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ABSTRACT
This study performed a series of tensile tests using notched bar specimen with various notch radii and
conducted associated finite element (FE) simulations to evaluate the stress and strain states in the notched
section at the points of maximum load and final failure of each specimen. From the results, local failure
criteria to be able to predict maximum load carrying capacity and final failure of ductile material were
derived as form of equivalent stress and strain which are considered stress triaxiality, respectively. The
reliability of the criteria was verified by applying them to the evaluation of maximum load and final failure
of grooved plate specimen tensile tests. Also their applicability was confirmed using the results of real-scale
pipe burst test. It showed that the proposed stress and strain based criteria accurately estimate the maximum
load and final failure of grooved-plate specimens, respectively. The stress based criterion, given by true
ultimate tensile stress, well predicted the failure pressure of local wall-thinned pipe, while the stress modified
strain based criterion overestimated the failure pressure. Therefore, it is confirmed that the simple stress
based criterion is appropriate as a local failure criterion for assessing the integrity of local wall-thinned
piping components subjected to internal pressure.
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INTRODUCTION

Local wall-thinning due to flow accelerated corrosion (FAC) is now considered to be a main degradation
mechnism of carbon steel piping components in nuclear power plants (NPPs) (Deardorff and Bush, 1990;
Chexal et al., 1998; Michel et al., 2001). Integrity evaluation of piping components with such a wall-thinning
defect is getting more attention because the integrity of the piping system directly affects the safety and
operability of NPP. Since 1990s, a number of experimental and numerical studies conducted to develop an
integrity assessment procedure and acceptance criteria for piping components with a local wall-thinning
(Deardorff and Bush, 1990; JAERI, 1993; Roy et al, 1997; Miyazaki et al., 1999; Wilkowski et al., 2000;
Choi et al., 2003; Kim and Park, 2003a; Shim et al., 2003; Oh et al., 2007), and they proposed several
assessment procedures for local wall-thinned piping components. It was revealed that the assessment result
of local wall-thinned piping components depends on the geometries of pipe and defect, the failure criterion,
and the type of loading. Especially, the failure criterion is important in the numerical analysis based integrity
assessment because it directly affects the assessment result and depends on material characteristics, loading
type, defect geometry, and failure mode (Roy et al, 1997; Wilkowski et al., 2000; Oh et al, 2007).
Typically, two types of failure criteria, global and local criteria, are used for the assessment of local
wall-thinned piping components (Roy et al, 1997; Oh et al, 2007). The global criteria consider general
collapse of pipe by global plastic instability that is based on averge stresses in the net-section, whereas the
local criteria are based on the stress and strain increments in the local wall-thinned area. In this case the local
stress and strain are used as failure criteria for a local wall-thinning (Fu and Kirkwood, 1995; (Roy et al,
1997; Choi et al., 2003; Kim and Park, 2003b; Shim et al., 2003; Oh et al, 2007; Chiodo and Ruggieri, 2009).
The local strain criterion assumes that the failure occurs when the maximum principle strain or equivalent
strain in the local wall-thinned area exceeds a critical strain that is given as a function of stress triaxiality. It
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is known that this type of strain criterion is theoreically sound, but it is difficult to obtain the stress modified
critical strain of material because it needs a number of specimen tests and associated finite element (FE)
analyses. For the local stress criteria, it is assumed that the failure occurs when the equivalent stress over the
defect ligament reaches a critical stress that is usually defined as a fraction of the yield stress (σy), flow stress
(σf), ultimate tensile stress (σu), and true ultimate tensile stress (σut). Due to the simplysity in terms of
application, a number of studies suggested this type of failure criterion for assessing integrity of local wallthinned piping components (Fu and Kirkwood, 1995; Choi et al., 2003; Kim and Park, 2003b; Shim et al.,
2003; Chiodo and Ruggieri, 2009). However, there was no consideration about the stress triaxiality at
defected area, which is an important parameter on ductile failure of material, in the detemination of these
stress based criteria.
The objective of this study is to develop the local failure criteria, which have a sound theoretical basis
on the ductile failure of material and an appropriate accuracy in the integrity assessment of local wallthinned piping components. A series of tensile tests were performed using notched bar specimens with
various notch radii. Then, detailed elastic-plastic FE analyses were performed to evaluate the stress and
strain states in the notched section of specimen during plastic deformation. The equivalent stress and strain at
the points of maximum load and final failure were obtained by combining experimental with FE results, and
the stress and strain based failure criteria were derived as a function of stress triaxilaity. The reliability of
these criteria was verified by employing them to the estimation of maximum load and final failure of
grooved plate specimens under tensile load and to the estimation of failure pressure of local wall-thinned
pipe specimens under internal pressure.

2
2.1

DEVELOPMENT OF LOCAL FAILURE CRITERIA
Notched bad specimen tests

To obtain load and displacement data involving stress triaxiality effect on deformation behavior and ductile
failure of material, a series of tensile tests were performed using notched bar specimen with various notch
radii including smooth and V-notch. The specimens were machined from a carbon steel pipe of 100A Sch.80
(Dnom=114.3 mm, tnom=8.9 mm), designated by ASTM A106 Gr.B that is commonly used in secondary
piping system of NPP, which is the same one used in real-scale pipe tests for verification of local failure
criteria. Figure 1 depicts the tensile specimens used in the test. The minimum section of all specimens has a
diameter of 3.0mm. For notched bar specimens, five different notch radii were regarded: V-notch with notch
radius (Rn) of 0.5 mm and round notch with Rn = 1.5, 3.0, 12.0, 24.0 mm.
All tests were conducted under a displacement-controlled tensile loading with a displacement rate of 0.5
mm/min at ambient temperature. In the test, displacement was measured by extensometer with gauge length
of 25 mm. Figure 2 presents the load versus displacement curves obtained from smooth and notched bar
specimen tests. The discrepancy of load versus displacement curves between specimens with the same notch
radius was negligible. It also showed that, as the notch radius increased, the maximum load decreased and
the displacements to the maximum load and final failure increased. It is believed that the load and
displacement data obtained from this experiment are reliable and well represent the effects of stress
triaxiality on the ductile failure of material.
2.2

Finite element simulation

Elastic-plastic FE analyses were conducted to simulate tensile tests for smooth and notched bar specimens
and to estimate the stress and strain states in the notched section of specimens corresponding to the
maximum load and final failure in the load versus displacement curves. As shown in Fig. 3, two-dimensional
axi-symmetric FE model (CAX8R in ABAQUS) was employed in the analyses, and the analyses were
performed using commercial finite element program, ABAQUS (Hibbitt, Karlson, and Sorensen Inc., 2005).
A non-linear geometry option was used for incorporating a large geometry change effect and it was assumed
the material obeys the incremental plasticity theory. Figure 4 shows true stress-true strain curve used in the
FE analyses. The curve was calculated from the engineering stress-strain curve of smooth tensile test data
up to necking, and it was obtained using FE simulation technique beyond the onset of necking. The
experimental load versus displacement curve was considered as target and true stress-true strain relation was
searched for iteratively by FE simulation until the target was reached within a certain tolerance.
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In the analyses displacement boundary condition was applied to the top of the FE model, and the
corresponding tensile load was determined from the nodal forces. The gauge length elongation was
monitored from the FE displacement results. The stress and strain in the notched section were also extracted
from the FE analysis results. Figure 5 presents the comparisons of load versus displacement curves obtained
from tensile tests and FE simulations. In all cases, the simulated and measured loads and displacements at the
necking point were almost identical; the simulated load versus displacement curve almost completely
matches with the experimental one beyond necking up to final failure, although there are some discrepancies
in the specimens with small notch radius.
Therefore, it is indicated that FE analysis well simulates the results of notched bar specimen test, and
thus detailed information on the stress and strain states in the notched section of specimens can be also
obtained as a function of applied load. It is also believed that an appropriate local failure criterion can be
drawn from these stress and strain states in the notched section of specimen.

2.3

Local failure criteria

To relate the stress and strain states in the notched section with failure of specimen, the stress and strain
components were evaluated at the maximum load and final failure points on the load versus displacement
curve for each specimen. In the evaluation, the stress triaxiality is defined by the ratio of the mean stress (σm)
to the equivalent stress (σe):
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where σi (i=1,2,3) are the principal stresses. The equivalent stress and equivalent strain (εe) are defined as
Eqs. (2) and (3):
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At both maximum load and final failure points, the stress triaxialities in the notched section showed a
non-uniform distribution, i.e., their maximum appeared at the center of notched section and the minimum
appeared at the free surface, and the overall values increased with decreasing notch radius. The equivalent
stress and strain at the maximum load were nearly a constant over the notched section except for V-notch
specimen, and the variations of these values with notch radius were minor. However, the equivalent stress
and strain at final failure point considerably varied with radial position within the notched section and their
overall values increased with increasing notch radius. Since the stress and strain components showed nonuniform distributions within the notched section, the results were investigated based on averaged stress and
strain over the notched section. Also, the stress triaxiality in the notched section depends strongly on the
equivalent strain (Bao, 2005; Oh et al., 2007), so that it was averaged to maximum load and to final failure as
shown in Eqs. (4) and (5);
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where ! em denotes the section average of equivalent strain to maximum load and ! ef denotes the section
average of equivalent strain to final failure.
Figure 6 presents the section average of equivalent stress at maximum load and the section average of
equivalent strain at final failure evaluated from each specimen as a function of stress triaxiality. It shows that
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the averaged equivalent stress at maximum load showed nearly independent of stress triaxiality in the
notched section. The averaged equivalent strain at final failure exponentially decreased with increase in
stress triaxiality. Therefore, the averaged equivalent stress corresponding to maximum load of specimen can
be presented as a constant that is almost identical to true stress at necking point (true ultimate tensile stress,
σut), and the averaged equivalent strain corresponding to final failure of specimen can be presented by
regression as a function of stress triaxiality. These are expressed as Eqs. (6) and (7);
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Thus, the maximum load carry capacity and final failure of structurals containing a notch type defect
subjected to displacement-controlled loading can be estimated by applying Eqs. (6) and (7), when the stress
triaxiality and the equivalent stress and strain over the ligament are given by FE analyses. Usually it is
regarded that the failure occurs under load-controlled loading condition when the applied load reaches the
maximum load defined under displacement-controlled loading condition. Therefore, it can be proposed from
this results that Eqs. (6) and (7) are local failure criteria for loca wall-thinning defect under load-controlled
loading condition and displacement-controlled loading condition, respectively.
2.4

Verification using Grooved Plate Specimen Tests

To verify the reliability of the proposed local failure criteria, a series of tensile tests were conducted using
grooved plate specimens with different groove radius, which were designed to simulate the stress states in
the local wall-thinning defect. As shown in Fig. 7, the specimen contains a round groove at both sides of
plate; the groove radii are 3, 6, and 24mm. From the tensile tests, the load versus displacement curves were
obtained, and the loads and displacements to the maximum load and final failure points were evaluated for
each specimen. In addition, FE simulations were performed on the grooved plate specimen tests to evaluate
the stress states in the minimum section of grooved plate specimen for a given load level. Three-dimensional
FE model (C3D20R in ABAQUS) was used in the simulation as shown in Fig. 7. Considering the
geometrical symmetry of the specimen, one eighth of the full specimen was modeled. The analysis procedure
was the same as that considered in the simulation of notched bar specimen tests. Figure 8 exhibits the
simulated load versus displacement curve for each specimen along with experimental one.
The averaged equivalent stress and strain and the averaged stress triaxiality over the thickness at the
center of groove were evaluated for a given load level from the results of FE analyses. The maximum load
and final failure load for each specimen were estimated by applying the proposed criteria, Eqs. (6) and (7), to
the evaluation results. Table 1 compares the estimated and experimental loads at maximum load and finial
failure of specimen. It shows that the estimated maximum loads agreed well with experimental loads within
1.5% error regardless of groove radius. For most cases, moreover, the estimated maximum loads were lower
than the experimental results; i.e., it provided a conservative estimation. For finial failure loads, also, the
estimated results showed a good agreement within 4% error. Therefore, it is indicated that the proposed
stress based and strain based criteria accurately predict the maximum load carrying capacity and final failure
of grooved plate specimens, which simulate the stress states of local wall-thinning, tested under the
displacement-controlled loading condition.

3

APPLICATION OF LOCAL FAILURE CRITERIA

Failure criteria based on the equivalent stress and strain were proposed as a function of the stress triaxiality
and were verified using the results of grooved plate specimen tests. In this section, their applicability is
confirmed by employing these criteria to the estimation of failure pressure of local wall-thinned pipe
specimen.
3.1

Real-Scale Pipe Tests

A series of burst tests were conducted using pipe specimens containing a simulated local wall-thinning. As
illustrated in Fig. 9, the specimens were made of ASTM A106 Gr.B carbon steel pipe of 100A Sch.80, which
4

is the same pipe material used in the notched bar and grooved plate specimens tests. To obtain the uniform
diameter and thickness of the pipe specimen, the outer and inner surfaces were machined prior to introducing
the local wall-thinning defect. After machining, the outer diameter (Do) and thickness (t) was 112.0 mm and
6.2 mm, respectively. The local wall-thinning was made on the inside wall; its circumferential and axial
shapes are circular, and then the specimen was end-capped by welding. In the experiment, four specimens
with three different circumferential thinning angles for a given thinning length and thinning depth were used
as listed in Table 2.
Internal pressure was monotonically applied to the specimen up to the occurrence of burst at wallthinned area. Testing apparatus was composed of a pressurization system, testing bed, and the data
acquisition system. The testing bed was designed so it could easily control the end-displacement of the
specimen during pressurization; one end of the specimen was fixed by a hinge and the other end was freesliding. Hydraulic pressure was employed to pressurize the specimen for the present experiment. The data
acquisition system consisted of a data logger and a PC to capture the experimental data. In addition, two
video cameras were installed in front of and on top of the specimen to monitor the deformation and burst at
final stage. Thus, the internal pressure, end-displacement of the specimen, and strains at the thinned area
were measured at a rate of 1 sample per second. Measured failure pressure for each specimen was
summarized in Table 2. Figure 10 shows the set-up for burst tests and failure mode taken from the post-test
wall-thinned pipe specimens.
3.2

Estimation of Failure Pressure

FE analyses were conducted to estimate the failure pressure of local wall-thinned pipe specimens tested. In
the analyses three-dimensional elastic-plastic FE model (C3D20R in ABAQUS) was used as shown in Fig.
11. One fourth of the full specimen was modeled, based on the dimensions measured from each specimen in
the experiment, considering geometrical symmetry of pipe specimen. Three elements were layered along the
thickness and fine meshing was considered in the wall-thinned region. Internal pressure was applied to the
inner surface of the pipe, together with end forces to simulate the closed cap condition. In the analysis nonlinear geometry option was employed to account for the large deformation at wall-thinned area, and true
stress-true strain curve shown in Fig. 4 was used in the analysis. The analysis was performed using
ABAQUS code. From the FE analyses, the averaged equivalent stress and strain and the averaged stress
triaxiality over the ligament at the center of wall-thinned area were evaluated as a function of internal
pressure.
By applying the proposed local failure criteria, the failure pressures were estimated from the results of
FE analyses. Figure 12 compared the estimated failure pressure with the experimental result. It showed that
the local stress based criterion given by Eq. (6) provided an excellent estimation of failure pressure for local
wall-thinned pipe specimens within maximum error of 5.7%, whereas the stress modified strain based
criterion given by Eq. (7) showed an overestimation of failure pressure. This indicates that the simple stress
based criterion, as represented by σut, is better in the estimation of failure pressure for local wall-thinned
piping components than the strain based criterion expressed by a function of stress triaxilaity. This is because
the burst of local wall-thinned pipe specimen under internal pressure is a failure by load-controlled loading
rather than displacement-controlled loading. Thus, it is demonstrated that the simple stress based criterion
given by σut is an appropriate local failure criterion for integrity assessment of local wall-thinned piping
components subjected to simple internal pressure.
A number of studies suggested the stress based local failure criterion to assess the integrity of local
wall-thinned piping components. It was reported that the local wall-thinned pipe subjected to combined
internal pressure and bending load was failed when the section average of equivalent stress exceeds σut of
pipe material (Kim and Park, 2003b). Fu (1995) also proposed a stress based criterion to predict the failure of
local wall-thinned area, which assumes the failure occurs by plastic collapse when the minimum equivalent
stress at wall-thinned area reaches σut of pipe material. In the previous studies, the failure criterion of σut was
derived without any consideration of stress states at wall-thinned area. The present results confirmed that the
stress based criterion of σut is less dependent on the stress triaxilaity at wall-thinned area and reliably
applicable to the eastimation of failure pressure for local wall-thinned piping components.
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CONCLUSION

(1) Two types of local failure criteria for a local wall-thinning were proposed based on the notched bar tensile
tests and associated finite element simulations; one is a simple stress based criterion given by true
ultimate tensile stress and the other is a strain based criterion that is a function of stress triaxiality.
(2) The comparison with grooved plate specimen tensile data showed that the stress and strain based criteria
accurately estimate the maximum load and final failure of grooved plate specimens tested under
displacement-controlled tensile loading, respectively.
(3) The stress based criterion well predicted the failure pressure of local wall-thinned pipe, whereas the strain
based criterion overestimated the failure pressure. Thus, it is confirmed that the simple stress based
criterion given as true ultimate tensile stress is reliable as a failure criterion for a local wall-thinning in the
piping components subjected to simple internal pressure.
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Table 1 Comparison of estimated and measured loads for grooved plate tests

Specimen

R=3mm

R=6mm

R=24mm

Load at maximum load

Load at final failure

Experimental
Estimated [kN] Diff. [%]
[kN]
55.30
55.18
0.23
55.69
55.18
0.92
55.48
55.18
0.54
52.40
53.13
1.39
52.65
52.26
0.74
52.16
52.26
0.18
48.76
48.21
1.11
48.96
48.75
0.42
48.38
47.90
0.99

Experimental
Estimated [kN] Diff. [%]
[kN]
48.17
47.02
2.38
48.80
47.02
3.66
47.77
47.02
1.58
45.72
46.13
-0.90
45.71
45.60
0.23
45.24
45.61
-0.81
43.45
41.75
3.91
43.17
42.84
0.76
42.64
42.12
1.22

Table 2 Wall-thinning geometries and failure pressure for each pipe specimen
Wall-thinning geometry
Specimen

Circ. thinning angle, Thinning length,
θ/π
L/Do

Measured Failure pressure
Thinning depth,
(t-tp)/t

[MPa]

SP-1

0.5

1.0

0.708

24.81

SP-3

0.125

1.0

0.648

29.91

SP-4

0.25

1.0

0.635

30.81

SP-5

0.5

1.0

0.640

31.00

8

40
3.0

3.0

6.0
Rn

3.0

6.0
60o

Figure 1. Geometries of notched bar specimens

Load, F[kN]

6
5
4

Rn=0.5mm (V-notch)
Rn=1.5mm
Rn=3mm
Rn=24mm

smooth

3
2
Rn=12mm

1
0
0

2

4
6
Displacement, ![mm]

8

Figure 2. Load-displacement curves obtained from the tensile tests using smooth and notched bar

specimens
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(a) V-notch
(b) Round notch
Figure 3. Finite element meshes for notched bar specimens
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Figure 4. True stress-true strain curve used in finite element analysis
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Figure 5. Comparisons of experimental with simulated load-displacement curves for notched bar

specimens
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(a) At maximum load
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(b) At final failure
Figure 6. Averaged equivalent stress and strain corresponding to the maximum load and final
failure as a function of stress triaxiality.
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(a) Grooved plate specimen

(b) FE model

Figure 7. Geometry of grooved plate specimen and its FE model
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Figure 8. Comparisons of experimental with simulated load-displacement curves for grooved plate
specimens
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Figure 9. Geometries of local wall-thinned straight pipe

(a) Test set-up

(b) Final failure mode

Figure 10. Test set-up and failure mode of local wall-thinned pipe specimens
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Figure 11. FE model for local wall-thinned pipe specimen
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Figure 12. Comparison of experimental and estimated failure pressures of local wall-thinned
straight pipe
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