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STRESS INTEGRATION OF THE DRUCKER-PRAGER
MATERIAL MODEL WITH KINEMATIC HARDENING

Dragan Rakié and Miroslav Zivkovié¢

ABSTRACT. This paper presents a method for implicit stress integration of
the Drucker—Prager material model with kinematic hardening. The stress
integration of the material model is conducted using the incremental plasticity
method, while the kinematic hardening of material is defined using nonlinear
Armstrong—Frederick hardening. This type of granular material hardening
occurs as a consequence of the cyclic loading effects, such as the seismic load.
For this reason, this material model is used for the earthquake analysis in the
soil mechanics. Yield surface of the material model changes its position under
the cyclic loads in the stress space, whereas there is no change in the size of
the yield surface in deviatoric plane. The developed algorithm of the material
model has been implemented in the software package PAK.

Nomenclature

o stress tensor
Om mean stress

e total strain
e clastic strain
e plastic strain
f yield function

g plastic potential function
dA plastic parameter
CF  elastic constitutive matrix

CEP  elastic-plastic constitutive matrix
Q@ Drucker—Prager material parameter
15} Drucker—Prager material parameter
k Drucker—Prager material parameter
I first stress invariant

Jop  second deviatoric stress invariant

t time

S deviatoric stress
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S stress radius

a back stress

m identity matrix

C:  Armstrong-Frederick material parameter
C2  Armstrong—Frederick material parameter
de” equivalent plastic strain increment

1. Introduction

Stress integration represents calculation of stress change during an incremental
step, corresponding to strain increments in the step. The essence of the incremen-
tal integration of inelastic constitutive relations is to trace the history of material
deformation. The stress integration is an important ingredient in the overall finite
element inelastic analysis of structures. It is crucial that the integration algorithm
accurately reproduces the material behaviour since the accuracy of the numerical
results directly depends on accuracy of the stress integration algorithm. The al-
gorithm should be also computationally efficient because the stress integration is
performed at all integration points. For general applications, this computational
procedure should be robust, providing reliable results under all possible loading
conditions. This paper presents a formulation of the computational algorithm for
the Drucker—Prager (DP) constitutive model [1] with kinematic hardening feature,
using incremental plasticity method (IPM) [2].

2. Elastic-plastic constitutive matrix using incremental plasticity
method

Elastic-plastic constitutive models are described using elastic-plastic constitu-
tive relations. In theory of incremental plasticity, stress is directly proportional
to strain up to reaching yield stress. After reaching yield stress, in case of small
strains, strain increment can be divided into elastic and plastic part [3]:

(2.1) de = de” + de”

Only elastic part of strain causes the stress change thus the stress increment
can be formulated as:
(2.2) do = CEdef

where C¥ is elastic constitutive matrix. Substituting (2.1) in (2.2), the following
is obtained:

(2.3) do = C¥(de — de")

In the case of elastic-plastic constitutive models, yield function is the stress
state function, therefore the increment of its change can be formulated as:
afr

(2.4) f=0 and df:a—a oc=0

In incremental plasticity theory it is necessary that the failure function is in
every time step less than or equal to zero (neutral loading condition). Implicit
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stress integration implies the increment of plastic strain in the normal direction on
the plastic potential surface, which can be formulated as:

99

2.5 de” = d\ =

(2.5) e
where d) is positive scalar, which is to be calculated, and plastic potential function
g is the stress state function. Substituting the plastic strain increment (2.5) in (2.3)

and using (2.4), it is obtained:

_of T E e99, _
Plastic parameter dA can be calculated from equation (2.6) as:
o' crq
(2.7) A\ = 2o~ ¢

ar™ 8
70 C¥ 95

Finally, using parameter from (2.7), stress increment o is obtained using (2.5)
and (2.3) in the function of total strain increment:

do = CFPde

CFP represents elastic-plastic constitutive matrix:

where term
do do
otk 99
97 C° 9o
where g represents plastic potential function, which is introduced below.

EP E CEﬁﬂTcE
c*" = -

3. Stress integration of the Drucker—Prager material model with
kinematic hardening

Drucker—Prager material model is one of the oldest material models in soil
mechanics [1, 4]. In the principal stress space (o1, 02, 03), this surface represents
a cone whose axis matches the space diagonal in the principal stresses space, as
shown in Figure 1.

The yield surface equation of this model is a function of the stress state and
defined as:

(3.1) f=ali +\/Jop — k

In the case of non-associated yield condition the plastic potential surface is
defined through the expression:
g=pL++/Jap

where I represents the first stress invariant and Jop represents second stress devia-
toric invariant. Terms «, k and [ represent parameters of the material model which
can be calculated indirectly using parameters of the Mohr-Coulomb model [5].

In the analysis of the mechanical behaviour of soil exposed to cyclic loading
such as earthquake, due to the effect of material hardening, models with kinematic
hardening are often in use [6]. Yield surface of these models under the loads changes
position in principal stresses space, whereas the size of the yield surface remains
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unchanged. Yield surface of the Drucker—Prager material model with kinematic
hardening in deviatoric plane is shown in Figure 2.

A
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FIGURE 1. Drucker—Prager yield surface in principal stress space

tAtE ()

FIGURE 2. Yield surface in the deviatoric plain in case of kine-
matic hardening

Deviatoric stress in t + At in case of kinematic hardening, according to Fig-
ure 2, can be expressed as:

(3.2) Aty _ Aty 4 AL

where ‘T2!§ represents stress radius, whereas

termed back stress:

t+At o s the tensor internal variable

t+Ata:ta+da

In this case, second stress invariant using stress radius has a form:

(3.3) Jop = 1§§:1(s—a)(s—a)

2 2
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Equation of the Drucker—Prager yield surface is a composite function of the
stress, so using the chain rule, derivative of this function is:

or _ o5 on o5 onp
(3.4) 90 0l 0o | 9y 0o

Derivative of the yield surface equation (3.1) with respect to stress invariant is:

of N
oL,
whereas his derivative with respect to second stress deviatoric invariant has a form:
af 1

dJop 2V Tap
Derivative of the second deviatoric stress invariant with respect to stress from (3.4)
according to (3.3) can be calculated using the chain rule as:

6J2D B 6J2D 0s

do 08 Oo
Second deviatoric stress invariant according to [7] using stress radius can be calcu-
lated as:

(3.5)

Jop = 8182 + 8283 + 8381 — §] — 82 — 82
so first term in equation (3.5) has a form:
0Jap
0%
Using equation (3.2), stress radius can be written as:

= [(32485) (51+383) (1+8) —283 —282 —24F]

(3.6) Aty _ Aty AL A

which implies second member of equation (3.5) in the form:
2

TR
T I SV
& ?3123

% _|-3 —3 3 000

de |0 0 0 10 0
0 0 0 010
0 0 0 001

Term m in (3.6) represents identity matrix:
m=[1 110 0 0

For mechanical behaviour analysis of the granular materials exposed to non-
proportional static or cyclic loading more than one type of kinematic hardening has
been in use. The simplest type of kinematic hardening represents Drucker’s linear
kinematic hardening [8], whereas the increment of back stress de’ is collinear to
the plastic strain increment and has the form:

2
da = gCldeP
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where O is material parameter, whereas de’ represents plastic strain increment.
However, significantly better definition of kinematic hardening has Armstrong—
Fredrick hardening [9] due to the introduction of the member which represents
dynamic relaxation. Back stress increment in this case has a form:

2
do = gCldep — Oylade”

where Cy represents material parameter, whereas de’ is the equivalent plastic strain

increment:
p /2
de’ = —3 deP del

Kinematic hardening can be implemented in the same way in other material
models for mechanical behaviour analysis of the granular materials. Algorithm for
stress integration using Drucker—Prager material model with kinematic hardening
is shown in Table 1.

TABLE 1. Algorithm for stress integration

A. Known *2%e, te, o, tel’, ta
Trial (elastic) solution:

do = CEdef = CF(1+Ate —te);
Aty _ tg | (o tHALg — tHALy
B. Check the yield condition:

IF (f < 0) elastic solution **2te” = tef” and *2tal =tal” (GOTO E)
IF (f > 0) elastic-plastic solution (CONTINUE)

—m t+Atam

af _ Of oIy + of O0Jap. Og __ Og 0l + 99 8Jap

oo ~ 0l 0o dJop Oo ' o ~ 0Ol 0o 0Jap Oo
2T CEde

d\ = 2

C. Correction dA (local iterations):
de” = d\3L; de” = \/2dePde?; do = 2Cyde” — Chlade”
de? = de — de®’; do = CFdef; tAlg =to + do; "2 a = ta + da

D. IF(ABS (f) = tol) GOTO to C with new dA:
t+AtgP _ teP 4 joP

E. End t+AteP7 tJrAta.7 t+Ata

4. Verification of the material model

Verification of the developed algorithm for implicit stress integration of Drucker—
Prager material model with kinematic hardening is performed using triaxial test
with cyclic loading. The unit size FE model with boundary conditions and loads is
used as shown in Figure 3a. Model was loaded with the same values of prescribed
displacement in two coordinate directions, while the prescribed displacement (d;
and d2) in the third coordinate direction (ds) has a variable value, which represents
cyclic loading of the soil sample. This cyclic load should create nonproportional
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stress state that should cause the kinematic hardening of the material [6]. The load
functions used in numerical simulation are shown in Figure 3b.

d
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FIGURE 3. Model for cyclic loading simulation and functions of
prescribed displacements

For numerical simulation of the specimen analysis loaded using uniaxial cyclic
loading which represents a seismic load in a simplified form, the data for the com-
pacted sand is used which is showed in Table 2 [3].

TABLE 2. Parameters of the material model

E[KPCL] 1% k[kPa] « Ol 02
100.0 0.25 10.0 0.0 20.0 14

Analysis results of the compacted sand sample are shown in Figure 4. The
Figure 4a shows the results of the numerical simulations using the same load func-
tion in case when there is no kinematic hardening of the material while Figure 4b
shows the results of the numerical simulation in the case where the model has a
Armstrong—Frederick kinematic hardening.
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FIGURE 4. Axial stress vs. axial strain: a) without hardening,
b) hardening model
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The analysis of the results presented in Figure 4 shows the effect of using
Armstrong—Frederick kinematic hardening in case of cyclic loading of the specimen.

Presented results shows effect of using Armstrong—Frederick kinematic hard-
ening where hysteresis behaviour of the sample can be noted. It can be seen an
increase of the axial stress in the direction of the cyclic load with the increasing
of load cycles number. This behaviour represents the kinematic hardening of the
material and this material model can be applied in the seismic analysis of soil
material.

5. Conclusions

The results obtained using Drucker—Prager constitutive model with kinematic
hardening are shown in the paper. The model for analyzing the mechanical be-
haviour of materials exposed to the seismic loads is created through introduction
of Armstrong—Frederick kinematic hardening in the existing model for the analysis
of the mechanical behaviour of granular materials. The advantage of the presented
computational procedure is its general formulation which can be applied to simi-
lar material model. Verification example shows its hardening feature under cyclic
loading as the main characteristics of the model.
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VMHTETPAIINJA HAIIOHA NPARKEP-IIPATEPOBOT
MATEPMJAJIHOT MOIAEJIA CA KMHEMATCKM OJAUAILEM

PE3UME. Y pany je nmpurazaHa OpuUMeHa METOE UMILIAIUTHE WHTErpPaIje
manona Jlparep-IIparepoBor marepumjasHOr MOZesna Cca KWHEMAIKUM Ojada-
weM. VHTerpamnmja HamoHA MATEPUjATHOT MOMAEJA je U3BPIICHA TPUMEHOM
MeTOOe WHKPEMEHTAJHE INIACTUYHOCTH, NOK je KMHEMAIKO Ojadame MaTePU-
jasa memHMCAHO TPUMEHOM HesauHeapHOr ApwmcTpoHr—Ppenepur ojauama.
Osaj Tun ojavama rpaHyJapHUX MaTepHUjajia Ce jaB/ba KAo MOCIeIUIa -
kamuHOr onrepehema kakBo je cemammuro onrepeheme. C Tora, oBaj Mmarepu-
jasHN MOIEN MMa IPUMEHY y aHAJIW3UM 3eMJpoTpeca y MexaHunu Tiaa. lloBpm
Teuema OBOT MaTEPUjaHOr MOJEJa MEHa CBOj MOJOKA] Y IPOCTOPY IIABHUX
HAIlIOHA TOKOM [I€jCTBa IUKJINYHOT onTepehema, JOK BEIMYNHA IOBPIIU TEUYCH A
Momesa y OeBUjaTOPCKOj PABHU OCTaje HEmpOMemeHa. Pa3BujeHu ajropuram
MarepujasHor Monena je yrpaben y codprBepcku maker PAK.
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