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Abstract

During operation, most mechanical structures are subjected to time-varying stresses, which leads to
their failure of serious accidents. The lifetime of a mechanical structure is broken down into three
stages: stage I; the initiation, stage II; the slow propagation and stage III; the brutal propagation.
The objective of this paper is to determine the damage and the lifetime of a pressure equipment by
establishing a numerical modeling by finite elements on different specimens (SENT, SENB, DENT,
CT) using the calculation code CASTEM. The material studied is P265GH steel commonly used as
boiler plate and pressure vessels. The results show that the damage severity of the SENT specimen
is more important, followed by the DENT specimen, then the CT specimen and finally SENB.

Keywords: Pressure vessels; Finite element model; Mechanical behaviors;
Damage; Tensile test; Maintenance.
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1. Introduction

The computer has become an essential tool in our lives, specifically in the industrial sectors. For
reasons of competitiveness and development, companies are looking to predict the durability and
consider solutions in the design and maintenance of parts and structures. The finite element
method can be used to solve these problems, more precisely mechanical problems [1].

All materials have defects on a microscopic scale (heterogeneities, inclusions, manufacturing
defects, etc.), and all mechanical parts present section changes or rough surface states. Since these
conditions favor the appearance of stress concentrations, we should often consider the possibility
of crack initiation as well as its propagation when calculating a structure. For this reason, the
designers of structures or any element subjected to cyclic loadings should not only take into
account the possibility of cracking, but also estimate the velocity of crack propagation, to ensure
that these cracks do not reach the critical length, which will inevitably lead to failure [2-7].

Behavior simulation with FEM has been presented by many authors with the aim of
improving the knowledge of predicting trends. H. Yoshihara [8] presented the critical stress
intensity factor on the SENT specimen. Saffih [9] studied the harmfulness of circumferential or
axisymmetric semi-elliptical cracks in a cylindrical shell with a thickness transition. A. Hachim [10]
presented a finite element based approach to simulate a Double Edge Notch Tension specimen of
5355 Steel; he studied the behavior of the material in the presence of defects.

The finite element method adopted in this paper is the most commonly used for real
applications to provide a robust solution for most industrial problems.

This work is based on the finite element analysis of various specimens (SENT, SENB, DENT,
CT) using the calculation code CASTEM to classify the criticality of these specimens.

2. Expérimentation

To extract the mechanical characteristics of the P265GH steel used in our program, tensile tests on
standard specimens (Figure 1) were conducted in different directions of roll (longitudinal and
transversal) [11]. The test curves showing the stress versus strain are given in figure 2.
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Figure 1 : Dimensions of the tensile test specimen
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Figure 2 : Traction curve

By comparing the mechanical characteristics of specimens in both rolling directions, it is
found that there is a negligible difference between tensile test curves. The mechanical
characteristics of P265GH steel at the ambient temperature are reported in Table 1[12].

Table 1: Mechanical properties of the material

Young's elastic limit Breaking stress: Elongation Poisson's ratio
modulus o< (MPa) o (MPa) % v
E (MPa) ‘ ' ’

2.105 320 470 35 0,3

We notice that the elongation is about 35%, which is higher than the 14% required by the
CODAP [13]. Therefore, this P265GH steel used is well adapted for pressurized structures.

3. Numerical modeling

The Cast3m [14] calculation code is used to create a finite element model for the analysis of the
different specimens (SENT, SENB, DENT, CT).

3.1. Geometry

The geometries and dimensions of the specimens are shown in Figure 3. The study is restricted to
mode L
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Figure 3 : The geometry of the specimens

3.2. Mesh, boundary conditions and Loading

For the DENT specimen, there are two planes of symmetry. Therefore, only a quarter of this
specimen is modeled [15]. On the other hand, for the specimens (SENT, CT, and SENB), only one
plane of symmetry appears, so half of the parts are modeled.

The numerical results are intended for analysis of fracture mechanics. Special attention is paid
to mesh principally in the crack and its vicinity (Mesh Refinement using Barsoum elements) [16].
Details of the mesh are illustrated in figure 4.
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Figure 4 : The mesh of test pieces
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4. Results and discussion

For all speciments, the life fraction ({3) is the notch length over the specimen width (f=a/w) [17].
For each notch depth, we determine the stress that leads to failure. This stress is called the ultimate
residual stress (Our). And (ou) is the value of the ultimate stress in the initial state;

The curves in Figure 5 show the evolution of the dimensionless stress [18] (our /ou) as a
function of the life fraction for the SENT, DENT, SENB, and CT specimens.
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Figure 5 : Dimensional stress as a function of life fraction for SENT, DENT, SENB and CT specimens

The analysis of the curve in Figure 5 shows that the dimensionless stress decreases as a
function of the fraction of life. We note that the stress loss is very aggressive for the SENT
specimen, followed by the DENT specimen, the CT specimen, and finally the SENB specimen.

We also note that, from life fraction, the dimensionless stress of all specimens is less than 33%
(a safety factor equal to 3). Therefore, we define the useful life fraction (Bu=a/wu) as the ratio of the
notch length and the width of the useful specimens (with a safety factor equal to 3).

4.1. Quantification of the static damage

The static damage model is based on the residual stress evolution according to the equation (1)
[19,20].

1-gur
D= M
Tu

with:
e (ou: Value of the ultimate stress in the initial state ;
e Ou: Value of the residual ultimate stress ;
e 0a: Stress just before break in the useful zone.
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The boundary conditions are shown below:
In the initial state Bu=0 => ow=0u ¥ D=0
In the final state Bu=1 > ow=0a ¥ D=1

The variation of damage as a function of useful life fraction Bu for the specimens (SENT,
DENT, SENB, and CT) is illustrated by the curves in Figure 6:
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Figure 6 : Static damage to residual stress as a function of the useful life fraction

The increase in damage causes an increase in the static tensile strength loss of the specimens.
From the curves in Figure 6, we observe that the damage evolution of the tensile specimen (SENT)
is the most critical for the same fraction of service life (8u), while the damage of the bending
specimen (SENB) is the less critical.

Reliability is the inverse of damage, and equation (2) shows the ratio between damage and
reliability [21]:

R(Bw) + DB =1 )
The equation obtained is used to draw the curve of the reliability variation with the damage
curve (Figure 7) for the SENT, DENT, CT, and SENB specimens.
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Figure 7 : Damage - Reliability as a function of the usual life fraction
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The Reliability-Damage curves for each specimen intersect at a Pui intersection point. This
point of intersection is coincident with a reversal of the situation. Indeed, the reliability that was
initially higher than the damage decreases beyond this point. This corresponds to the acceleration
of damage. The damage becomes critical and uncontrollable when the damage value exceeds 80%,
this value is named the critical life fraction Puc.

Damage is generally described by the following three stages:

= Stage 1[0, Bui]: Corresponds to the initiation of damage where reliability is higher than
damage.

»  Stage II [Pui, Buc]: Corresponds to progressive damage where predictive maintenance is
required.

= Stage III [Buc, 1]: Corresponds to the brutal damage. At this stage of damage, the

specimen is declared failed.

The table 2 recapitulates the stages of damage and the criticality of the damage for each of the
specimens studied.

Table 2: Damage stage results

Specimens SENT DENT CT SENB
Stage I [0 0,16] [0 0,17] [0 0,19] [0 0,22]
Stage II [0,16 0,27] [0,17 0,35] [0,19 0,53] [0,22 0,63]
Stage I1I [0,27 1] [0,35 1] [0,53 1] [0,63 1]
Criticality of the Important Less important Moderate Minimal
damage

4.2. Quantification of damage by unified theory

The loading level applied on the material influences the progression and the behavior of its
damage. The various theories representing this damage are given by the linear model initiated by
Miner's law according to which the damage evolves linearly as a function of the life fraction.

By analogy, with the unified theory, an empirical relation describing the damage is proposed
(equation (3)) [22]:

B
Dy = W @)
ﬁu+(1—ﬁu)[%]
With
_A % _ %
Bu=t ¥ =2and y, =%
0y = ao, isthe endurance limit of the virgin material, with a = m= 0.33
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In this unified theory, many curves are drawn. Each curve is associated with a loading level

defined with oa.
Figure 8 show the damage curves by the unified theory for the specimens SENT, DENT, CT,

and SENB:
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Figure 8 : Evolution of Damage by unified theory and Miner law in function of the life fraction

The analysis of the curves shows that the damage curve is gradually approaching the bisector
(Miner's linear rule) as a function of fu for high loading levels.

The damage curves by unified theory are below the Miner's law curve. Therefore, Miner's law
presents more simplicity to the user than the unified theory. For this reason, many researchers

adopted this law for the study of damage.
5. Conclusion

In risky structures such as pressure equipment and in the presence of cracks, for safety reasons, it
is fundamental to know precisely the degree of damage of the failure. Numerical modeling by the
finite element method is a very effective tool to resolve this problem. The analysis of the results
shows that the damage evolution of the tensile specimen (SENT) is the most critical for the same
fraction of life, while the damage of the bending specimen (SENB) is the less dangerous.
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