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This paper develops an efficient return mapping algorithm for implicit integration of general isotropic
elastoplastic constitutive equations. A set of three mutually orthogonal unit base tensors in conjunction
with a new set of three invariants are employed for the representation of arbitrary isotropic tensor valued
and scalar valued functions of the stress tensor involved. The base tensors are constructed from the stress
tensor by using the representation theorem and the three invariants are defined by the projection of the
stress onto the base tensors. Geometrically, the base tensors are characterized by three mutually orthog-
onal unit vector and the three invariants are regarded as the components of a vector in principal space.
With them, both the elastic constitutive equations and the flow rule of plasticity are represented as sim-
ple relationship among vectors in principal space. The return mapping algorithm associated with the rep-
resentation is formulated in principal space and dimensions of the problem are reduced from six down to
three. The explicit computation of the principal directions and the coordinate transformation from the
principal reference frame to the global reference frame are omitted. The expressions for the consistent
tangent operator for the proposed algorithm are derived in an efficient and closed-form manner. It con-
sists of two parts: one is consistent with the return mapping in the fixed principal stress directions and
another reflects the changes in the principal stress directions. Finally, a numerical example demonstrates
the performances of the proposed implementation.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

It is of crucial importance to integrate the constitutive
equations for stress update in numerical analysis of elastoplastic
boundary value problem. Many engineering materials, such as con-
crete, soils and rocks, exhibit the complex mechanical behaviors
which prompt the use of the elastoplastic model whose yield func-
tion and the plastic potential function depend on all the three
stress invariants. In this case, the constitutive equations can not
be integrated analytically to obtain a closed form. The solution to
the problem is to use the numerical integration technique, see
e.g. Refs. [1-4]. The integration algorithm predominantly affects
the overall numerical accuracy, stability and efficiency of an elasto-
plastic analysis since the numerical integration needs to be carried
out at all yielded integration points for each equilibrium iteration.
For this reason, the integration algorithm has been the subject of
numerous papers in computational elastoplasticity for the last
decades.

The return mapping method, originally proposed by Wilkins [5],
seems to have been the most popular in recent years. This integra-
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tion scheme has been investigated by Krieg and Krieg [6]. An
overview of this integration algorithm can be found in the book by
Crisfield [7]. Among the return mapping methods the fully implicit
backward Euler difference scheme is the predominant, due to its
properties of stability and accuracy for large strain increment, see
e.g. Refs. [8,9]. The solution of the constitutive problems by this pro-
cedure will require an iterative process. For each iteration, at all
yielded integration points, one needs to evaluate the inversion of a
positive definite fourth-order tensor given by the sum of the elastic-
ity tensor and the second derivatives of the plastic potential func-
tion. Clearly, the inversion of the fourth order tensor constitutes a
main task to improve the efficiency of the solution procedure.

For isotropic elastoplastic material, the fourth-order tensor is
the isotropic tensor valued function of the stress and has the same
index symmetry as the elasticity tensor. Palazzo and his colleagues
[1] exploit an approach based on those important features. By
employing the representation theorem, they establish the general
expression of the fourth-order tensor and its inversion with respect
to such base tensors as the second-order identity tensor, the stress
deviator and its square. The unknown coefficients in the expression
are computed based on the tensor operation. It is shown that only a
linear system of order three needs to be solved. This enables the
dimensions of the problem to be reduced from six down to three.
However, the tensor operations involving the inversion are
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complicated and lengthy because of the non-orthogonality of the
base tensors. Rosati and Valoroso [10] improved previous work
by introducing the spectral decomposition of the stress tensor
and carrying out the return mapping in principal stress space. In
contrast with other approaches in principal stress space, see, e.g.
Refs. [11-13], they presented a fully tensorial description starting
from the derivatives of the eigenvalues and eigenprojectors of a
symmetric order-two tensor with respect to the tensor itself. The
principal space representation and inversion of the fourth order
tensor obtained as the derivative of scalar isotropic functions of a
symmetric tensor argument are established by using the dyadic
and square tensor products between the eigenprojectors of this
symmetric tensor. Since the eigenprojectors are mutually orthogo-
nal, the derivation and results involved in it are compact. All the
tensors involved in the return mapping and the material tangent
operators are directly expressed in the global co-ordinate system.
The usual procedure of expressing the updated stress and the con-
stitutive matrix in the principal reference frame and transforming
back to the global reference frame can be omitted. But the numer-
ical determination of the principal directions to obtain the eigen-
projectors is required as usual. Tamagnini et al. [14] and Borja
et al. [3,4] proposed an algorithm based on the spectral decompo-
sition of stress and strain for isotropic three invariants plasticity
model. The return mapping is performed in principal elastic strain
space. The consistent tangent operators are derived for the pro-
posed algorithm in an efficient, closed form manner. Only the
inversion of a 3 x 3 matrix is required.

In this paper, similar to the mentioned above approaches, we de-
velop a return mapping algorithm in three dimensional space. This
work is based on the general representation of the constitutive
equations for isotropic elastoplastic material given by our earlier
work [15,16]. The remarking feature is that we employ a set of three
mutually orthogonal unit base tensors and a new set of the invari-
ants of the stress. The base tensors are constructed from the stress
by making use of the representation theorem in conjunction with
the simple tensor operations. They are expressed in the global coor-
dinate system and can be characterized geometrically by three
mutually orthogonal unit vectors in three dimensional principal
space. The three invariants are defined by the projection compo-
nents of the stress onto the base tensors. Then the return mapping
algorithm associated with the proposed representation of the con-
stitutive equations is formulated in principal space. But in contrast
with usual approaches in principal space, all tensorial quantities
entering the return mapping and the expression of the consistent
tangent tensor can be directly expressed in terms of the proposed
base tensors and the invariants. The explicit computation of the
principal axes and the coordinate transformation from the principal
reference frame to the global reference frame can be avoided. In
addition, the matrix which needs to be inversed often takes the sim-
ple form. Therefore, the algorithm is made more efficient.

This paper is organized as follows. Section 2 addresses the
establishment of three mutually orthogonal unit base tensors and
the definition of a new set of the invariants of the stress. Their geo-
metrical interpretations are given in principal space. In Section 3,
the general invariant representation of the constitutive equations
is discussed for isotropic elastoplastic material, based on the pro-
posed base tensors and three invariants. Section 4 describes the
fully implicit backward Euler algorithm associated with the repre-
sentation. In Section 5, the relevant expressions for the consistent
tangent operators for the proposed algorithm are provided in
closed form. Finally, in Section 6, a numerical example demon-
strates the performances of the proposed implementation.

We shall use boldface letters to indicate vectors and the second
order tensors and symbols such as A, C, [ to denote fourth-order
tensors, where [ is the fourth-order identity tensor. Other notations
are list below: I denotes the second-order identity. tr implies the

trace operator. For two tensors S and T, ST represents the dot prod-
uct of tensors defined as (ST);; = Sy Ty; The symbol “®” denotes ten-
sor product of tensors, for example, (S ® T);ji = S;Tiu. Similarly, the
symbol “:” denotes the contraction of the innermost two indices of
two tensors, for example, (S: T)ij = STy, or (C :S)ij = CijuSu. A
square product D X E between tensors is defined by

(DRE):A=DAE, or (DRE),, =Dk (1)

Three invariants of a second order tensor such as the stress ¢ are de-
noted by

B 1 7 ) 7] .1 \/étrS3
pfﬁtrc, q = VtrS* ofgsm {_W (2)

where S is the deviatoric stress and 6 is called the Lode angle.

2. A set of mutually orthogonal unit base tensors

In the description of the constitutive equations for isotropic
elastoplastic material, we have to deal with the isotropic second
order tensor valued functions of the stress (or strain) tensor.
According to the representation theorem [17], it can be expressed
as linear combination of the second identity tensor I, the stress ¢
and its square o. The three tensors are not mutually orthogonal.
Chen [15] obtained a set of mutually orthogonal base tensors by
constructing a tensor t which is an isotropic tensor-valued function
of the stress and orthogonal to the stress ¢ and the identity tensor
I, namely, tr(ot) = 0, tr(t) = 0. For convenience, let t to be a unit ten-
sor, tr(£?) = 1. To satisfy all the requirements, tensor t is shown to
take the form

! (\/ii — sin30s — \/ész) (3)

~cos30

where i and s are the normalization of I and the deviatoric stress §
which are given respectively by

11 s s
q

i=

Vil V3 Vis?

By definition, we have that tr(i®)=tr(s®)=tr(?)=1,
tr(is) = tr(st) = tr(ti) = 0. Therefore, i, s, t form a set of mutually
orthogonal unit base tensors.

The partial derivative of the three invariants of the stress with
respect to the stress itself can be obtained by some tensor opera-
tions in the form

op 1 8qils

(4)

o _
) qac_

6 V3 " 96 g
It is easily shown that three base tensors i, s, t are coaxial. Clearly,
arbitrary isotropic tensor valued functions expressed as their linear
combinations are also coaxial with them. Tensor algebra operations
among coaxial tensors of order two, such as the addition, subtrac-
tion and scalar product, can be performed as they are vectors whose
three components are the representation coefficients of the tensors
with respective to the base tensors. If two tensors are orthogonal,
the corresponding vectors are also orthogonal.

Denote the three principal axes of the stress by ny, n,, ns. Three
eigenvalue bases are defined by

t ()

a=n;®n (i=1,2,3,n0 sum over i. (6)

Three coordinate axes are associated with a; (i =1,2,3) respectively
to establish the so called principal space. Then, coaxial tensors can
conveniently be characterized by vectors in this principal space.
Geometrically, i is along the axis which subtends equal angles with
the three coordinate axes, s and t are in the deviatoric plane or
plane and mutually orthogonal, as shown in Fig. 1(a).
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Fig. 1. (a) Principal space and a set of the base tensors i, s, t. (b) Geometrical relations between two sets of the bases s, t and x,, x; in 7 plane.

Solving the characteristic equation of the normalized stress der-
ivator s, ones obtain its three principal values in terms of the Lode
angle. Then we can express s in the spectral form

2 . 21 2 . 2 . 2n
s:\/;sm(9+?>a1+\/;sm9a2+\@5111(9—?)@ (7a)

Inserting (7a) into (3), t is also expressed in the spectral form

2 27 2 2 27
t= \/;cos (0+?)a1 + \/;cosﬁaz + \/;cos (07?)@ (7Db)

Comparing (7b) with (7a), one easily obtains (7b) by the substitu-
tion of 0+ /2 for 0 in (7a). This shows that the Lode angle of t is
0+ m/2. In view of (7), the base tensors s and t depend on both
the principal values (the Lode angle) and principal axes of the stress.
When the base tensors are employed in the return mapping algo-
rithm, it is disadvantageous to some degree since the Lode angle
changes with stress update.

Consider two deviatoric tensors x, and x; which are coaxial
with s and t, and have the fixed Lode angle of 0 and 7/2 respec-
tively. Upon the substitution of 0 and /2 for 6 in (7a) respectively,
the two tensors can be written as

V2 1
> X3 = ﬁ(—a] +2a; — as) (8)
Obviously, the two defined tensors depend only on the principal
axes. Denote x; =1, as shown in Fig. 1(a). After a simple operation,

one has

Xy = ((11 7(13),

tra? = trxs = trxd = 1,  trX X, = trXpX3 = trazx; = 0 9)

It follows that %, X, and X3 are mutually orthogonal unit tensors.
They serve as a new set of the base tensors, with which we work
in the sequel.

Since x, and x5 are deviatoric tensors, they can be expressed as
linear combination of s and t. Using (7) and (8), one obtains
tr(sxy) = tr(tx3) = cos 0, tr(sx3) = —tr(tx,) = sin 6. Therefore, the rela-
tions between two sets of the base tensors are

X, =S8C0sO—tsin0, Xx3=ssin0+tcoso (10)

Denote the projection axes of the coordinate axes a, and a; onto
7 plane by (a,), and (as), respectively. Using (8), (10) and the def-
inition of 7 plane, it can be shown that the vector axis associated
with x3 coincides with (a3), and the vector axis associated with
X, is perpendicular to it in 7 plane. Moreover, the angle between
s and x; is the Lode angle, which is measured anti-clockwise from
the positive x,-axis, as depicted in Fig. 1(b).

Eq. (10) clearly shows that the transformation between x,, x3
and s, t follows the transformation rule of vectors, in other words,
x; and x3 are obtained from s and t by clockwise rotation by an an-
gle 0 about the axis i, as depicted in Fig. 1(b). With this expression,
we can evaluate x, and x5 directly from the normalized stress devi-

ator s, instead of the principal axes. This is advantageous in the re-
turn mapping algorithm since the explicit computation of the
principal axes will be avoided.

Using (10) to express s in terms of X, and xs3, and recalling that
the decomposition of the stress ¢ = pi+gs, one can express the
stress referred to this new set of the base tensors

M)

6= S 6 (11a)
=1

where

61=p, G,=qcos0, G3=qsino (11b)

Those three coefficients constitute a new set of the invariants of the
stress, which geometrically indicate the projection of the stress
onto the axes x; (I =1,2,3) respectively.

Using the chain rule and (5), the derivatives of the last two
invariants in (11b) with respect to stress are obtained as

06y aq . a0\
8—67c0508—6—51n0<qa—6> =X (12a)
963 . 0q a0\
%_sm6%+cose<q%> =X3 (12b)

Combing the above equation and the first equation in (5), one has
the simple expression

96,

— =X

(13)

In the sequel, we need to deal with the derivatives of the three
base tensors x; (I = 1,2,3) with respect to the stress tensor for deriv-
ing the fourth order tangent operator. Using (10) and (5), one read-
ily obtains

0Xa ds sind .0t cosf
9 _sing % 10 ot coso N0 g (14b)
06 06 q 06 q

After the lengthy tensor operation, we obtain the following deriva-
tive [16]

0s ..
qa—o_f—s®s+(ﬂ—l®t) (15a)
gftan30i®i+ (ios+s®i—tan30s®s
956 = cos 030
—(3set+2t®s)+3tan30t @ t — tan 301
3v2
— ix Xi 1
cos39(l s + sXi) (15b)
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Inserting the above results into (14), after rearrangement, we have

qcos30%: —0s20i ®i—2V2sin0({i®s+5s®i)

—€0s40s @S+ 2sinfcos30(st+t®s)
— (2sin0sin30 + cos 20)t @ t + cos 201

+ 32 sin 0(iXs + siXi) (16a)
[52.%) . . . . .
qeos30 > = sin20i ®i+2v2cosfiws+s®i)
—sin40s®s—2cos0cos30(st+tRs)
+ (2 cos0sin30 + sin20)t ® t — sin 201
— 3v2 cos 0(iXs + siXi) (16b)

By using (10), the above derivatives are expressed in terms of the
base tensors x; (1=1,2,3)

(9)(2 3 3 . ]
—2=3">"Bi(®)x 2% +F'(0)

(17a)
96 = i3
8X3 3 3 5 5
a_:Z > Bj(6)x © X + F*(0) (17b)
C I iI
where
[—cos20 —2sin20 —2v2sin’0
1 1 .
By (o) = gcos30 1-2cos20 sin20 (18a)
L sym -1
; [sin20 2v2cos20 +/2sin20
B;(G) = gcos30 0 —2c0s?0 (18b)
| sym 2sin26

are symmetrical matrix. Two fourth order tensors in (17) are
respectively

F'(o) = m [3\/§sir1 0 cos 0(x; K%, + X, Xx,)

+3V2sin” 0(x;Xx3 + X3XX; ) + €OS ZOU] (18¢)
1
2 _ 2
F(6) = qcos30 [ 3v/2 cos? 0(x; XX, + X, Xx;)
— 3v/2'5in 0 oS 0(X1XX3 + X35%; ) — sin 29n] (18d)

The description given above is referred to the stress tensor.
When referred to other tensors such as the elastic strain tensor,
it is straightforward to write the corresponding expressions with
the substitution of the elastic strain tensor for the stress tensor.

In using the above analytical expression (3) and (18), it is as-
sumed that the eigenvalues of the stress are all distinct and non-
zero. If the stress admits a double eigenvalue (including two zero
eigenvalues), then 0 is equal to —7/6 or 7/6. It appears that (3)
and (18) might become singular because the denominator cos36
goes to zero as 0 — +7/6. This case does not represent a real prob-
lem from the computational standpoint. The singularity can be
eliminated by resorting to a simple perturbation technique similar
to that proposed in Refs. [18-20]. That is, a small perturbation is
given to arbitrary one of the stress components so that 6 deviates
slightly from —7t/6 or 7t/6. If the stress admits a triple eigenvalues
(including three zero eigenvalues), (18) might become also singu-
lar because the invariant q vanishes. As shown at the end of Sec-
tion 5, the derivative of the base tensors will be unnecessary for
deriving the fourth order tangent operator.

3. General representation of the isotropic constitutive
equations

The constitutive equations are formulated within the frame-
work of small deformation elastoplasticity. The material behavior
is assumed to be isotropic. The strain tensor is additively decom-
posed into the elastic and plastic parts

e=¢g"+¢f (19)

Due to isotropy, the stress response of the material is character-
ized by an isotropic tensor valued function of the elastic strain ten-
sor. By the representation theorem, the principal directions of the
stress response tensor and the elastic strain tensor coincide. Here is
introduced the order preserving hypothesis as described by Laine
et al. [21]: “the eigenvalues of stress and strain tensors are classi-
fied in the same order: the eigenvector associated with the highest
eigenvalue of the stress tensor is also associated with the highest
eigenvalue of the strain tensor, etc”. Then the base tensors associ-
ated with the stress are identical to that associated with the elastic
strain in principal space, that is

x(0) =x(°) (I=1,2,3) (20)

Inserting (20) into (11a), we obtain the general expressions of the
elastic constitutive equations

3
6= 0X(e) (21)
=1
where 6; (I=1,2,3) is the scalar valued function of the elastic
strain tensor.
For the isotropic hyperelasticity, we assume the existence of a
stored strain energy function such that

oW
T ooee
where the function W depends on the three invariants of the elastic

strain tensor. By analogy with (11b), those three invariants are gi-
ven as

¢ (22)

& =p", &=q"cost”, & =q"sing” (23a)

where p**, ¢* and 0° are defined by (2) with the substitution of &
for 6. Then the function W can be expressed as

W = W(&, &, &) (23b)
Using (23b) and the chain rule, Eq. (22) is rewritten as
3 ~
oW 0gf
= — 24
° ; og; oge 24
By analogy with (13), one obtain the following expression
o8¢
T M) (1=1.23) (25)

Inserting (25) into (24) and comparing (24) with (21), we have
the elastic constitutive equation in the vector form

-1 . oW
=— 1=1,2,3 =— 26
g 88’5 ( 5 &y ) or o oge ( )
where the following vector notations are introduced
& 01
£=08, 6={0 (27)
& 03

The above equation indicates that the vector corresponding to
the stress tensor is expressed as the gradient of the strain energy
function W with respect to the vector corresponding to the strain
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tensor in principal space. Laine et al. [21] gave a general expression
of the elastic constitutive equations similar to (26) and (21), where
the base tensors are expressed only in terms of the principal axes.

The strain energy function is required to be convex for the sta-
bility. Then, the order preserving hypothesis is automatically satis-
fied [22].

To derive the elastic constitutive equations in the increment
form, we differentiate both sides of (24), with the help of (25)
and (26)

do = C° : d&° (28)
where

3 3 e
C=>x&)® % (ase> Z ase (29)

I=1

is the fourth order tangent elasticity tensor. With the help of (25),
the partial derivative in the first term is written as

o (W W 9 2
oss (3 ) = igon e = 2 O 1=1.2.3 (30)
where
2 ~
° oW __ 90, 1=1,2,3]=1,2,3) (31)

VT oggors o8

is the elastic tangent moduli in principal space. It reflects the
change of the stress with respect to the elastic strain when the prin-
cipal axes are held fixed. The derivative of the base tensors with re-
spect to the elastic strain in the second term of the right side of (29)
can be obtained by substituting the elastic strain tensor for the
stress tensor in (17) and (18).

In view of (29) and (30) as well as (17), we obtain the elastic
tangent operator in the form

3 3
-3 3 [Cf] + G2BY (&%) + G3B3(£%) | x1(£°) @ %, (£°)
=1 J=1

+62[F](Se) +63[F2(Se) (32)

For the plastic response, it is assumed that there exists a poten-
tial function

G =G(0,8) (33)

where § =&, (o =1,2,...,n) is an array of internal variables to char-
acterize the past hlstory of the plastic deformation. The plastic
strain increment deP is assumed to be orthogonal to the potential,
that is, parallel to the gradient direction of the potential,

deP = cu— (34)

where d/ is plastic multiplier.

For the isotropic hardening material, assuming the internal
variables are a set of scalars, the potential is the function of the
invariant of the stress and the internal variables,

G=G(6,9) 35)

Inserting (35) into (34), using the chain rule of the partial deriva-
tives and considering (13) and (20), we obtain the result

deP = dxlz}: 0—9:&,(8") (36)
= 00‘,

The above equation shows that the plastic strain increment and the
stress are also coaxial. In accordance with the properties of coaxial
tensors as described above, the plastic strain increment takes the
general form

3
de? = " dePxi(e°) (37)
=1

A direct comparison of (37) and (36) yields

dgd = (I =1,2,3) ordeP = (38)
Obviously, the constitutive equations are revealed to be a simple
relationship between two vectors dé€P and 6 in principal space.

In the phenomenological isotropic hardening model, the evolu-
tion of the scalar internal variables is related to three invariants of
the plastic strain increment and/or plastic work increment. Due to
coaxiality of the plastic strain increment and stress, plastic work
increment can be expressed in terms of the invariants of both.
Therefore as an approximation, we can assume that the evolution
of the internal variables is linear combination of the invariants of
the plastic strain increment with coefficients given by the invari-
ants of the stress. In view of (38) and (35), the internal variable

increment can be expressed as

dg = dzh(0.€) (39)
For isotropic case, the yield function takes the general form
F(e,8)=F(6,8§) =0 (40)

The plastic multiplier d4 is determined with the aid of the loading/
unloading criterion. This can be expressed in Kuhn-Tucker form as
follows

F(6,6) <0, di>0, dF(6,&d.=0 (41)

4. Return mapping algorithm for implicit integration

Given a strain increment A¢ from the global current finite ele-
ment solution and the value of the stress and the internal variables
at time t,, the goal of the constitutive integration is to solve for the
values of these variables at time t,.;. For the elastoplastic material
the constitutive equations are non-linear and the solution to the
problem is to use an approximate numerical technique. The fully
implicit backward Euler scheme is found to be numerically stable
for larger strain increment and also is considerably simple to
implement. Therefore, this scheme is used to integrate the consti-
tutive equations.

We start with the definition of the trial elastic strain by assum-
ing that the increment step is elastic

& =&+ AE =81 — &y + E (42)

The subscript n + 1 denotes the evaluation of quantities at time t,.+.
The trial elastic stress associated with the trial elastic strain is ob-
tained by the constitutive equation

o = W g ) (43)

n+1 Ose n+1

If F(ol,,,&,) <0, the stress lies inside the yield locus, the trial
state represents the actual final state of the material.

If F(6¥,,,&,) > 0, the trial state lies outside the yield locus and
the consistency condition is violated. The process is then declared
plastic. The objective of returning mapping is to map the trial state
back to the yield surface so that the consistency condition is re-
stored. Such a task is performed by the plastic corrector. Using
the fully implicit integration scheme, we have

& =&y — A =& — A1 (Go)py (44a)
anﬂ = gn + Af = }’;n + Alnﬂhnﬂ (44b)
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The computed value of the stress and the internal variables at the
end of time t,.; must satisfy the consistency condition

F(Gn1,81.1) =0 (45)

Eq. (44) together with (45) constitutes a system of nonlinear
equations, which is iteratively solved by a Newton-Raphson meth-
od. To improve the efficiency of the solution procedures and save
computation time, we make use of the representation of the consti-
tutive relationship with respect to three mutually orthogonal unit
base tensors X; (I=1,2,3) as described in Section 2. For isotropic
hardening models, the trial elastic strain €Y, ;, the plastic correction
Agl |, the converged elastic strain €2, and the stress 6.1 at time
tn+1 have the same principal directions. Recall that those base ten-
sors depend only on the principal directions. Therefore, they re-
main unchanged during iteration. If we compute the base tensors
xi(€f,1)(I = 1,2,3) associated with the trial elastic strain by using
(3) and (10) with the substitution of the elastic trial strain for
the stress, then all the second order tensors involved in the algo-
rithm, such as the elastic strain, the plastic strain increment and
the stress, can be considered as vectors of three components which
are the projection of the corresponding tensors on the three base
tensors respectively. Therefore, there are only three unknowns,
the projected components or the representation coefficients,
needed to be iterated upon. This number is half of the six un-
knowns needed to determine the stress tensor using traditional
algorithms. By reducing the number of equations by three, this
algorithm is made more efficient.

Introduce the following partial derivative notation, for
convenience

oG
Go === 46
o= (46)
Once the base tensors x;(€5, ;) (I =1,2,3) are known, we readily ob-

tain the three projected components £, ; of the trial elastic strain
onto them. Then, Eq. (44a) can conveniently be expressed in vector
form as

& =87 — Aln1(Gy) (47)

n+1

The elastic constitutive equations between the vectors correspond-
ing to the stress and elastic strain is given by (26), or in the incre-
ment form

06,1 = C, dE,, (48)

where Cj,; is a 3 x 3 elastic tangent matrix given by (31).

The above nonlinear system is rewritten in the residual form as

R =&, — &, +Ah1(Ge)yy (49a)
Re = &y + & + Adpihy (49b)
F=F(6n1,8n11) (49¢)

Linearization of (49) around the ith estimate of the solution yields

R+ (C°)'06" + AXoG' + 067Gy =0 (50a)
R — 68" + AVoh + 5/h' = 0 (50b)
F'+ Fig06' + F.08' =0 (50c)

where the superscript i is the iteration number and (48) is used. For
simplicity, the subscript n+ 1 is omitted. It is noted that the trial
elastic strain is constant during iteration and does not contribute.
With the help of (35) and (39), we have

3Gy = Glggd6' + Gfagfsgi (51a)

oh' = h,66' + h'.o8' (51b)

Inserting (51) into (50), we have an equation in matrix form as

56i in—1 i ai g pin—1 i
sl =—(A")" R —-5)(A) VG (52)
where
o [T+ MG, MG,
A= i s (53
Alhg ~I+A/h,

. G, ) R,
vcl{ } R’{ i} (54)
K R.

Combining (52) and (50c), we obtain

i iNT [ giv—1pi
si_F _(.VF).(f‘) R (55)
(VFI)T(AI) ]VGI
where VF' = {F, F.}7 and “T” denotes the transpose of the
matrix. )
The equation system (52) is solved iteratively for the subincre-
ments 66, 6& and the corresponding variables are updated until
the residuals vanish to be within the prescribed tolerances.

geit — gei 4 ggei — goi 4 (C0) o6 (56a)
gl =g o8 AT =AM+ o) (56b)
61 = 6+ 56 (56¢)

Table 1
Return mapping algorithm based on the base tensors x;(gff,,) (I=1,2,3).

1. Calculate the base tensors and the components of the vector corresponding
to the elastic trial strain and stress

tr otr ~tr
X’(gnﬂ ), €10 Oyt
2. Initialize
: ce0 otr 0 20 ~0 ~tr
i=0, &€°=¢g,, &=, AL =006 =06,

3. Check convergence

if F' < TOLy, ||R,|| < TOL, and ||RL|| < TOLs, then

_ 3 aeitl tr _ 3 it tr 5
£ = 2i1& Xi(Ehh), On1 = 311077 Xi(8;,4) and exit
4. Obtain the consistency parameter

i F-(VF)@&)'R
0L = WA VG

5. Update 66 and 6§

!

6. Update solution

{ o6 } =—(A) 'R - s/(A)'VG

8e.,i+1 — ée,i + 5ée.i — ée.i + (Ce)—léﬁi
gl =gl 58 AT = AN 480

61 = &' + o6

7. Increase iteration counter: i=i+ 1 and go to 3
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Then, the elastic strain and stress tensor can be easily obtained from

1
&= Ze“* (&5,1) (57a)

+1
Oni1 = Z O-l n+1

At the beginning of the iteration, we should make
e =gy, g=¢g, A’=0, i (58)

It is often assumed that the potential function G and the func-
tions h are independent of the internal variables &. Therefore, from
(50) and (51), we have

(57b)

6% = ot

06' = —(A) 'R, — 0)/(A)) G (59a)
08 =R+ AVW o6 + /' (59b)
where

A = (C) '+ ANGy, (60)
is a 3 x 3 matrix. Combining (59) and (50c), we obtain

5 F'— (Fiy + AJ'F.H)(A) 'R, + F.R. 61)

(Fs+ Aiinghf&)(Ai)ilcfa - Ffzhi

The above describes a complete iterative solution process of the
constitutive integration referred to the proposed base tensors. For
the sake of clarity, a step-by-step description of the algorithm has
been summarized in Table 1.

5. Consistent tangent operator

The continuum tangent operator which relates infinitesimal
strain and stress increments can be easily derived from the consti-
tutive equations described in Section 3. Its use is compatible with
an exact integration of the constitutive equations, which are con-
tinuum in nature. However, the proposed constitutive integration
algorithm does not represent an exact integration; it is finite differ-
ence based and in essence a secant approach. If the continuum tan-
gent operator is used in the global Newton iterations the
convergence will be slow, as the stress and strain increments are
finite rather than infinitesimal. In order to preserve the quadratic
rate of asymptotic convergence of the global Newton iterations,
it is necessary to adopt the consistent tangent operator relevant
to the proposed constitutive integration algorithms [23]. The con-
sistent tangent operator is defined by

061 O0nq

CeP = =
Otn1 08,

(62)

where the last equality follows directly from the definition of trial
elastic strain (42).

Consider that the stress and the elastic strain tensor are coaxial,
see (20). The stress at time t,.; is expressed as

3 3 3

Oni1 = Z(él)n+lxl(cn+1) =) (61)n1%(0y.4) Z

I=1 I=1 I=1

n+1xl n+1)
(63)

Differentiating the above equation with respect to the trial elastic
strain, one obtains

8Gn+1 )n+1 3 A 8x1( n+1)
" = G = Domieta) g+ D00 ) (60

The above expression is similar to (29) in form. Using the chain rule,
one has

n n 11 1
astr - Z 8 = ast - ZCI] X] n+l (65)

n+1 n+1 n+1

iy

where the matrix

a(61)
CEP: _ n+1 66
T B (©9

denotes the variation of the stress with respect to the trial elastic
strain with their principal directions held fixed. In the derivation
of (65), Eq. (25) is used with the substitution of the elastic trial
strain for the elastic strain.

In view of (66), the consistent tangent operator (64) can be ex-
pressed as
33 3
= Z ZCU x(g n+1 ) ®X)(& n+1 + Z 4 a?g?rlwl) (67)
= =1

I=1 J=1 n+1

The second term of the above equations results only from the
rotation of the principal directions alone. Notice that the principal
directions remain unchanged during the return mapping. There-
fore, it depends not on the return mapping algorithm. In other
words, it depends not on the specific plasticity model used. On
the contrary, the first term of the above equation is a function of
the constitutive response and the algorithm used to track this re-
sponse. A little detailed derivation of the constitutive matrix C°?
in this term is given in the sequel.

At convergence in return mapping algorithm we have computed
a stress state ¢'+! which satisfied the yield conditions exactly. Then
we insert a new increment d€" into (52). It will result in a non-zero
value for Ry, that is, R; = d&€", but that R; and F remain zero until
subsequent iterations. As proposed by Zienkiewicz and Taylor
[24], the required matrix C®P is derived directly now by using
(52) and (55) from

{ar-10 %) ©s3)
where

P o, AT'VGVF)TA™

[ * J =A- (VF)T(A")VG (68b)

If the potential function G and the function h are independent of
the internal variable &, we have, from (59)-(61)

(A) "Gy (Fy +Az"Ff§hff,)(A")f
(Fiy + AVF W )(A) Gy — F.h

P = (A" - (69)

where the superscript i is the convergent iteration number.

A direct comparison between (29) and (64) shows that the sub-
stitution of the matrix C°P and the trail elastic strain for the matrix
C® and the elastic strain respectively in (32) will lead to the de-
tailed expression of (67). Therefore, Eq. (67) is rewritten as

3 3
P =3 N[O + (G2)n By (E5.0) + (62), B (€5, | el )

® XJ(SnrH) + (O:Z)TH»l F' (S;Irﬂ ) + (63)n+1 F? (agﬂ ) (70)

The singularity in (70) to which a double eigenvalue of the argu-
ment tensor might lead has been discussed at the end of Section 2.
If the argument tensor, namely, the elastic trial strain, admits a tri-
ple eigenvalue, the symmetry requires that the stress must be a
pressure, that is, a spherical tensor. The second term of the tangent
operator must vanish and no singularity needs to be treated.
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6. Numerical example

To demonstrate the validity and numerical efficiency of the pro-
posed method, a numerical example is presented. We implement
the proposed method in a FORTRAN subroutine UMAT provided
by ABAQUS. For comparison purposes, we also implement the
method formulated in the general stress space (six dimensional
space) and method formulated in principal stresses (principal
directions are needed) in the same manner. Each method is both
implemented with a consistent tangent operator and a continuum
tangent operator. The results and computation time of the numer-
ical example using these methods are compared. Although the pro-
posed method is discussed in tensor form, it is implemented in
matrix form in the program as other methods.

The simulation refers to an isotropic model which is extensions
of the original Drucker-Prager model [25]. The extensions devel-
oped by ABAQUS include the use of noncircular yield surfaces in
the deviatoric stress plane. The model is defined through the fol-
lowing yield function

_ /3q
F*'\@i

and potential function
3q 1 1\ . 1

Gf\/;j H_E_(l_E) sm3()}+ﬁptam// (72)
The parameters included in (71) and (72) are defined as follows: « is
the ratio of the yield stress in triaxial tension to the yield stress in
triaxial compression and, thus, controls the dependence of the yield
surface on the value of the intermediate principal stress, see Fig. 2;
¢ and y are the friction angle and the dilation angle respectively; d
is the cohesion defined by d = (1 -1 tan¢)o. , if hardening is de-
fined by the uniaxial compression yield stress o,
d = (L+1tan¢)a,, if hardening is defined by the uniaxial tension
yield stress a. The international variable that describes the harden-
ing is chosen to be the equivalent plastic strain

With the help of (11b), one can rewrite the yield function and
potential function in terms of the defined invariants as

1 1) . 1
1+E_<1—E>sm30}+\/—§ptan¢—d (71)

- N . 4863 N
_ 2 2 3 " _
F_a’/62+03+3ﬁ0376§+6§+’)FO_] d (73)
G= 02 + 62 +3p0 453 V.0 74
=0y /03 + 03+ ﬂ03—m+/cal (74)
where
(a2)p
B a
(ai)_p (a])P

curve a: K=1.0
curve b: K=0.8

Fig. 2. Typical yield/flow surfaces in the deviatoric plane.

K

1
= 7 tany (75)

Using (74), we obtain the matrix needed in the constitutive iter-
ations, see (60)
0 0
0 sin’ — sin 6cos0 (76)
0 —sindcosf cos? 0

o — 8Bsin30
Goog=—"—
q
where all non-zero elements are included in a 2 x 2 submatrix. This
case always occurs when there exists no coupled terms of the first
invariant and other two invariants in the potential function.
Elastic response is assumed to be linear. With the help of (11b),
the elastic strain energy function is

3 . I
W= 51@% + W&+ &) (77)

where K is the bulk modulus and p is the shear modulus. Using (31),
the elastic tangent matrix takes the diagonal form

3K 0 O
cC=|0 2u 0 (78)
0 0 2u

Inserting (78) and (76) into (60), the matrix A takes the simple
form. Obviously, only the inversion of a 2 x 2 submatrix is required
during the constitutive iteration.

The example refers to a full three dimensional problem of a
square strip with a circular hole, subjected to increasing extension
in a direction perpendicular to the axis of the strip and a uniformly
distributed load over one surface of the strip in the thickness direc-
tion, see Fig. 3. The analysis is performed using the three-dimen-
sional finite element procedure as described above. Along the
thickness direction, the strip is divided into six equal layers of ele-
ments. A boundary condition is applied by restraining the degree of
freedom of the other surface of the strip in the thickness direction.
Due to symmetry of geometry and load only one-quarter of the
strip is modeled and the finite element mesh employed is shown
in Fig. 4.

The elastic properties of the material are taken as E =30 GPa
and v=0.2. The hardening is defined by the tangent modulus in
uniaxial compression ‘;% = 2.5 GPa, where the uniaxial compres-
sion initial yield stress is taken as g.=20 MPa. We assume the
associated flow laws, ¢ =1/ =30°. Other parameters are assumed
to be k = 0.78. The uniform displacement is applied in increments
on two lateral sides. The first two time step size is 0.28%. The ratio
of next time step size to last one is chosen to be 1.3. The applied
total displacement ¢ is 0.4 m and the uniformly distributed load
q is 30 MPa.

In order to demonstrate the validity, the main computational
results corresponding to the ultimate load are compared between
the proposed method and other existing methods at both global
and local level. At global level, the contours of maximum principal
stress and equivalent plastic strain are compared, as shown in
Figs. 5 and 6. “GS” denotes the method formulated in the general
stress space, “PS” denotes the method formulated in principal
stresses and “BT” denotes the proposed method. At local level,
we choose eight elements (see Fig. 4) and compare the results of
their first integration point, as shown in Table 2.

The contours of maximum principal stress and equivalent plas-
tic strain are almost the same between the proposed method and
other existing methods. The illustrations on the integration point
level show identical results using the three different methods.
These show evidently the validity of the proposed method.
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Fig. 3. Perforated strip subjected to increasing extension.

Fig. 4. Finite element mesh.

In order to demonstrate the validity of the consistent tangent
operator using the proposed method, we compare the iteration
numbers required to attain convergence between the proposed
method and other existing methods. The iteration numbers with
consistent tangent operators and that with continuum tangent
operators are also compared. These are summarized in Table 3.

Table 3 shows that the iteration numbers required to attain
convergence using the three different methods are exactly the
same, either with consistent tangent operators or continuum tan-
gent operators. It also shows that the iteration numbers with con-
sistent tangent operators are considerably less than the ones with
continuum tangent operators. Since the rate of asymptotic conver-
gence of the GS or PS method is quadratic, the quadratic rate of
asymptotic convergence of the proposed method is thus preserved.

In order to demonstrate the numerical efficiency, we compare
the computation time for the proposed method and other existing
methods. The results are shown in Table 4. T; denotes the total
computation time which includes time spent on equilibrium itera-
tions and other system operations, in addition to the time spent on
constitutive integration. Tc denotes the computation time spent
only on constitutive integration. It is noted that the calculations

are carried out with sufficient physical memory and only one
processor.

As shown in Table 4, in this numerical example, the proposed
method saves up to 68.7% of the time for the constitutive integra-
tion compared to GS method and 39.8% of the time compared to PS
method. This shows that the proposed method is more efficient
than the existing methods. The main reasons for this is mentioned
above, namely that the explicit computation of the principal axes
and the coordinate transformation from the principal reference
frame to the global reference frame is avoided. In addition, the
expressions for the matrix which needs to be inversed become
simple using the proposed method, as shown in (76) and (78),
and the evaluation of inversion becomes easier.

By the way, the simulation is also carried out by using the ABA-
QUS built-in extended Drucker-Prager model. The total time for
this computation is 121.6s which is longer than the total time for
all the three (GS, PS and BT) methods. The reason for this is perhaps
that as commercial software, ABAQUS adopts a more general meth-
od which is applicable to the general case of more than one inter-
nal variables and the potential function including the internal
variables. That is, the equation system (52)-(55) rather than
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maximum
principal stress

117.965

108.892

99.818
90.745
81.671
72.598
63.525
54.451
45378
36.304
27.231
18,158
9.084

Fig. 5. Contours of maximum principal stress (MPa).

PS

equivalent
plastic strain

+7.563e-02
+6.988e-02
+6.413e-02
+5.838e-02
+5.263e-02
+4.688e-02
+4.113e-02
+3.538e-02
+2.963e-02
+2.388e-02
+1.813e-02
+1.237e-02
+6.623e-03

Fig. 6. Contours of equivalent plastic strain.
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Table 2
Comparison of the results on the integration point level.
Element (integration point) Maximum principal stress Equivalent plastic strain
Method Value (MPa) Error Method Value Error
1(1) GS 123.654709 0.000E+00 GS 6.68126717E-02 0.000E+00
PS 123.654709 0.000E+00 PS 6.68126717E-02 0.000E+00
BT 123.654709 BT 6.68126717E—-02
2(1) GS 98.5085831 0.000E+00 GS 4.96679768E—-02 0.000E+00
PS 98.5085831 0.000E+00 PS 4.96679768E—-02 0.000E+00
BT 98.5085831 BT 4.96679768E—-02
3(1) GS 79.9415207 9.507E-08 GS 3.78767103E-02 0.000E+00
PS 79.9415131 0.000E+00 PS 3.78767103E-02 0.000E+00
BT 79.9415131 BT 3.78767103E-02
4(1) GS 52.4177361 1.469E-07 GS 2.18483862E—-02 0.000E+00
PS 52.4177361 1.469E-07 PS 2.18483862E-02 0.000E+00
BT 52.4177284 BT 2.18483862E—-02
5(1) GS 56.0904198 6.775E-08 GS 2.91363318E-02 —6.178E-08
PS 56.0904198 6.775E-08 PS 2.91363336E-02 0.000E+00
BT 56.090416 BT 2.91363336E-02
6(1) GS 36.6049347 0.000E+00 GS 1.97020415E-02 —9.644E-08
PS 36.6049347 0.000E+00 PS 1.97020415E-02 —9.644E-08
BT 36.6049347 BT 1.97020434E-02
7(1) GS 31.3021069 0.000E+00 GS 8.69037304E—-03 0.000E+00
PS 31.3021049 —6.389E-08 PS 8.69037304E-03 0.000E+00
BT 31.3021069 BT 8.69037304E-03
8(1) GS 28.5417137 0.000E+00 GS 1.61733646E—-02 0.000E+00
PS 28.5417156 6.657E—08 PS 1.61733646E—-02 0.000E+00
BT 28.5417137 BT 1.61733646E-02
Error = (GS — BT)/GS or (PS — BT)/PS.
Table 3
Comparison of iteration numbers.
Time increment (%) Consistent tangent operator Continuum tangent operator
GS PS BT GS PS BT
0.280 1 1 1 1 1 1
0.280 5 5 5 5 5 5
0.364 5 5 5 10 10 10
0.473 4 4 4 10 10 10
0.615 4 4 4 9 9 9
0.800 4 4 4 10 10 10
1.040 3 3 3 10 10 10
1.352 3 3 3 10 10 10
1.757 3 3 3 10 10 10
2.284 3 3 3 10 10 10
2.969 3 3 3 10 10 10
3.860 3 3 3 10 10 10
5.018 3 3 3 11 11 11
6.523 3 3 3 15 15 15
8.481 4 4 4 20 20 20
11.02 4 4 4 26 26 26
14.33 4 4 4 37 37 37
18.63 3 3 3 44 44 44
19.92 2 2 2 36 36 36
Table 4

Comparison of computation time.

Method Tr(s) 1.0 —-BT/(GS,PS,BT) Tc(s) 1.0 - BT/(GS,PS,BT)
GS consistent  103.2 133 22.7 68.7

PS consistent 93.7 4.5 11.8 39.8

BT consistent 89.5 0.00 71 0.00

(59)-(61) is used in the solution and therefore more computation
time is spent.

7. Conclusions

An efficient return mapping algorithm is developed for implicit
integration of general isotropic elastoplastic constitutive equa-
tions. A remarking feature is that we employ a set of three mutu-

ally orthogonal unit base tensors in conjunction with a new set
of three invariants for the representation of arbitrary isotropic ten-
sor valued and scalar valued functions of the stress tensor involved.
The base tensors are constructed from the stress tensor by using
the representation theorem in conjunction with the simple tensor
operations. They are expressed in the global coordinate system and
characterized geometrically by mutually orthogonal vectors in
principal space. The three invariants are defined by the projection
of the stress onto the base tensors. By making use of the represen-
tation theorem, all the second-order, the fourth-order tensor-val-
ued functions of the stress involved in the integration algorithms
can be represented in terms of those three base tensors with the
coefficients given by the invariants of the stress and scalar internal
variables. Due to the fact that the principal axes of the stress re-
main unchanged during the stress return and the defined base ten-
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sors depend only on the principal directions, therefore, those base
tensors serve as the fixed base. Only the three coefficients need to
be iterated upon. This number is half of the six unknowns needed
to determine the stress tensor using traditional algorithms. The
consistent tangent operator is derived for the proposed algorithm
in an efficient, closed form manner. It consists of two parts: one
is the tangent operator consistent with the return mapping in
the principal stress direction and another reflects the changes in
principal stress directions with total applied strain. Compared with
the usual approaches in principal space, the main advantage of the
proposed approach is that only two base tensors need to be derived
from the stress tensor with simple tensor operations. All tensorial
quantities entering the return mapping and the expression of the
consistent tangent tensor are directly expressed in terms of the
proposed base tensors in the global co-ordinate system. The usual
procedure of expressing the updated stress and the constitutive
matrix in the principal reference frame and transforming back to
the global reference frame can be omitted. The explicit computa-
tion of the principal axes can be avoided. In addition, the matrix
which needs to be inversed often takes the simple form. The algo-
rithm is made more efficient.
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