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SUMMARY

The paper presents a two-field formulation of the gradient-enhanced damage model and its application. This iso-
tropic model is characterized by two damage parameters with a volumetric-deviatoric decomposition. However,
one strain measure governs the development of damage as for the scalar description. The theory is verified by
means of one-element benchmarks and also a more sophisticated simulation, namely the splitting of concrete
cylinder in the Brazilian test is discussed.
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GRADIENTOWY MODEL MECHANIKI USZKODZEN Z AKSJATOROWO-DEWIATOROWA DEKOMPOZYCJA
I JEDNA MIAR4 ODKSZTALCENIA

Artykut przedstawia dwupolowe sformutowanie gradientowego modelu mechaniki uszkodzen i jego zastosowanie.
Ten izotropowy model charakteryzujq dwa parametry uszkodzenia z podziatem aksjatorowo-dewiatorowym. Jednak-
ze jedna miara odksztalcenia decyduje o rozwoju uszkodzenia jak w opisie skalarnym. Teoria jest zweryfikowana
za pomocq testow jednoelementowych, a takze bardziej zaawansowanej symulacji rozlupywania betonowego cylin-
dra w tzw. tescie brazylijskim.

Stowa kluczowe: izotropowy model mechaniki uszkodzen, model gradientowy, metoda elementow skonczonych

1. INTRODUCTION

In the simplest form of the damage theory one scalar para-
meter determines the degradation process. This definition
of damage was firstly introduced in (Kachanov, 1958). Al-
though this damage concept was proposed for isotropic
continuum, it can be generalized introducing anisotropy.
If damage directions are distinguished then one scalar para-
meter is insufficient. In the literature damage vectors (Kraj-
cinovic and Fonseka 1981), second-order damage tensors
(Murakami and Ohno 1981, Betten 1983, Litewka 1985)
and fourth-order damage tensors (Chaboche 1981, Krajci-
novic 1989, Lemaitre and Chaboche 1990) have been defi-
ned. Different descriptions of the damage theory can be
found in (Skrzypek and Ganczarski 1999, Wu and Li
2008). However, numerical implementation of the theory
with fourth-order damage tensors is complicated and a pro-
per setup of material variables is difficult. On the other hand,
the scalar model can be extended to two damage parameters
(Ju 1990) remaining within the isotropic description. Some
authors (Mazars and Pijaudier-Cabot 1989, Comi 2001)
employ the modification where damage is decomposed into
two parts related to tensile and compressive actions. How-
ever, the proposal discussed in this paper results from a volu-
metric-deviatoric split given for example in (Lubliner et al.
1989, Comi and Perego 2001). The first damage parameter
influences the bulk modulus and the second one reduces the
shear modulus. Hence two different damage growth func-
tions are distinguished, but one damage history parameter
and one damage loading function are assumed.

As a consequence, when the model it is applied in a gra-
dient-enhanced format, one averaging equation is still the
basis of a formulation of finite element method as for the

scalar gradient damage (Peerlings et al. 1996). The theory
is briefly discussed in Sections 2 and 3. The implemented
model is first examined for one finite element, in Section 4.
The next computational verification is performed in Sec-
tion 5 by the simulation of the Brazilian cylinder split test.
Final remarks are given in Section 6.

2. VOLUMETRIC-DEVIATORIC SPLIT

The continuum damage formulation satisfies the isotropy
condition if two damage parameters Wy and @ for the volu-
metric and deviatoric parts respectively are considered,
cf. (Lubliner et al. 1989, Ju 1990, Comi and Perego 2001,

Carol et al. 2002). The constitutive equation becomes:

0= Ese (1)
where:
Ex=(1 - ) K" + 2(1 — og) GO )

Here o is the stress tensor and € is the strain tensor. Both are
considered in a vector form and € = [€]; €, €33 €15 €3 813]T.
The damage parameter g reduces bulk modulus K and the
parameter ®g degrades shear modulus G. The following re-
lations are introduced:

Q=0 —%HHT ©)

Qgov =1 — % i’ “4)

where in three dim?nsilonls @BD):II=1[1,1,1,0,0, 0]T and
=diag[1,1,1, -, -, |
Q g 2’92
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Note that the strain and stress vectors are split into volu-
metric and deviatoric parts:

1
£=§1'I9+ €dev (5)

o=IIp+§& (6)

and the variables on the right-hand side are as follows:
6 = I1'e is the dilatation, €40y = O¢ is the deviatoric strain,
p= 1l'ITcs is the pressure and & = Q,.,0 is the deviatoric
stresS. The stress rate is obtained differentiating (1):

6 = Exgé— o KTII 'e - 20;GQe (7
One damage history parameter «

is adopted, i.e.
K = K?( = K%, so that one damage loading function:

fiex=8e-x! =0 ®)

is assumed. The Kuhn-Tucker conditions are satisfied by
the equivalent strain measure € and the damage history pa-
rameter k®. This means that function €(e) can be defined
analogically to the scalar damage model.

However, two different damage growth functions are di-
stinguished:

o = 0g(k%) )

og = gk (10)

Since one history parameter K4 governs the damage evo-
lution, the rates of damage parameters Wy and ®g during
loading are respectively:

o = dog dx? dg 1
K™ qd dé de an
7 4l dE de (12)

and during unloading both ®x and ®g are equal to 0.

3. ISOTROPIC GRADIENT DAMAGE

It is by now common knowledge that the gradient enhanced
model according to (Peerlings et al. 1996, Geers 1997,
Pamin, 2004) is nonlocal. During a failure process, from the
onset of localization until the total loss of the stiffness,
the governing system of equations remains elliptic and the
regularization allows one to avoid a spurious mesh sensiti-
vity. This section concerns the derivation of isotropic dama-
ge with a gradient enhancement. The equations of the boun-
dary value problem (BVP) are almost the same as for scalar
damage, but the tangent stress-strain relation is defined in
(7). Hence the averaging equation:

E-cVie=%§

(13)

is still the basis of the two-field formulation like for the
scalar gradient damage (Peerlings et al. 1996).

The above relation involves the second gradients of the
averaged strain €. The parameter ¢ > 0 has a unit of length
squared and it is connected with the internal length scale / of

. . 1, . . . .
a material. The relation ¢ = -1 is derived for instance in

(Askes et al. 2000). Instead ozf the local equivalent strain €
the averaged strain € now governs the damage progress:

e x)=¢e@EE)-x' =0 (14)
The damage rates are computed as:
doog kY
K=2d oz Gk & (15)
_dug ax? .
K== 55 €=t (16)

The weak form of equilibrium equations can be written
as:

T _ T T
[0 odv = [ 8uTbdV + [, Su'uds (17)
where u is the displacement field, b is the body force vector,
t is the traction vector. A weak form of Equation (13) is
derived using Green’s formula and the homogeneous natu-
ral boundary condition: (VE)TV =0:

_ T o= _ .
jﬂSsedV+J'lB(V8§) cVedV—J',BSSSdV (18)

The two-field formulation involves independent interpo-
lations of displacements u and averaged strain measure €

in the semi-discrete linear system. The primary fields are
interpolated in this way:

u=Na and tE=hle

(19)
where /V and & contain suitable shape functions.

From the above interpolations the secondary fields can
be computed in the following way:
€=Ba and Ve=g'e (20)
where B = LN (L is the standard differential operator ma-

trix) and g' = VA". The discretized equations must hold for
any admissible da and de, therefore:

J.{BBTGdV = J'(BNdeV L N'¢ds Q1)

[ (" +cggyedV = [ hEdV 22)
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The BVP is linearized, hence at nodal points the incre-
ments of the primary fields from instant ¢ to instant ¢ + A¢ are
decomposed in such a way:

+ +
ad™=4d +Aa and &

=é + Ae (23)
Analogically, at integration points we introduce the de-
composition of € ¢ and € The equilibrium equations then

become:

T
ng (6" +Ac)dV =

(24)
=[ NBMav [ N s
B 0B
and the averaging equation has the form:
J‘{B (hhT + cggT)(et +Ae)dV =
(25)
= jﬁ h(&" + AE)dV

The incremental constitutive relation is derived starting
from Equation (7):

AG = El;BAa—
(26)
—[ggKrmT + 2ggGQ]sthTAe

where the damage increments have been calculated as:
Aoy =Gikh' Ae 27)
Awg =GERT Ae (28)

and the derivatives are determined at instant . We can rewri-
te Equation (24) in a matrix form:

Ky Aa+ K Ae = fE55 — fiy (29)
where:

KXC = [ B'ElBdV (30)
KG _ T ¢ T

Ky =-[ B [GxKTI' + -

+265GQJE' R dV
t+At _J' NTbt+Ath+J NTtt+At ds 3
ext B 9B ( )

T
fiw=],B c'dv (33)

In Equation (25) the increment of equivalent strain me-
asure A€ is computed from the interpolated displacement
increment Aa:

. | d& TV
ag=| | ae=[s" | Baa 34
H G4
and Equation (25) can be formulated as follows:
K, Aa+K,Ae= fl— f! (35)

The matrices and vectors in Equation (35) are similar to
the scalar damage formulation, cf. (Peerlings et al. 1996):

Ko =], hs" | Bav (36)
Koo = [, (hh" + cgg")dv 37
fi=] LIE AV (38)
fo=Kee! (39)

Eventually, the following system of equations is used:
A
{Kff’ Ko }[Aa} | S = S
Keo Kee JLAC] | f1 - £

4. ONE-ELEMENT BENCHMARKS

(40)

Firstly two benchmarks with one finite element (FE) are
computed. These simple tests permit one to observe the
behaviour of the isotropic damage at the point level. Better
understanding of this model is essential to produce more
advanced analyses.

4.1. Tension in one direction

One three-dimensional finite element (FE) with eight nodes
is subjected to static tension in one direction. The data for
elasticity are as follows: Young’s modulus £ =20 000 MPa,
Poisson’s ratio v = 0.20.

The normalized elastic energy release rate (Ju 1989) is
employed in computations as the loading function, however
the Mazars definition (Mazars 1984) and the modified von
Mises definition (de Vree et al. 1995) for this kind of ten-
sion test are all equivalent, i.e. K = €;,-We emphasize that
damage threshold k, = 0.0001 influences one independent
history parameter K.

The simple modification of scalar theory gives a possibi-
lity to adopt of two different damage growth functions, se-
parately for the degradation of bulk modulus K and shear
modulus G. All calculated cases are juxtaposed in Table 1.
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There are presented symbols used to distinguish a given
case and corresponding damage growth data. During
the damage evolution ® can grow in different ways. Linear
softening law (Peerlings et al. 1996):

d
K, K'—K
o(kdy=—L> "o

I v— (41)
is introduced in this example in order to illustrate the pro-
perties of the isotropic damage model. In the damage evolu-
tion firstly 4 exceeds threshold ¥, and next tends to ultima-
te value k, which corresponds to total damage. Here equal
or different ultimate values k, are assumed for the volume-
tric and deviatoric degradation. Hence index i = K,G per-
mits one to distinguish the analyzed processes. The cases
with identical data for both damage growth functions can be
treated as reference (standard scalar damage).

Table 1

Tension in one direction — computed cases

Linear softening

Ultimate value of history parameter

Symbol of case

Volumetric Deviatoric
lin S kX = 0.002 x§ = 0.002
lin,K — kK =0.003 kY =0.002
lin,G — K& =0.002 «§ =0.003
linK&G - — — kX = 0.003 kY =0.003

Exponential softening

Ductility parameter

Symbol of case

Volumetric Deviatoric
exp e Nk = 1000 Nk = 1000
exp, K —-ua- Nk = 750 Nk = 1000
exp, G -—- Nk = 1000 Nk = 750
exp, K&G Nk = 750 Nk = 750

Exponential softening law (Mazars and Pijaudier-Cabot
1989, Peerlings et al. 1998):

a(k®) = 1—%(1— o+ e %) ) (42)

K

is also analyzed because this function is adopted in further
computations. Here the parameters 1 and o are responsible
for the rate of softening and residual stress which in one
dimension tends to (1- @)Ex,. In this analysis ductility
parameter M is varied. The damage evolution is governed
by dominating volumetric or distortion failure. The same
numerical stability parameter oo = 0.98 is assigned. It is also
possible to adopt two different damage laws during the
failure process, cf. (Wosatko 2008).

Diagrams of strain €;; versus Wg and g in the final
phase of damage are shown in Figure 1 for chosen cases.
They can help one to understand how different damage
growth functions influence the results. The non-monotonic
function ®(g,;) in Figure 1(b) results from snapback beha-
viour which is seen in Figure 2.

In Figure 2 the cases with linear softening are presented.
As expected, after the peak, diagrams for /in,K and /lin,G
start to decline between diagrams for /in and /in,K&G. Ho-
wever, the nonlinear character of softening is surprising for
the linear damage growth defined for cases /in,K and lin,G.
Moreover, in case /in, G, where the deviatoric part has larger
KS, arclength control must be used because of the snapback
effect. Therefore, it is enough to change the ultimate value
K, for given volumetric or deviatoric part in order to obtain
a nonlinear descend of the stress-strain diagram.

a) 1
w
0.95

0.9

0.85 i ‘

0.0005 0.001 . 00015 0.002
b) Case lin, K.

i I
0.001 0.0015

€11
c) Case lin,G.

0.05 e e B e = .
P : Wg ===
0.9 |y e 5 8
" : . wg —
0.85 : '
0.0005 0.001 €11 0.0015 0.002
Case exp,G.

Fig. 1. Development of damage parameters
in damage-strain diagrams
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Fig. 2. Influence of ultimate K{] (i =K, G) in linear softening

Figure 3 depicts the diagrams for damage growth func-
tions related to exponential softening. The interpretation is
easy since each softening branch has an exponential charac-
ter. For cases exp,K and exp, G with different ductility para-
meters the diagrams run between the extreme cases exp and
exp,K&G. Analogically to the cases with linear functions
a certain regularity can be noted. If the fracture energy for
the deviatoric part is increased (compare cases exp and
exp,G), it gives a larger difference in response than for
larger fracture energy adopted for the volumetric part. It is
doubtful to consider the concept of fracture energy only for
a chosen part of the stiffness, however in order to simplify
the explanations this concept is used here.

2 T T T T
exp, K&G =

151 epG =
= O ap
[ NN
E 1 ‘\\\ exp. 7
5 s\\\\\\ N

0.5 O .

0 1 | 1 1 1 1
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035

€11

Fig. 3. Influence of ductility parameter 1; (i = K, G)
in exponential softening

If og # g the Poisson’s ratio is not constant. It can be
computed as (Wosatko 2008):

_ 31—k )K-2(1-0g )G
Vm__ZEX1—mK)K4{1—mG)G]

(43)

so that Poisson’s ratio depending on the stiffness degra-
dation is introduced. To distinguish the Poisson’s ratio
which is given as an elastic material parameter from the
one defined in Equation (43) the subscript ® is used. Hen-
ce, this new parameter v, is computed during the damage
process.

It is shown in Figure 4 how this parameter changes. In
the case of linear softening the value of v, drastically tends
to a lower or upper limit. These limits can be perceived as
controversial results. Such extreme behaviour in simulation
and as a consequence nonlinear relation between €,; and 6,
seems to be undesirable. A complete degradation for the
volumetric part in case /in, G gives finally v, equal to —1. On
the other hand the zero shear stiffness in case /in, K leads to
Ve = 0.5 like for incompressible materials, cf. (Carol et al.
2002). If exponential softening is used (see Figure 4, case
exp,G) a smooth drop to zero is observed, but this is not
always so. The starting value of v, and also the configura-
tion of the considered test decide on whether v, becomes
negative. For quasibrittle materials like concrete generally
it is expected that Poisson’s ratio tends to 0 during the da-
mage evolution (Carol ef al. 2002).

0.5 T T T T T T
0.4

0.2

3—0.2
-0.4
-0.6
-0.8
; . \ linG ===
_10 O.d()OS 0.001 0.0015 0.002 0.0025 0.003 0.0035
€11

Fig. 4. Sensitivity of Poisson’s ratio v,

4.2. Willam’s test

The tension-shear test called also Willam’s test was compu-
ted the first time in (Willam et al. 1987). It serves the purpo-
se of verification of inelastic material models at the point
level. The results of particular models can be different even
if these models in uniaxial tension exhibit a quite similar
behaviour, as it was noticed in (Winnicki and Cichon 1996),
so the simulation of tension-shear loading process at the po-
int level completes the numerical analysis of a given model.

One finite element with four nodes in plane stress is sub-
jected to loading in two phases:

I. Uniaxial horizontal tension with vertical contraction
due to the Poisson’s effect, according to the relation
between the strain increments:

Agq; i Agy Ay =1:-v: 0.
These conditions are obeyed until the tensile strength is
attained.

II. Immediately after the tensile strength is reached the
change of configuration is enforced. The proportions
for the strain increments are arranged as follows:

A&y A&y, it Ay, =0.5:0.75: 1.

This relation induces tension in two directions and
additionally a shear strain. As a consequence a rotation
of principal strain axes occurs, but the tension regime is
preserved.
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The test is passed if the maximum principal stress is
lower than or at most equal to the given uniaxial ten-
sile strength, cf. (Pivonka et al. 2004). The second con-
dition is that finally all stress components should converge
to zero.

The set of data is based on Pivonka et al. (2004), namely
Young’s modulus £ = 32 000 MPa, Poisson’s ratio v = 0.20,
and the remaining parameters are tuned to uniaxial ten-
sile strength f; = 3 MPa, uniaxial compressive strength
Je = 38.3 MPa and tensile fracture energy G,= 0.11 N/mm.
Modified von Mises definition (de Vree et al. 1995) is
used, so the ratio between compressive and tensile strength
is equal to k = f/f; = 12.77. The threshold is calculated
as the quotient of the tensile strength and Young’s modu-
lus x, = f/E = 0.00009375. In this test exponential softe-
ning is considered. The first parameter o is equal to 1.0,
which means that a complete loss of stiffness is admitted.
As previously four cases with different prescribed ducti-
lity parameters are considered. The basic case exp is for
pure scalar damage with ng = ng = 4000. Such a value
seems to be unrealistically huge, but results in a fast
material failure. Next two cases with different ductilities
for the volumetric and deviatoric damage are calculated.
The case with more ductile exponential softening for the
deviatoric part with parameters ng = 4000 and ng = 2000
and as an effect larger volumetric damage g is called
exp,G. The opposite data ng = 2000 and g = 4000 are used
for the case called exp,K, where damage for the deviatoric
part governs the solution. To complete the results of
Willam’s test the case exp, K&G with both smaller parame-
ters Mg = Ng = 2000 is also analyzed.

In Figure 5 diagrams for cases exp and exp, K&G deter-
mine bounds for cases with different ductility parameters.
The stress-strain diagrams for exp,K and exp, G are found in
exchanged positions comparing with the example of unia-
xial tension. It seems surprising, but the Willam test deals
with a different loading history. In Figure 5(b) shear relation
Yi2— O, is depicted. A full agreement between diagrams for
exp and exp,K, and also between diagrams for exp, K& G and
exp,G is characteristic for this test. It is connected with the
fact that these respective cases have the same parameter G
for the deviatoric part.

In Figure 6 the components of stress tensor together
with principal stresses are depicted versus strain €;.
The figure shows the results only for the isotropic mo-
del taking into account options with different ductility
parameters. It is noticed that for case exp,G the second
principal stress has negative values for large €,;. The final
tendency is that all components converge to zero. Figure 7
is plotted for all considered cases. As it is depicted in enlar-
ged sector the zero value is finally reached. If the parameter
o is less than 1.0, the residual values remain, see (Wosatko
2008).
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Fig. 5. Willam’s test — influence
of ductility parameter 1, (i = K, G)
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Fig. 6. Willam’s test — comparison of stress components

259



Adam WOSATKO

GRADIENT DAMAGE WITH VOLUMETRIC-DEVIATORIC DECOMPOSITION...

3 T T T T T T
D 0.1 ‘ exp, K&G
25 1=
o I | i << 1 exp K
E | e
S15r .
€ —O 1 i axp,G
LR 201 0 01 |-
051 s 1 =m
0 :" I/ " 1 | | |
0 05 1 15 2 25 3

o1 [MPa]

Fig. 7. Willam’s test — evolution of principal stresses
for isotropic model
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Fig. 8. Willam’s test — sensitivity of Poisson’s ratio v,
Different relations between parameters o and n; (i = K, G)

If ovis equal to 1 the lower or upper limit of v, is reached,
cf. Figure 8. The value of v, can return to the initial one, but
for oo smaller than 1.0. For quasi-brittle materials a decre-
asing of Poisson’s ratio is expected (see also Carol ef al.
2002), but negative values are rather non-physical and
undesirable. Attention is focused on case exp, G where the
values of v, are less or at most equal to given in data. It is
possible to setup both parameters o and M separately for
volumetric and deviatoric part in such way that negative
Poisson’s ratio is prevented, see (Wosatko 2008).

5. BRAZILIAN TEST

The splitting effect is used to establish the tensile strength
in quasi-brittle materials, because the compression between
the loading platens induces the perpendicular tensile force
action in the middle. This phenomenon and the snap-
back response in the Brazilian test is not easy to reproduce
in numerical computations, because under the platen a pla-
stic zone of slip can appear or damage can localize in
a small region. In fact, different mechanical models have
been verified numerically using this test, for example in
(Chen and Chang 1978) plasticity theories are analyzed,
in (Feenstra 1993) rotating crack and plasticity models

are confronted, in (Meschke et al. 1998) multidirectional
kinematic softening damage-plasticity and fixed crack mo-
dels are tested.

Due to a double symmetry only a quarter of the domain
(with radius equal to 40 mm) is considered. The general
geometry data are based on (Winnicki ef al. 2001), but pla-
ne strain conditions are assumed. The load is applied to the
specimen indirectly via a stiff platen (width — 5 mm, height
— 2.5 mm). The platen is perfectly connected with the spe-
cimen. In these computations only one mesh shown in
Figure 9 is employed, in order to focus on the response of
isotropic version of gradient damage. However, mesh in-
sensitivity for scalar gradient damage is widely discussed in
(Wosatko 2008). The load acts downwards at the top of the
platen. The material data are juxtaposed in Tables 2 and 3. It
is shown here that not only the internal length parameter in
the gradient model decides about the results of the test, but
also other parameters, for instance the choice of the damage
growth function, in particular for the volumetric or deviato-
ric part of damage. Four options of exponential softening
are analyzed, where different combinations of values of
ductility parameter 1 decide whether the damage process is
more or less brittle. The parameter o equals 0.99 for each
case. A snapback response is possible so the test is compu-
ted applying the arc length method.

oy

S

e
=4

e

Fig. 9. Mesh for Brazilian test

Table 2

Brazilian test — material model data

Specimen: damaging

Young’s modulus:
Poisson’s ratio:
Equivalent strain
measure:

Fracture energy:
Internal length scale:

E. = 37700 MPa

v =0.15

modified von Mises, k = 10
Gy = 0.075 N/mm

[=6 mm,i.e.c=18.0

K, = 7.9576 x 10"

Threshold:

Platen: elastic
Young’s modulus: E;=10- E,
Poisson’s ratio: v=0.15
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Table 3
Brazilian test — computed cases
Symbol of case Nk Ng Damage growth
exp — 1200 | 1200 | more
ntensive
exp,K R 600 1200 Wk < Wg
exp,G -—- 1200 600 g > 0g
exp,K&G — =—— 600 600 less intensive
0.45 T - T T T T T
04 F ) exp, K&G —— |
0.35 2 exp,G === A
_ 03 r \\ exp, K ----- 4
z i I _
2025 ; ep ——
N = N -
= 02 ”
0.15 ! &
I S
0.1F \ N H
\ \\\
0.05 S BT
0 | T e e —5 N
0 0.05 0.1 0.15 0.2 0.25 0.3
v [mm]

Fig. 10. Brazilian test — influence of ductility parameter ni
(i =K, G), load-displacement diagrams

The load-displacement diagrams in Figure 10 are traced
for the four considered cases. It is noticed that for cases
exp,K and exp the softening paths are monotonic and witho-
ut any snapback. The same value of parameter ng = 1200
leads to similar solutions. On the other hand, for cases
exp,G and exp, K&G the snapback response is simulated.

a)

Case exp, G, point B

Case exp, K, point A

Case exp, K, point B

Fig. 11. Brazilian test — averaged strain €

This means that the deviatoric damage is more important in
the stiffness degradation and decides about the proper beha-
viour in the Brazilian test. Contour plots in Figures 11-12
are depicted for the peak and the final state, the respective
points A and B are marked in Figure 10.

a) W b) mm

N

A

wk, exp, G, point B

wk, exp, G, point A

c)

—

wK, exp, K, point A

e) l‘ f) ==

wa, exp, G, point A
g) IH h)

wK, exp, KK, point B

A

wa, exp, G, point B

|—— =

4

wa, exp, K, point A wa, exp, K, point B

Fig. 12. Damage patterns in Brazilian test

The splitting is obtained only for the cases which corre-
spond to the larger value of fracture energy Gy for the devia-
toric part, i.e. the ductility ng = 600. It is confirmed by
means of Figure 11, where the distributions of averaged
strain are plotted for the two stages — points A and B. There-
fore the interaction between the compressive loading
and the tensile response seems to be transferred via the de-
viatoric characteristics in the model. Figure 12 shows the
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damage patterns for cases exp,G and exp,K. According to
the assumptions included in Table 3, the domination of da-
mage Wk in case exp,G and inversely ®g in case exp,K is
noticed. The splitting effect observed for case exp,G is
expected in the Brazilian test and the coincidence with the
decrease of v,, during the process is suitable for concrete.

6. FINAL REMARKS

Isotropic damage with the volumetric-deviatoric split is en-
hanced by averaging equation with second order gradient
term. Two different damage growth functions are assumed,
however one averaged strain measure is hold. This appro-
ach with one strain measure involves one damage loading
function. Hence two-field finite element formulation as for
the scalar gradient damage is obtained. It is shown even in
one FE tension test that one of the features of the isotropic
models is that evolving Poisson’s ratio is simulated, which
is characteristic for degrading quasi-brittle materials. It is
however questionable whether its negative values should be
admitted in the simulation process. In this model this is not
assured, hence only by means of appropriate values for the
parameters of the model negative Poisson’s ratio can be
avoided. However we can overcome this problem, if we ap-
ply the model with a restriction similar to proposed in (Gan-
czarski and Barwacz 2004). The results for all the options of
the model satisfy the conditions to pass the Willam test. The
case with exp,G seems to be the most promising, because
for this case the behaviour similar to quasi-brittle materials
is obtained.

A total separation of the volumetric and deviatoric parts
is possible. In a more general approach two damage loading
functions are introduced, two different averaging equations
and three-field formulation are derived. A similar approach
with total separation of damage parameters is described in
(Carol et al. 2002), where two damage variables influence
two loading functions. Such model is called there bidissipa-
tive isotropic model.
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