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ABSTRACT

Extensive recent researches have been underway to model the fracture mechanics degradation based on
continuum damage mechanics (CDM) technique. CDM theory isa powerful tool for solving problems
such as large plastic deformations that the fracture mechanics is unable to solve. Thismodel is derived
by means of the thermodynamics internal variable theory and based on the experimental results on
material properties. In this paper, the reliability of rectangular plates containing a central circular hole
under static tensile load using the CDM approach for ductile fracture has been studied. To investigte
the initiationand evolution of damages, anisotropic damage expressed by second order damage tensor is
used to derive constitutive equations. T hen, these relationships together with material constants are
implemented with subroutine in ABAQUS software. The reliability assessment has been investigated
using first order reliability method (FORM) and second order reliability method (SORM). Based on the
FORM and SORM, the limit state functionsand random variables have been obtained according to the
energy density release rate. The probability of failure of each plate with different hole sizes is estimated
based on the anisotropic damage theory, and the results are compared with theisotropic damage mocel.
Finally, the sensitivity analysis of the coefficient of variation is performed.

doi: 10.5829/ije.2021.34.01a.28

NOMENCLATURE

b Isotropic hardening exponents X Random variable

D Scalar damage variable Y Energy density release rate

D¢ Critical damage Greek Symbols

Dn Hydrostatic damage o Damage exponent

E Young modulus of elasticity B Reliability index

f Yield function of plastic criterion r Gibbs free energy

F Dissipative potential function & Uniaxial total strains

Fo Damage potential function & Plastic strain

Fp Plastic potential function &b Damage threshold plastic strain
g Performance function &R Rupture plastic strain

k Curvature of the performance function n hydrostatic sensitivity parameter
p Accumulated plastic strain (0] Cumulative distribution function
P Probability of failure A Plastic multiplier

R Isotropic hardening v Poisson ratio

R Reliability p Mass density

Re Saturated isotropic hardening parameter o Uniaxial and tensorial stresses

S Unified damage law exponent Oeq Von Mises equivalent stress

S Energetic damage law parameter oy Yield stress
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1. INTRODUCTION

Ductile failure and its criteria are very important in
fracture mechanics due to the importance of its
engineering, and extensive researches have been donein
this field [1]. Low weight metals under ductile fractures
are assumed as a criterion for an anisotropic ductile
fracture. This criterion considers the interactions between
surfaces with shear connections and shear stress [2]. In
this regard, comprehensive mathematical model has been
extracted from the point of theoretical and experimental
views to evaluate ductile fracture of anisotropic materials
[3]. In structural systems, there are uncertainties in the
system parameters that must be considered to describe
the behavior of the system. In these systems, load
variation and distribution, boundary conditions, material
properties, and constants, environmental conditions and
etc. are uncertainties that cause the random behavior of
structures. Therefore, it is very important to study the
reliability and consider the source of the uncertainties,
and these propagation effects on the system reliability.

It is very common to use classical fracture mechanics
models to demonstrate material degradation, and great
efforts have been made to develop newmodels of fracture
mechanics [4-7]. Most research and studies have been
done to demonstrate the fracture behaviors undervarious
stress shearing loads. In these studies, anisotropic states
were investigated in the various directions of the tension
test angles, and the results are examined from different
angles [8]. Despite some successful applications of
fracture mechanics, the results showthat it is difficult to
apply the theory of classical fracture mechanics to
practical applications. As a result, damage models have
been developed as an alternative method for modeling
material degradation based on the irreversible
thermodynamic process. In this context, accurate and
correct failure modeling is one of the main topics in the
formation of the metal. For this purpose, various
categories have been extracted for failure states and
modes during metal formation. In this regard, ductile
fracture was no exception to this rule and has been
studied in numerical, experimental and analytical forms
[9]. Mechanical behavior based on the uniaxial tensile
tests of the anisotropic in the ductile fracture and plastic
deformation has been investigated as well [10].

Kachanov [11] proposed the concept of damage
models for the first time and expressed the isotropic
damage model with a scalar variable, which defined the
surface density of microvoids per unit volume [12, 13].
In this model, it is assumed that the start of microvoids in
the rupture process from the very beginning of loading
consists of two stages. The first stage is the regular
growth of microvoids and the second stage is the
acceleration of fracture. Therefore, the probability of
growth of microvoids is more than the surface ofthe body
if there is an aggressive environment. As a result, the

scalar damage variable was specified as the ratio of the
surface area of the damage to the whole surface. This
theory is determined by considering the equivalence
between the state ofa body with not damaged fancied and
the real damaged state. Later, the effective stress concept
was proposed by Rabotnov [14] in continuum damage
mechanics (CDM).

Many researchers have used continuum mechanics
and scalar damage variables to properly solve many
mechanical problems [15, 16]. Van Do [17] investigated
the evolution of damage and the onset of failure in
notched specimens using finite element model (FEM)
analysis and CDM approach. The simulations were
compared with the numerical and experimental results of
earlier works and good agreements were found between
them. Using the concepts of CDM approach, Majzoobi et
al. [18] investigated the equivalent plastic strain to the
failure of notched aluminum specimens and introduced a
relation to express the effect of triaxial stress coefficient
in the medium range of stress triaxiality. Razanika et al.
[19] proposed an enhanced CDM formulation based on
novel damage driving energy, which includes that
involves both stored energy and dissipative
contributions. The applicability of proposed model was
validated by FEM analysis. Bonora et al. [20] have shown
that the strain required to initiate damage in ductile
materials decreases exponentially with increasing stress
triaxiality. As a result, they combined this feature with
the concepts of CDM approach, and provided a
phenomenological relationship for the dependence ofthe
damage threshold strain on stress triaxiality. Ganjiani
[21] also proposed a generalized ductile fracture model
for ductile materials coupling with stress triaxiality and
Lode angle parameter using CDM approach.

Nevertheless, in practical problems, it has been
shown that the damage behavior of all materials are in
fact anisotropic. On the other hand, by careful attention
to isotropic damage models, it can be understood that
these models have less ability to describe material
damage than anisotropic damage models. In addition, in
multiaxial loading, the results of the isotropic damage
models in comparison to anisotropic damage models are
very significant. Therefore, to describe the behavior of
materials, it has been suggested that damage tensors be
used as damage state variables, but the use of damage
tensors is complex [22]. In this context, some recent
studies have been done and the most practical of themis
the hybrid numerical and experimental assessment in
order to determine the behavioral characteristics of the
plasticity of anisotropic and ductile fracture upon the
high-strength materials [23]. To study the effects of
anisotropic plasticity on ductile fracture, Keshavarz and
Ghajar [24] proposed modified CDM approach based on
the isotropic and anisotropic damage. Developed CDM
formulations were implemented in Abaqus software by
subroutine and the results have been verified with
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experimental results. For accurate investigation, various
tensile tests on different loading directions have been
performed. In these studies, the mechanical model of the
anisotropic damage with respectto the states ofthe stress
and anisotropy are predicted and simulated the material
fracture by some researchers.[25, 26]. Surmir et al. [27]
coupled nonlinear kinematic hardening model with
anisotropic damage model to predict ratcheting strain of
different loading paths.

This paperrepresents a method for reliability analysis
of a plate containing a central circular hole using CDM-
based anisotropic damage model coupled with the FEM
for the first time. A performance function using the
energy density release rate based on the anisotropic
damage is formulated within the basic thermodynamic
framework. This proposed reliability relationship can be
used to predict the fracture probability of structure
systems. The second law of thermodynamics has been
used to determine the internal energy of materials with
Gibbs free energy. Then, by using Gibbs free energy, the
variables that can be usedto show the growth of material
damage are introduced. In the framework of irreversible
thermodynamic processes, thermodynamically
associated variables are obtained using the dissipation
potential function. Therefore, the finite element
simulation of material behaviorbased on the evolution of
damage and constitutive equation by the CDM approach
during failures is implemented by a subroutine in
ABAQUS software. The results of the FEM are
compared with experimental results reported by other
researchers and the FEM models of the notched tension
tests are validated. Finally, using the FORM and SORM,
the limit state functions and random variables will be
obtained according to the CDM approach.

2. RELIABILITY ASSESSMENT

Reliability is defined as the capability of an item or
equipment to perform the required activities successfully
within a specified and predefined time period and
operating conditions [28]. In fact, reliability refers to the
probability of the proper function of a system or item
without failures in specific and predetermined conditions
for a given length of time. There are several ways to
analyze the structural reliability of a system, the most
important of which are FORM and SORM methods [29].
In reliability assessment, the failure probability
measurements of a system or structure have been
evaluated based on the respective failure rate/function. In
this study, FORM and SORM has been used to obtain the
probability of ductile fracture of the rectangular plate
containing various hole size which is subjected to
uniaxial tensile loading.

2. 1. First Order Reliability Method (FORM) In
the FORM model, the function of the limit state is based

on the first order Taylor expansion, which is expressed
by the following relation [30]:

g(X)=2(X)-S(X) )

Here, X denotes the random variables of the limit state
function, while Z and S are resistance and load,
respectively, which are assumed to be functions of
random variables.

In the FORM, at first, random variables are
transferred using Rosenblatt’s transformation of the main
randomspace (X) into the normal standard space (U) with
zero mean and standard deviation 1. The main goal in the
FORM is to obtain the most probable point (MPP), i.e.,
U~ as the minimal distance ofthe limit state surface to the
origin in the normal standard space. This shortest
distance is called the index of reliability or (5). So, in this
method, while g(X) is less than zero and failure occurs,
then the Ps (failure likelihood) and subsequently
reliability R, by using the reliability index is estimated as
follows:

R=1-F :1—CI)(—ﬁ)=CD(ﬂ) (2)

where @ is the cumulative distribution function of
standard normal distribution.

2. 2. Second Order Reliability Method (SORM)
In the case of nonlinear limit state function, the
probability of failure should be less than that of the linear
one. In FORM approach, because of the MPP using first
order approximation, the curvature of the nonlinear state
function is ignored. Therefore, SORM approach was
studied to consider curvature information. So, SORM
uses second order Taylor expansion to calculate the
failure probability as following [30]:

n-1

P =P{g(x)<0}=a(=p)[ J(1+Aki )" ®

i=1

In this relation, ki denotes the performance function ofthe
ith main curvature at the MPP.

For linear limit state functions, FORM solution is
exact. For non-linear failure functions, the exact
calculation of the failure probability or the reliability
generally involves mathematical and computational
difficulties. Based on the number of random variables
and the linearity (or not) of the failure function, FORM
can be seen to have limitations for non-linear failure
functions having a large number of random variables.
Nevertheless, accuracy of SORM due to its
approximation of the performance function is generally
more than that of FORM. However, since SORM
requires the second order derivative, it is notas efficient
as FORM when the derivatives are evaluated numerically
and its use is complex and expensive. On the otherhand,
severalalgorithms have been proposed forapproximation
of the most probable failure point and the £ index,
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therefore the decision as to which is the most effective
algorithm depends on the limit state function of interest.

3. MECHANICS OF THE CONTINUUM DAMAGE

Classical fracture mechanics models thatwere originally
developed for demonstrating material degradations
required prior knowledge of location and geometry of the
microcracks, which is difficult to assess before they are
formed. The CDM approaches were proposed to create
an alternative towards modeling material degradation
based on the thermodynamics framework. The procedure
of the CDM approach is to illustrate first the damage state
of a material in terms of properly specified damage
variables (D) and then to explain mechanical behavior of
the damaged material and further development of the
damage by the use of these damage variables. Therefore,
CDM approach provides a tool that can simulate damage
from the beginning of loading to final fracture.

State of damage is one of the main factors that effects
on mechanical properties of materials, which is
determined by the density, distribution, type and
direction of microvoids. According to the size and
orientation of microvoids, some of them will start to
develop under specified loading and environmental
conditions. The CDM approach provides a new glance
for the initiation and evaluation of damage. The CDM
approach uses the concepts of continuum physics by
defining internal field ordamage variables to describe the
process of material defeat and fracture.

The change of internal field of material generally
depends on the direction of stress and/or strain, and
therefore it can be said that the internal field is an
anisotropic phenomenon. Therefore, aproper description
of material behavior necessitates vectorial or tensorial
damage variables. In the CDM approach, using the strain
equivalence hypothesis and equivalence between the
fictitious undamaged state ofabody and the realdamaged
state, the 2" order damage variable D by means of the
effective area reduction is defined as

(6 —Djj)n;josS = ﬁi5§, where 8S is total surface area

with normal n, and JS is surface of effective area with
normal i, while dij represent the Kronecker delta [31].
It is worth mentioning that, effective area is an area where
internal force is applied. So, based on the stress & applied
to the total surface area, the effective stress i on this
effective area according to the tensor of the 2" order

damage is expressed as Gjj =0 (1 - D)Ejl.

The CDM approach is related to thermodynamics,
and the irreversible thermodynamic theory is used as a
logical framework for explaining the damaged elastic-
plastic material behavior. As a result, Gibbs free energy

must first be defined for anisotropic damage. Then, the
dissipation function is expressed to characterize the

estimation of state variables and determine the load level
that denotes the elastic region.

3. 1. Gibbs Free Energy The free energy stored in
the damaged material is determined by various factors
such as strain, damage and dislocation structure state,
etc. Therefore, the Gibbs free energy function according
to the principle of strain equivalence between the
undamaged and damaged configuration, with the
definition of the anisotropic damage, may be considered
as follow [32]:

1+v D D
PFZEHijO'ijkIO'Ii +

3(1-2v) &
2E  1-5Dy

4)

In the above equation, v, E, and # represent Poisson ratio,
Young’s modulus, and hydrostatic sensitivity parameter,
respectively, while Dy =D, /3 is hydrostatic damage,
oy = oy /3 hydrostatic stress, Gilj) deviatoric stress, and
Hj =(@- D)ﬁj/z effective damage tensor.

Based on the thermodynamic formulation, the
equation of constitutive elasticity and effective stress of
the material under damage has the following form:

e oy 1+v. v .

& :pﬁoij =—£ i ~g %k (5)

~ D D OH

Ojj :(HikO'kIHlj) +W5ij (6
—11Dy

The rate of released density energy (Y) is depended
with the damage variable D, that can be extracted from
the function of Gibbs free energy as follows:

_ o 1+v p Da-l 2 2
Yij _paDij “TE O_kapqo_qI AklmnHmiHjn
7
1-2 2 (
+’7( v)_ i 5

2E (1*’7DH )2 L

with Aximn = (1/2)(H kmOin +Hindm +HgnOim +H Imﬁkn) :

It is worth noting that the role of the rate of released
density energy in the CDM approach that is a similar role
as the rate of released strain energy G in the mechanics
of the fracture.

3. 2. Dissipative Potential Function Based on the
standard thermodynamics principles, the total dissipation
potential function F may be presented by the plastic
deformation function F” in sum with damage function
FP. By taking account of isotropic hardening R and yield
stress oy, the plastic dissipation potential function based
on the von Mises criterion is determined by [32]:

Fp:&eq_R_GY (8)



M. Nadjafi and P. Gholami / IJE TRANSACTIONS A: Basics Vol. 34, No. 01, (January 2021) 253-262 257

where &eq:(HGDH)eq shows the effective von Mises

equivalent stress. Isotropic Hardening indicates the
density of the dislocations, and exponential isotropic
hardening is written as R =R(r)=R_[1—exp(-br)],
where r is isotropic hardening state variable, while R«
and b represent saturated isotropic hardening parameters
and isotropic hardening exponents, respectively. Based
on the thermodynamic rules, the evolution equation of
the isotropic hardening variable is obtained in the form:

. .0FP .
f:_gﬁ:_gizg 9)
oR oR

where 1 is plastic multiplier. So, by using Equation (9),
the constitutive equation of the strain rate of the plastic
that is stated as:

. . p D
=i - —":[Hike'f,H”J (10)
with ) = (365 /26.)(r).

4. DAMAGE MECHNISM

4. 1. Damage Threshold BExperimental results
from measuring damage in plastic region show that
mechanical damage occurs when the plastic strain in the
material reaches the irreversible or accumulated plastic
strain &,p [33]. It can besaid that this damage threshold

accumulated plastic strain is almost the properties of
materials. On the other hand, the strain rate of
accumulated plastic p is defined according to the yield
criterion. So, exposed on the anisotropic damage and
based on the von Mises criterion with Equation (10), it
can be expressed as follows [32]:

p:[H&qu .

. (11)
Oeq

4. 2. Damage Evolution According to
thermodynamic relations in the framework of CDM
approach, the evolution equations ofthe damage variable
are governed by damage dissipation function. As result,
it may be written as follows [32]:

r>é&pp (12)

Based on the experimental results damage dissipation
function can be postulated as follows [34]:

— e\
FD:Y(:) ij

deP

dr |
ij

(13)

In above, || represents the principal components in

absolute form, s denotes the law unified damage, and S is
defined as the parameter of the law of energy damage. On
the otherhand, Y is the elastic density of the effective
energy that can be expressed as follows:

~2 5

_ B 1 oegR
Y =J‘Uijd€ie} :EEinSﬁ‘c’% = equv (14)

where R, is known as the effective stress triaxality
function and can be written as R, = § 1+v)+301-
21;)(;8—*;)2 with 6, =oy /A-nDy). Then, by using
Equations (9), (11) and (12), the damage evolution law is
given by:

v

Djj = (g)S

ol .
£ ‘ij ; €p>ép (15)
If damage occurred in one of the plane and causes critical
conditions, it is defined as the condition of fracture in
material. As a result, the onset of the fracture occurs

while the damage vector in norm state (Djn; ) or the
damage biggest principal value (D, ) reaches D, (i.e.
maxD; =D.; 1 =1,2,3). In other words, from the point

view of the rate of released density energy, the main
criterion of fracture in a material with damage can also
be defined as follows:

Y, =Y, ;1=123 (16)

Ic?

5. PROPOSED METHODOLOGY

The finite element simulation of material behavior based
on the evolution of damage and constitutive equation by
CDM approach during failures is carried out by
subroutine in ABAQUS software. In the proposed
subroutine, the rate of released density energy is
calculated, and the amount of damage growth in each of
the principal directions is obtained and checks if damage
has reached the specified critical damage or not. In the
event of damage in the principal direction, the equations
and behavior of the material are affected based on the
updated damage mode.

A rectangular plate containing a circular hole located
in the center of the plate with the principal coordinate is
shown in Figure 1. If the damage is anisotropic for the
uniaxial tension at direction-1, then D, =D;=D,/2 and

Dy =2D;/3. Therefore, effective equivalent stress,

effective stress triaxiality function, and evolution law
lead to:

G 20'1 10']_

®~31-D, 31-D, an
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i) v 2

P ob

< g |
Figure 1. Geometry of the plate containing a central circular
hole

R, :§(1+v)+3(172v)
NN | w0
3 ')\1-Dp, 1-D,

D1:<YS;)S|e'p| (19)

Using initial condition ¢=¢p,p, D=D, and fracture
condition e=¢,r, D =D, the integration of the
damage evolution equation in direction-1 gives:

De =(5)* (e o) (20)

Due to the symmetric conditions of the model, a quarter
of the specimen was modelled in the FEM, to save
computing  resources. Consequently, symmetric
boundary conditions are applied to the model and a unit
displacement is applied to tits free edge. The specimens
have been meshed with four-node S4R elements, and the
meshes near the notches were refined, as shown in Figure
2. The meshes were refined until the maximum
equivalent stress converged. In order to analyze the
reliability, a proper function for the limit state is required
in accordance with the systemstructure. For this purpose,
the fracture criterion introduced in the previous section is
used to forecast damage in ductile materials based on the
CDM approach. Therefore, when the rate of released
density energy exceeds its threshold in each principal
direction, the fracture will occur. So, the function for the
limit state of this condition can be expressed as:

g(X):Y,C -Y: 1=123 (21)
T
\ &=\
WREL
‘TR
\EAA AR AL
Yo\ Ve
| T D
@ (b)

Figure 2. Mesh design of notched specimens (a) 5 mm, (b)
10 mm

TABLE 1. Statistical properties and material characteristics of
aluminum alloy 2024-T3 [32, 35]

Mean  Coefficient Distribution

Random variables

value ofVariation type
Critical damage, D 0.209 8x102 Normal
Young’s modulus, E 2 "
(GPa) 75 5x10
Energetic damage law 2 "
parameter,S L7 10
hydrostaticsensitivity 3 102 ”
parameter,
Poisson’sratio, v 0.3 5x107 "
Rupture plastic strain, 0.33 5x102 "
EpR ’
Damage threshold 0.031 5x102 "

plastic strain ep

According to Equations (7) and (20), in the function
of the limit state, the uncertainty sources and the random
variables vector is equal to:

X =(v,E.,nD¢,epp.&pR) -

For the aluminum 2024 plate under tensile loading,
mechanical properties and their statistics data (i.e. the
mean value and coefficient of variation), are presented in
Table 1. Sensitivity index is another parameter that is
used to evaluate the failure probability of the random
variables, which is obtained using Equation (22), in
which Sl is the sensitivity index of random variable X;

[36, 37].
ag(X)
X ;

6. STATISTICAL STUDY OF RESULTS

This paper studies the fracture probability and reliability
evaluation of a plate containing a central circular hole
with various sizes of diameters under uniaxial tensile
loading. To calibrate the FEM, the simulation results
are compared with the experimental datain [38] and [39].
Figure 3 demonstrates this comparison for force-
displacement responses between experiment and
simulation at direction-1 for the notched specimen with a
diameter of 10 mm which shows good agreement.
Therefore, the FEM models of the notched tension tests
are validated. The evolution of the damage variable
obtained in the simulation for the specimens containing
holes with diameters of 5 and 10 mm in direction-1 is
shown in the contourplots in Figure 2. It can be seen that
the maximum damage is detected near the edge of the
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notch. As the specimen is gradually pulled, the maximum
damage zone moves slowly towards the free edge of the
specimen and localizes there.

Table 2 shows comparisons of the probability of
failure between the isotropic and anisotropic damage
model based on the FORM and SORM for various sizes
of diameters. Under the same conditions and the same
critical ratio (D/Dc) for both cases of damage models, the
failure probability in the damage model of anisotropic is
higher than that in isotropic one. In addition, as can be
seen, the SORM indicates a higher probability of failure
than FORM, and by increasing diameter size, the
probability of failure for both methods increases.

The effect of change in the critical ratio (D/Dc) on the
failure probability of a plate under uniaxial loading for
various sizes of diameter in the principal directions-1and
-2 are depicted in Figures 5 and 6, respectively. The
results show that the probability of failure in direction-1

12000 -
10000 - . hd
8000 4
—
=
=
© 6000
o
=)
29
4000 A
2000 A + Experimental
——CDM
0 T T T ]
0 0.05 0.1 0.15 0.2

Displacement (mm)

Figure 3. Comparison of force-displacement responses
between experiment and simulation

Damage

+3.240e-01
+2.970e-01
+2.,700e-01
+2430e-01
+2.160e-01
+1.890e-01
+1.620e-01
+1,350e-01
+1.080e-01

+1.096e-16

Damage

+2.913e-01
+2.670e-01
+2.427e-01
+2,185e-01
+1.942e-01
+1.699-01
+1.456e-01
+1.214e-01
+9.710e-02

+11097e-16

(b)

Figure 4. Damage contour plots, (2) 5 mm, (b) 10 mm

TABLE 2. Comparison of probability of failure between
isotropic damage model and anisotropic damage model using
FORM/SORM (x10%)

Isotropic damage

Anisotropic damage

d (mm)

FORM SORM FORM SORM
2 4.8951 5.1994 5.5837 5.8025
3 5.7938 6.1994 6.3987 6.6496
5 7.9279 8.3672 8.9951 9.3477
8 8.3898 8.7268 9.4816 9.8533
10 8.6908 9.0315 9.7182 10.0992

is greater than direction-2, and as the diameter increases,
the probability of failure increases. Figure 7 shows the
relationship between the probability of failure and the
variation coefficient for a plate under uniaxial loading. It
is obvious that the critical damage Dc, rupture the strain
of plastic epr and the damage threshold plastic strain gp
have the lowest sensitivity; however, by increasing the
coefficient of variation, other variables become more
sensitive to the dispersion of the data.

Sensitivity analysis was performed according to
Equation (22) and the sensitivity index for each random
variable was obtained. As it is obvious in Figure 8,
among the random variables determined in the problem,
the critical damage D, rupture plastic strain epr have the
highest sensitivity index and it can be said that these two
variables have the most effect on the reliability of
rectangular plates under uniaxial tensile loading. Other
available variables have lower sensitivity index, and, in
other words, the least effect on the reliability of the
problem.

At the end, it should be noted that these results are
obtained for a plate containing a central hole made of
aluminum under specific uniaxial loading based on
anisotropic damage and it may be different for other of
conditions. Therefore, the proposed method provides a

1.0 q oA
0.9
0.8 4
@
507 A
& g6
=
.E 05 = d=10 mm-FORM
= ———d=5mm-FORM
<04
'g d=2 mm-FORM
= 0.3
o A B d=10 mm-SORM
0.2 1 +  d=5mm-SORM
0.1 4 d=2mm-SORM
0.0 +————=un
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0

D/Dc
Figure 5. The effects of the changes in the critical ratio
(D/Dc) on Probability of failure in direction-1
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Figure 1. The effects of the changes in the critical ratio

(D/Dc) on Probability of failure in direction-2
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o

e
3
@

Probability of failure
S
o

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Coefficient of Variation

Figure 2. Relationship between the probability of failure and

coefficient of variation for random variables of uniaxial

loading

tool that can provide probability of damage from the
beginning of the loading to final fracture. On the other
hand, in this study, anisotropic damage is used which can
simulate mechanical behavior in practical applications
because of multiaxial loading. Therefore, use of
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Figure 8. Sensitivity index of random variables by
increasing critical damage for uniaxial loading

multiaxial loads and various material types are suggested
to analyze the reliability of structuralsystems basedon
the CDM approach.

As a general conclusion, this study proposed a
method for calculating the reliability of the structural
system, but the result depends on the choice of
performance function, selection of variables, and its
approximation algorithm to obtain reliability.

7. CONCLUSION and FUTURE WORK

This paper introduces a framework for analyzing the
reliability of a plate containing a hole on center under
tensile loading using the theory of damage on anisotropic
elastic-plastic based on the FORM and SORM models.

Reliability analysis was performed using the FORM
and SORM. At first, based on the thermodynamic
framework by the CDM approach, constructive
equations, and the development of ductile elastic and
plastic damage are obtained. It is then implemented using
a subroutine code in the ABAQUS software to drive the
stress-strain relationship and the onset of fracture. The
probability of fracture of a plate containing a central
circular hole with different diameters has been compared
between the anisotropic and isotropic damage models.
Results showthat while the model of damage follows an
anisotropic path, the probability of failure is higher. And,
in different directions in the principal coordinates, this
probability of failure is different. Next, based on the
sensitivity analysis of variables, the critical damage and
rupture plastic strain have the most sensitivity index. In
the future work, we will extend the CDM approach more
precisely over the notched composite laminates and
isotropic damage under uniaxial loading to evaluate
reliability analysis.
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