee staying in plastic phase. Therefore, the parameter N
has no negative value. However, in the case of V = 1 the interval
for ¥,, is assumed to be [0, ], i.e. N can have both positive and
negative values.

Back stress iso—error (%) - Tol=1%

w

Fig. 16. Back stress iso-error maps for V = 0.
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Fig. 17. Stress iso-error maps for V = 1.

Finally, the material state is updated by using the Angles-BSh32
with an error tolerance Tol = 1%. In addition, the stresses updated
by the Angles-DP54 with Tol = 10-10 are assumed as the exact
solutions. The error of updated stress and back stress are computed
based on Eqs. (98) and (99). Figs. 15 and 16 show the iso-error maps
for the stress and back stress in the case of V = 0, respectively. As it
is shown, the maximum error obtained for stress and back stress
are E7 ., = 0.87% and E3,, = 0.62%, respectively, which are less
than the specified error tolerance, Tol = 1%. In the case of V = 1,
the error contours are presented for updated stress and back stress
in Figs. 17 and 18, respectively. The maximum values of stress error
and back stress error are EJ,, = 0.22% and Ej,, = 0.31%. There-
fore, for V = 1, the maximum errors have lower values than
Tol = 1%. As a result, all diagrams illustrate the robustness and
accuracy of the new integration scheme.

7.3. Computation time

In this section, the efficiency and performance of the suggested
integration method are tested. For this propose, computation times
for the Angles-BSh32, the forward Euler and backward Euler

integrations are recorded and compared. Here, it is assumed that
the stress state at the time t, lies on the yield surface, as it was
explained in Section 7.2. A magnitude of deviatoric loading incre-
ment ||Ae|| = 1% and V = 1 are adopted. Then, the stress state is
updated with each value for y,, from 0 to 180° as follows:

¥, = 0, 0.02°, 0.04°, ..., 180°

In fact, the stress updating of 9001 strain histories are computed
with the different number of sub-steps of the strain increment to
obtain the different values of errors and CPU times for each case. As
a result, it is possible to compare the efficiency of the new inte-
gration scheme and Euler’s integrations for a wide range of the
strain steps. For each history, the total error of the updated stress is
calculated by:

007 |G 41— OF,
Erotal = ol LT 100%

(103)
i=1 165 1,ill

Where, of .1 represents the updated stress computed by Angles-
DP54 with Tol = 10710, Also, 6,1 is the stress tensor at the time
tn.1, which is obtained with a different number of steps by the

Back stress iso-error (%) - Tol=1%

\V T ™~
<005 -1

Fig. 18. Back stress iso-error maps for V = 1.
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Fig. 20. Deviatoric strain history.

Angles-BSh32 method and the Euler’s integrations. Fig. 19 shows
the results of the computation time on a normal CPU for the Angles-
BSh32, the forward Euler and backward Euler integrations versus
the total error in percent. For presenting more clearly the results,
the average numbers of Newton iterations per time step are given
in the diagram. Also, for computing the discrete plastic multiplier, 2,
an error tolerance of 10-12 was used. Based on these findings, the
suggested integration presents the shortest CPU time, and runs for
the total error Erq, = 450%, about 4 and 9 times faster than the
forward and backward Euler, respectively. In the case of high
accuracy, the new scheme is very faster than the Euler’s integration
strategies. In other words, the efficiency of the suggested integra-
tion is not at all comparable in the high accuracies. It should be
noted that reducing the constitutive equations to a few ordinary

Table 1
Performances of the algorithms.

Algorithm Max. successful ~ Total successful Total CPU time (sec)
sub-steps sub-steps error

Angles-BSh32 4 57,238 49.3 15.1

Forward Euler 1 1,120,000 49.9 130.6

Backward Euler 1 448,000 46.8 2241

differential equations (Angles’ method) and using the Bogacki-
Shampine method 3(2) (BSh32) are the main reasons for obtain-
ing to this high efficiency.

An additional investigation on the efficiency and performance of
the new scheme in order to clarify better is carried out. A biaxial
non-proportional deviatoric strain history is considered. Other
strain components are assumed to be equal to zero. This strain
history is shown in Fig. 20. Moreover, the following relation defines
the volumetric strain as:

ey(t) = 0.001 ¢ (104)

It is desired to compare the computation time for updated
stresses associated with this strain history by all mentioned
schemes. In order to give an assessable CPU time, the strain history
is repeated 200 times with a total time 1400 (sec). Furthermore, to
easily evaluate the performances of all algorithms, the total error
(sum of the every 0.1 (sec) stress relative errors over the total time)
for all schemes are kept the same. As pervious numerical tests, the
stresses computed by the Angles-DP54 with Tol = 10-19 are
considered the exact solutions. The findings are shown in Table 1.
As it can be seen, the backward Euler scheme has presented the
lowest performance due to its inherently iterative loops. In fact, the
average number of Newton iterations per time step for backward
Euler is 3.91, while the other methods do not require any iteration
loops due to their explicit nature. Although the forward Euler
method requires less time than the backward Euler, its CPU time is
very longer than the CPU time related to the Angles-BSh32. In the
other words, the new scheme is run very faster and more efficient
than the forward Euler, which known as a rapid integration.

8. Conclusions

A new consistent integration formulation has been developed
for the Drucker-Prager’s plasticity models with Armstrong-Fred-
erick’s kinematic and linear isotropic hardenings. The suggested
technique, i.e. Angles’ method, is derived based on the definitions
of angles between constitutive quantities. This approach reduced
the constitutive equations to five ordinary differential equations
that could be solved by an ODE integration procedure. The third-
order Bogacki-Shampine method 3(2) (BSh32) is used for
medium accuracy. Moreover, the fifth-order Dormand-Prince
method 5(4) (DP54) is utilized for high accuracy. These ODE solvers
have the FSAL property. Also, they can estimate the local error to
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implement adaptive step size. As a result, a powerful integration
with automatic error control was formulated. This strategy uses
Angles’ method along with the BSh32 or DP54 to update the
constitutive equations. To show the accuracy and efficiency of the
new scheme, a wide range of the numerical tests was presented
including strain load histories, iso-error maps, and computation
time. The explicit forward and implicit backward Euler integrations
were also used to compare the efficiency and performance of the
suggested method. These numerical studies showed the robustness
and high efficiency of the new integration process. The effective-
ness of the proposed approach is a result of the reduced constitu-
tive equations and using an ODE integration technique along with
error control and FSAL property.

Appendix A. Backward Euler integration

The backward Euler integration for the Drucker-Prager’s plas-
ticity model obeying the Armstrong-Frederick kinematic hardening
is briefly provided. Following standard methodology, the strain rate
¢ is kept constant during each load step. Therefore, a strain incre-
ment Ae = Até = e,,1 — &, over the time interval from ¢, to t,, 1 is
considered. The material state at the time t; is known, and it is
characterized by the constitutive quantities{e,, b, 65, an}. In order
to integrate the constitutive equations by backward Euler scheme,
an elastic predictor and a plastic corrector are used. First, the elastic
predictor is assumed to be a trial solution, the same as relations
have been presented in Eq. (73). Then, if the condition given in Eq.
(74) is fulfilled, the trial solution is acceptable. Otherwise, a plastic
corrector is needed. Now, using the return mapping algorithm, the
following equations can give the deviatoric and volumetric parts of
the shifted stress at the time t,,,1:

1 AH
/ _ [ TR nl
1 T g (s"” 1T AHnlan)

1 My — (2 2BHyHy -
/ _ - |nTR nl < nl*kin
pT'H—CK - Q2 |:pn+] + 1 +AHnlpn + (3 1 +AHnl 2161<>
X (ry,n + AHiSO)} (A.1)
Where, the scalars q; and g, are given by:
g = 1 —5—26;{ _ AZHnIHkin
1 1+ Hy,
(A.2)
292
q2 _ 1 _)\RBZ +2 A 6 Hankll’l

§ 1 +;{Hnl

The discrete plastic multiplier A is calculated by employing the
yield criterion, i.e. Eq. (1), for the material state at the time ¢, as:

F(S/n+17p;1+177yﬂ+1) =FQ) =0 (A.3)
Where,
Tyn+1 = Tyn + AHigo (A4)

Eq (A.3) leads to a nonlinear equation that must be solved by
using a numerical technique. Implementing a perturbation method,
such as the Newton—Raphson iteration procedure, leads the next
formula:

/‘{J'-H _ ;{j F (A])

()
Where, the superscript j denotes the jth iteration, and F’ refers to
the first derivative of F(A) with respect to A. The iterations can be

(A.5)

begun with 2% = 0as an initial value. After converging the value of
A on a positive root, the components of the shifted stress are
updated by using Eq (A.1) and (A.2). Moreover, the back stress at the
end of the load step can be given by the following equations:

S S T
T T4 Hy "1+ AHy ! (A6)
1 _ 2 )fHa '

= _ [l iy~
Pni1 = 1+ AHnlpn +3 1+ AHpy (TyAnJrl ﬁpn+1)

Appendix B. Forward Euler integration

To integrate the constitutive equations by explicit forward Euler
scheme, the constant strain rate assumption is used. At the time t,
the constitutive quantities and the strain increment are known.
First, an elastic trial solution is calculated by a relation similar to Eq.
(73). Then, if the condition (74) is satisfied, the trial estimation
could be admissible. If not, the load step should be divided into the
elastic and plastic parts by a scalar parameteron « that has been
introduced in Section 5. By using the parameter «, the deviatoric
and volumetric components of the shifted stress can be determined
at the contact point with the yield surface (at the time ;) by Eq.
(77). In the next stage, the discrete plastic multiplier 2 is needed to
achieve the constitutive quantities at the time t, ;. Using Eq. (26)
and an explicit assumption, the parameter A can be calculated as:

A= v(1 - a)At
(1-a) (2Gs§.,+a :he + ﬁﬂKAeva)
* 2(C+ KB )RR o + V2 (Hiso — BHuiDu)Rns — HrtSho o
(B.1)
Where,
Rnia = V2(tyn — BPpia) (B.2)

Finally, the constitutive quantities can be updated by the
following equations:

i1 = Snia+2G(1 — )Ae — 2GIs),, , + AHpdn
Oyi1 = Onta + AHiinSp, o — AHpi0n

DPhi1 = Pnya + K1 — a)le, — V2BKARp o + AHpy Py, (B.3)

_ _ V2 _
Dnt1 = Pn+ ?/wHkianw — AHp Py

Tyn+l = Tyn + AHigo

Since the forward Euler integration is not consistent with the
yield condition, the stress state at the end of the load step may be
not located on the yield surface. Therefore, a corrector tensor
should be added to the deviatoric shifted stress, s, ;, in the normal
direction to the yield surface in the deviatoric plane, i.e.
N1 = S/l The factor of the corrector can be calculated

from below relationship:

2 2
ar = /(8 2l 12+ R Mg iy (B4
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