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Abstract

The aim of this paper is to determine the damage mechanisms of P265GH steel, commonly used for pressure equipment. First,
an experimental study using tensile and Charpy tests allowed us to determine the mechanical properties (Young modulus £ = 200 GPa,
elongation & = 35%, yield s, = 320 MPa, ultimate stress s, = 470 MPa, and K,. = 96 MPvVm). Then, numerical finite element modeling on
a CT specimen using the CASTEM calculation code allowed us to determine the damage of the material when the notch depth varies.
The analysis of the results shows that the numerical values of the stress concentration coefficient K and the stress intensity factor K are
comparable with the analytically calculated values, thus validating our numerical study. The numerical results obtained revealed that

the maximum stress o, is located in the vicinity of the notch bottom and the high probability density corresponds to a high loading level.
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1 Introduction

Nowadays, the maintenance of pressure equipment in com-
pliance with safety regulations is a major industrial issue.
On the one hand, for reasons of improving industrial pro-
cesses and taking into account energy and environmental
concerns, the complexity of structures is increasing, either
by their geometry, their stresses, or through the use of new
materials [1]. On the other hand, in a context of profit-
ability and rising raw material costs, over-conservatism
is prohibited, and the thicknesses selected must be opti-
mized. In this context, industrialists are always looking
for new areas to explore in order to find efficient control
tools that will allow them to determine the condition and
lifetime of these structures [2].

All pressure equipment can present a significant risk
in the event of failure [3, 4]. Researchers from the begin-
ning of the 20" century tried to understand how a crack
could lead to the failure of components. This task was not
simple because cracks lead, in theory, to a mathematical

singularity (the stresses and strains increase to infinity
when approaching the crack front).

Griffith [5] was the first to highlight a term character-
ized by the loading and the associated criterion: when
the crack is loaded, the stress field at the crack tip is pro-
portional to the scalar. The Stress Intensity Factor is noted
as K,. If the loading increases and the material is brittle,
K, remains proportional to the loading, and the crack prop-
agation appears when this factor reaches a critical value,
characteristic of the material, noted K.

El Hakimi et al. [6] investigated tubes having longitu-
dinal or circumferential semi-elliptical flaws on the inner
or outer surface. Jacquemoud et al. [7] used a nonlinear
finite element computation in the elastoplastic domain
to estimate the limiting pressure in a cylindrical shell
with an inclined semi-elliptical defect and the J-integral.
The J-integral can be calculated using the simplified
estimate methods Al6 and R6. Saffih and Hariri [8]
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investigated the harmful effects of semi-elliptical circum-
ferential or axisymmetric cracks in a cylindrical shell with
a thickness transition (with the same inner diameter and
different outer diameters). Allouti et al. [9] investigated
the effect of sinking, specifically its depth, on the behav-
ior of a tube under internal pressure. Meliani et al. [10, 11]
attempts to determine and quantify the evolution of the
Stress Intensity Factor and transverse stress. Yoshihara
and Mizuno [12] investigated the critical stress intensity
factor in simple notched specimens.

The aim of the article is to numerically analyze the evo-
lution of stresses in the specimen's axis, the stress concen-
tration coefficient, the stress intensity factor, the cracking
speed, and the probability density for three loading levels
(o, = 148 MPa, 284 MPa, 356 MPa for CT specimen).

2 Experimentation

2.1 Characterization test

Tensile tests were done at the Technical Center of Mechani-
cal Industries Morocco (Cetim) to extract the mechanical
characteristics of the P265GH steel that would be used in
our program [13, 14]. Threaded specimens (Fig. 1) were
obtained in the longitudinal and transverse orientations to ex-
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Fig. 1 Dimensions of the tensile test specimen

amine the properties in the rolling direction. The stress ver-
sus elongation test curves is shown in Fig. 2.

The main mechanical properties of P265GH steel,
at ambient temperature, are shown in Table 1.

We note that the elongation is about 35%, which is higher
than the 14% required by CODAP [15]. Therefore, this
P265GH steel is well adapted for structures under pressure.

2.2 Charpy test

The Charpy test is a slow dynamic test that determines
the effect of the strain rate on the mechanical properties
of the materials, particularly toughness. The utilization of
thermally activated plasticity in conjunction with the local
failure condition causes this effect.

Fig. 3 [16] shows the geometry of the specimen used for
the Charpy test.

The pendulum hammer's operation and the course of the
tests follow a well-established procedure and adhere to cur-
rent standards. Before each test campaign, three no-load
tests are used to determine the hammer's friction. As shown
in Fig. 4, a counter (angular dial of the machine) directly
takes into account the value of the corresponding energy.

We performed two Charpy tests. The following precau-
tions were taken:

» Place the specimen in the right position on its two

support points.

The specimen must not exhibit any fracture initiation.

Check the normalization of the specimen.

During the test, the temperature (in the laboratory)
is stable and conforms.

~Longitudinal
200 transversal

Stress en MPa

0 5 10 15 20 25 30 35 40
strainen %

Fig. 2 Tensile curve

Table 1 Mechanical properties of the material

Young's modulus:  Yield stress: Uslttrl:;z.te Elongation Poisson's
: N .

E (GPa) a,(MPa) (MPa) (%) ratio (v)

200 320 470 35 0.3
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Fig. 4 Pendulum for Charpy test

The mean value of toughness associated with the resil-
ience KCV is obtained by applying the Eq. (1) [17]:

(] -2
o o 20

e e

where:
* K, stress intensity factor in MPaVm;
* 0, Yield stress in MPa;

* CVN: Charpy energy in Joule.

We noted that CVN = 434 J, which gives the
K,.= 96 MPaVm.

3 Numerical modeling

The Cast3m computational code [18] is used to construct
a finite element model for specimen analysis (CT). In the
following, the finite element model is described.
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3.1 Geometry

The specimen's geometry and dimensions are represented
in Fig. 5 [19]. The specimen is stressed in tension in order to
crack in open mode because the study is restricted to mode I.

3.2 Mesh and boundary conditions

Due to the symmetry of the problem, only half of the speci-
men is discretized. Because the numerical results are intended
for fracture mechanics analysis, special attention is paid to
the mesh, particularly at the crack's bottom and in its vicin-
ity. Barsoum elements [20] are used with a very fine mesh to
accomplish this. Fig. 6 illustrates the mesh in greater detail.

3.3 Loading

The simulated loading is a tensile stress along the longi-
tudinal axis of the specimen. To reduce parasitic bend-
ing or twisting and to guarantee that the tensile tension
is totally on axis, the tensile stress is given to the speci-
men through a rigid triangle, as illustrated by the arrow in
Fig. 6. The selected loads are calibrated to apply nominal
stresses of 148 MPa, 284 MPa, and 356 MPa, respectively.
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Fig. 5 Dimensions of the compact tension (CT) specimen (mm)
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Fig. 6 Mesh of the CT specimen
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4 Results and discussion

4.1 Stress evolution in the ligament

The curves in Fig. 7 show the evolution of the stress in the
ligament of the specimen along the x-axis in Fig. 6 (the ori-
gin at the bottom of the crack) for the three applied stress
levels: 148 MPa, 284 Mpa, and 356 Mpa.

The analysis of the curves in Fig. 7 shows that the max-
imum stresses are located at the bottom of the notch. We
note that the stress gradually decreases with the distance
from the bottom of the notch to stabilize at a stress equal
to the nominal stress.

We distinguish three areas:

* The first area, which corresponds to stresses in the
range [0, 320 Mpa]. The stress is lower than the elas-
tic limit. This zone remains elastic.

* The second area, which corresponds to stresses in
the range [320, 470 Mpa]. The stress is greater than
the elastic limit of the material. The zone is the seat
of plastic deformation.

e A third area,
(0 > 470 Mpa), generally near the bottom of the

which corresponds to stresses
notch, where the stress exceeds the ultimate stress.

Table 2 represents a synthesis of the three remarkable
values (maximum stress (s, ), minimum stress (s, . ) and
nominal stress (s, ).

The numerical stress concentration factor Kt was

defined by Peterson [21] using Eq. (2):
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Fig. 7 Evolution of the Von Mises stress in the ligament of the specimen
for the three levels of applied stress (¢, = 356 Mpa, 284 Mpa, 148 Mpa)

Table 2 Numerical values of maximum stress (s_ ), minimum

max

Kt =~ 2)

While Frangois [22] used Eq. (3) to define the analytical
stress concentration factor Kt:

Kt =1+ 2\[ (©)
r

where:
* a: depth of notching;
* r: notch radius.

Table 3 shows the analytical (Kt

anal

) and numerical (K¢ )
stress concentration factor values, as well as the relative
error, which is the difference between the two values (K7).

4.2 Evolution of the stress intensity factor

The calculation of the stress intensity factor depends on
the geometry of the specimen [23, 24]. So for the CT speci-
men, we use Eq. (4) [25] in order to determine the evolution
of the analytical K, and compare it with the numerical K.

1 3

K=l 296( ) —185.5(%)2

5 7 9
+655.7(3j2 —1017(3)2 +638.9[£j2 ,
w w w

where:

Q)

* K,: stress intensity factor;
» F: applied force;

* ¢ the specimen's thickness;
* a: Depth of notching;

* w: the specimen's width.

The curves in Fig. 8 show the evolution of the numer-
ical and analytical stress intensity factors (Eq. (4)) in the
specimen ligament, i.e., along the x-axis in Fig. 6 (origin
at the crack bottom) for the three applied stress levels:

= 148 MPa, 284 MPa, and 356 MPa.

Analysis of the curves in Fig. 8 shows that there is a sig-
nificant increase in the stress intensity factor as a function
of crack length and applied stress.

Table 3 Analytical (Kz, ) and numerical (K¢ ) stress concentration

stress (s, ; ), and nominal stress (s, ) factor values
Applied stress (Mpa) s .. (Mpa) s .. (Mpa) S, (Mpa) Applied stress (Mpa) Kt Kt . Relative error
148 Mpa 730 148 148 148 493 5 1.35%
284 Mpa 1390 284 284 284 4.89 5 2.11%
356 Mpa 1755 356 356 356 492 5 1.51%
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Fig. 8 Evolution of stress intensity factor K,

The numerical stress intensity factor varies similarly to
the analytical one.

Table 4 shows the critical crack length (a,) and the rel-
ative error between the numerical and analytical Stress
Intensity Factor values.

4.3 Evolution of the propagation speed
When a crack appears, its length grows with the number of
cycles [26]. The cracking speed is calculated using Eq. (5):

— =C(AK)", ®)

with:
* da/dN: cracking rate (where a is the crack length and
N is the number of cycles applied);
* AK: stress intensity factor;
* ( and m: material constants.

In our material, C = 3.6 x 107 and m = 3 [27].

The crack speed increases without preventing it until
the specimen ruptures suddenly. Cracking is classified
into three macroscopic stages:

 Stage I (propagation speed less than 10 mm/cycle);

* Stage II (propagation speed ranging from 10 to 1073

mmy/cycle);

» Stage III (rapid propagation leading to sudden rup-

ture greater than 1073 mm/cycle).

The curves in Fig. 9 show the evolution of the cracking
speed according to the propagation of the crack.

Table 4 Values of critical crack lengths (a,)

Applied stress (MPa) a, (mm) Relative error
148 MPa 3.6 0.57%
284 MPa 0.4 0.76%

356 MPa - 1.32%
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Analysis of these results shows that there is a parabolic
increase in cracking rate as a function of crack length and
applied stress.

The stages of fracture propagation are shown in Table 5.

4.4 Failure probability density of the specimens studied
The WEIBULL distribution is applicable to buildings with
minor problems. It was originally employed in the research
of material fatigue, and it was extremely beneficial in the
analysis of failure distributions of vacuum tubes. It is now
virtually universally utilized in reliability.

The Weibull distribution is defined as (Eq. (6)):

f(x)zﬁtﬂ)ﬁl e[Ty) ’ (6)
nin

with:
 y: origin offset;
+ [f: shape parameter;
* 1: scale parameter.

Its distribution function is denoted by the Eq. (7):

F(x)zl_e(xnijﬁ (N

B

As aresult, the probability density [28] as a function of
notch size is (Eq. (8)):

)
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Fig. 9 The evolution of the crack speed

Table 5 Stages of crack propagation

Applied stress (MPa) Stage I and 11 Stage 111
148 MPa [0 5.2] >52
284 MPa [0 2.2] >22
356 MPa [0 0.9] >0.9
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where:

e a:a ora ..
i average critical

c a : is the mean value of the crack size;

average

a : is the critical length of the crack;

critical®

*a : is the length of the crack initiated (notch).

priming

a . .o
priming

The results given in Fig. 10 show the probability den-
sities calculated for the three parameters in crack length.

Fig. 10 shows that as the fracture length rises, the pre-
dicted probability density of failure reduces significantly.
The intersection of the curves representing the probability
density for the critical crack length (a_,. ) and the crack

length (aprimmg) marks the end of Stage I, while the intersec-

tion of the curves representing the crack lengths (aavmge) and
(@) marks the end of Stage II and the start of Stage III.

5 Conclusion
In the field of dangerous structures, such as pressure
equipment, knowing the level of the defect's harmful-
ness is essential. The finite element approach to numer-
ical modeling is a particularly efficient tool for solving
this problem.

We developed a numerical model using Cast3m of a CT
specimen to investigate the evolution of stress and stress
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