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a b s t r a c t

We developed numerical models to efficiently simulate the low-cycle fatigue behavior of a pipe elbow. To
verify the model, in-plane cyclic bending tests of pipe elbow specimens were conducted, and a through
crack occurred in the vicinity of the crown. Numerical models based on the erosion method and tie-break
method are developed, and the numerical results are compared with experimental results. The calculated
results of bothmodels are in good agreementwith experimental results, and themodel using the tie-break
method possesses two times faster calculation speed. Therefore, the numerical model based on the tie-
break method would be beneficial to evaluate the strength of piping systems under seismic loadings.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Since the Tohoku earthquake in 2011, the importance of the safety
and redundancy of nuclear power plant structures has increased
substantially. In the event of a disaster such as an earthquake or a
tsunami, coolantmustbe steadily supplied to the reactor to shut down
the plant safely. If the coolant is not supplied appropriately, an unre-
coverable disaster such as Fukushima nuclear disaster may occur. In
the meantime, the durability of the piping systems for supplying
coolant to nuclear power plants has been considered to be sufficiently
safe, and the evaluation of the systems has been exempted from the
probabilistic hazard assessment [1]. However, when base isolation
systems are applied to nuclear power plants, large differences in dis-
placements between isolated structures and the nonisolated struc-
tures are expected. Therefore, the durability of the piping systems for
large cyclic displacement must be evaluated properly.

The pipe elbows are one of the most important parts that are
able to determine the overall structural performance of the piping
system. The durability of the overall piping system can be predicted
by estimating the durability of pipe elbows under seismic loadings
[2]. Several experiments have been conducted for this purpose, but
such experiments have been considerably expensive, laborious, and
m.mit.edu (J.-W. Hong).

by Elsevier Korea LLC. This is an
time-consuming [3]. Therefore, the number of experiments in this
field has been limited, and numerical approaches to simulate the
experimental procedures are highly required to replace the
experimental procedures. Several numerical studies on the failure
of pipe elbows have been conducted, and various parameters have
been selected to predict the failure of steel pipe elbows. Axial strain
range, circumferential strain range [4], equivalent plastic strain [3],
Von Mises stress [5e7], bending moment and axial stress [8], hoop
strain [9,10], and ratcheting strain [11] have been chosen to predict
pipe failures. However, the performed simulations could not pre-
dict how the fatigue cracks grow into through cracks. In this
research, we propose numerical models that can simulate crack
initiation and growth when in-plane cyclic displacement strokes
are applied to pipe elbows. To show the development of cracks, two
numerical models are created by the use of the erosion method and
tie-break method. The numerical results are compared with the
experimental results.
2. Materials and methods

2.1. Material and pipe specimens

Elbows of 3-inch diameter were made of steel that has the yield
stress of 318 MPa and tensile strength of 484 MPa, according to the
ASME (The American Society of Mechanical Engineer) code
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(ASME, 2004). The nominal outer diameter is 88.9 mm (3.5 inches),
the nominal thickness is 5.486 mm, and the radius of curvature is
114.3 mm. As shown in Fig. 1, both ends of the pipe were welded to
square jig plates of dimensions 300 mm by 300 mm and of the
thickness 25 mm to make stable connections with the hinges.
Intrados, crown, and extrados of elbows are themost frequent crack
occurrence locations. In total, 11 pipe elbow specimens were
fabricated and used in the experiments.
2.2. Experimental procedure

Fig. 2 shows the pipe elbow specimen and the experimental
apparatus. A dynamic actuator with capacity of 250 kN was
installed to apply axial forces to a base block fixed on an abutment
wall; an MTS FlexTest controller was used to control the device. The
elbow and the actuating bar were connected with a jig system; the
other end of the elbowwas connected to a triangular block. Using a
booster pump, the elbow pipe was filled with water at the pressure
of 2.0 MPa to mimic the realistic condition and to check the
occurrence of through cracks. In-plane cyclic bending was applied
to the elbow specimen by controlling the displacement stroke of
the actuator. The frequency of loading was 0.5 Hz; the relative
opening and closing strokes d were set to ± 60 mm, ± 80 mm, and
± 100 mm.
Fig. 1. Configurations of pipe elbow specimens.

Fig. 2. Experimental ap
Each loading was continued until water leaked through the
cracks of the elbow specimen; the number of loading cycles was
recorded to evaluate the fatigue life. These experiments were
conducted at the Hybrid Structural Testing Center of Myongji
University in the Republic of Korea, under the supervision of the
Korea Atomic Energy Research Institute [12,13].

2.3. Test results

Fig. 3 shows photographs of the pipe elbow specimens with
through cracks developed during experiments. The cracks initiated
and developed along the crowns, and the shapes are very similar in
all the specimens.

With ±60 mm of displacement stroke, the mean value of the
measured fatigue lives was 19.58 cycles; the mean value was 11.30
cycles with the displacement stroke ±80 mm and 8.44 cycles with
the displacement stroke ±100 mm. The fatigue lives in the exper-
iments are summarized in Table 1.

2.4. Finite element analysis

To predict fatigue cracks in the elbow specimens, we used finite
element procedures [14], which are widely used in engineering
analysis. Two different fracture modeling techniques are imple-
mented in the finite element model. Firstly, the erosion technique
removes elements that experience strains larger than the threshold
failure strains; secondly the tie-break technique allows coinciding
nodes of different elements to be separated when the strain ex-
ceeds the designated value.

2.5. Numerical model of pipe elbow

The numerical models are created to represent the specimen, jig
plates, jig shafts, and hinges shown in Fig. 2 to allow a visualization
of the actual experimental setup. As shown in Fig. 4, the solid el-
ements are used to model the pipe elbow, and beam elements are
used tomodel the jig plates and jig shafts. The symmetric condition
is applied for computational efficiency by cutting the whole model
into a quarter, as shown in Fig. 5. In this configuration, the x-
directional movement is constrained on the yz-cutting plane, and z-
directional movement is constrained on the xy-cutting plane. The
part where fatigue crack occurs (red- and brown-colored parts in
Fig. 4) is discretized with a fine mesh with five layers of elements
through the thickness, and the other part (blue-colored part in
Fig. 4) is discretizedwith a coarsemeshwith two layers through the
thickness. The parts of the different meshes are glued by imposing
bonding on the surfaces with the command CONTACT_TIED_
SURFACE_TO_SURFACE. The ends of the pipe elbow and the jig
paratus and setup.



Fig. 3. Fatigue crack failures for strokes d. (A) ±60 mm. (B) ±80 mm. (C) ±100 mm.

Table 1
Fatigue lives of pipe elbows according to the stroke d.

d ±60 mm ±80 mm ±100 mm

Number of tests 3 5 3
Fatigue lives 18.58e20.26 cycles 9.07e12.84 cycles 7.85e9.42 cycles
Average 19.58 cycles 11.30 cycles 8.44 cycles

Fig. 4. Numerical model of a pipe elbow.
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plates (beam element) are connected by the use of the command
CONSTRAINED_NODAL_RIGID_BODY.
2.6. Element erosion technique for crack development (Model A)

The element erosion technique is a method of describing ma-
terial failure by removing elements when one of the failure criteria
is satisfied, as shown in Fig. 6A. Criteria for erosion include pres-
sure, principal stress, equivalent stress, principal strain, shear
strain, and so forth, and each criterion can be set up independently.
Fig. 5. Symmetric boundaries o
Once any criterion is satisfied, the element is deleted [15]. To
describe the crack growth using the erosion technique, the element
size around the cracks must be extremely small, close to the crack
width. Therefore, the method requires expensive computational
costs. For alleviation of this computational cost, the curved part is
discretized with a fine mesh ending up with element dimensions
(4:76 mm� 1:10 mm� 1:29 mm), and then the element sizes are
increased to dimensions of 9:00 mm� 1:13 mm� 1:10 mm for the
brown-colored part in Fig. 4B and to dimensions
9:00 mm� 4:53 mm � 2:75 mm for the blue-colored part.
2.7. Tie-break technique for crack development (Model B)

The tie-break technique is a method of joining nodes located at
the same position and then separating the nodes when the
weighted average of the effective plastic strains of elements sharing
the node exceeds the failure strain. In Fig. 7, if nodes n1, n2, n3, and
n4 are constrained by the tie-breakmethod, the nodes are joined as
long as the weighted average of the effective plastic strains of four
elements is smaller than the failure strain. Using the tie-break
method, cracks are formed by separating nodes, as shown in
Fig. 6B, and the propagation of the crack also can be described even
if the size of the mesh is relatively larger than that of the erosion
technique. For the simulation, a program is written using Python
script language to get the nodes on the same coordinates to be
listed in a node set, and the tie-break condition is imposed by the
command CONSTRAINED_TIED_NODES_FAILURE.

The curved part of Model A is discretized by a fine mesh,
rendering the minimum element dimensions (5:09 mm�
1:13 mm� 1:10 mm), whereas the elbow is discretized with a
coarser mesh of minimum dimensions (10:56 mm� 2:27 mm�
1:10 mm) in Model B; the tie-break technique does not require the
element size to be smaller than the crack width.
f the finite element model.



Fig. 6. Comparison between element erosion and tie-break techniques. (A) Element erosion technique. (B) Tie-break technique.
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2.8. Comparison of Model A and Model B

The erosion technique is implemented in Model A, whereas the
tie-break model is used for Model B. As mentioned, Model A in
Fig. 8A consists of 26,435 nodes and 21,060 elements, with mini-
mum element dimensions of 5:09 mm � 1:13 mm� 1:10 mm. On
the other hand, Model B consists of 11,391 nodes and 8,372 ele-
ments, with minimum element dimensions of 10:56 mm�
2:27 mm� 1:10 mm. As shown in Fig. 8B, by the use of the tie-
break technique and a coarse mesh, the number of elements in
Model B is significantly reduced.
Fig. 7. Schematic diagram of tie-break technique.
2.9. Material model

To simulate crack development, the accumulated effective
plastic strain needs to be calculated. In this particular research,
elastic and plastic kinematic material models are used for the nu-
merical model. The kinematic plasticity material is described by a
bilinear elasticeplastic relationship with both isotropic and kine-
matic hardenings. The erosion criterion is included to enable the
use of the erosion technique when the accumulated effective
plastic strain exceeds the designated failure strain [16]. The effec-
tive plastic strain is represented by

ε
p
eff ¼

Zt

0

�
2
3
_ε
p
ij _ε

p
ij

�1
2

dt (1)

where the plastic strains _εpij are written as

_ε
p
ij ¼ _εij � _εeij (2)

where εij are the total strains, εeij are the elastic strains, and ε
p
ij are

plastic strains. To improve the calculation efficiency, the plastic
kinematic model is applied only to the (red colored) curved part
where the crack occurs, and the elastic model is applied to the other
parts. Properties of materials used are summarized in Table 2.



Fig. 8. Discretizations (A) Model A. (B) Model B.

Table 2
Properties of material models.

Material properties Plastic_kinematic Elastic

Mass density (kg/m3) 7,860 7,860
Young's modulus (GPa) 200 200
Poisson's ratio 0.3 0.3
Yield stress (MPa) 326 d

Tangent modulus (MPa) 387.5 d
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3. Results

3.1. Crack development of Model A

Parametric studies are performed to determine the appropriate
failure strain when using Model A by applying the stroke d ¼
±100 mm, which yields the shortest fatigue life. The failure strain
of the plastic kinematic material model is set to 1.5, 1.7, 2.0, and 2.3,
and the fatigue life of each case is calculated. With the use of the
Fig. 9. Contour of the effective plastic strains in Model A with the failure strain 2.0 a
failure strain of 2.0, the fatigue life is 8.10 cycles, which is the closest
to the experimental result of 8.44 cycles. Fig. 9 shows the growth of
a fatigue crack making a through crack with failure strain 2.0.

With the sinusoidal excitation in the horizontal direction, fa-
tigue crack is formed in the vicinity of the crown, as shown in Fig. 8;
the crack propagates through the thickness at 8.1 cycles. For con-
venience, the elements along the thickness direction are sequen-
tially labeled. The innermost element is labeled as the first element,
the next adjacent element as the second element, and the outer-
most element as the fifth element, as shown in Fig. 10A. The
effective plastic strains accumulated in each element are calculated,
and the evolution of the crack is investigated. As shown in Fig. 10B,
erosion of elements occurs in the order of the first (C), second (-),
fifth (;), third (:), and fourth (A) elements. This means that the
through crack is formed by the mergence of fatigue cracks rapidly
growing from the inside and the other crack slowly growing from
the outside. This evolution of the crack is difficult to be investigated
experimentally. Therefore, these numerical results reveal the evo-
lution of the fatigue crack in the thickness direction.
t different times. (A) 16.0 s. (B) 16.1 s. (C) 16.2 s. (D) 16.3 s. (E) 16.4 s. (F) 16.5 s.



Fig. 10. (A) Sequential numbering of elements in the thickness direction. (B) Accumulated effective plastic strains of elements in time.
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3.2. Crack development of Model B

The failure strain of 2.0, determined by parametric studies, is
also applied to Model B by use of the keyword CON-
STRAINED_TIED_NODES_FAILURE. From the calculation results, it is
confirmed that the through crack occurs at 7.5 cycles; de-
velopments of the effective plastic strain in the elbow due to the
cyclic loading are visualized in Fig. 11.

By measuring the time when each node is separated, the crack
propagation is investigated. For convenience, the nodes are
numbered sequentially with the innermost node as the first node
and the outermost node as the sixth node, as shown in Fig. 12A.
Separation of nodes occurs in the order of the first (C), second (-),
sixth (;), third (:), fifth (,), and fourth (A), as observed in
Fig. 12B. The nodes are separated at 7.2 seconds, 9.1 seconds,
Fig. 11. Contour of the effective plastic strains in Model B with the failure strain 2.0 a
11.0 seconds, 12.0 seconds, 12.5 seconds, and 15.0 seconds,
respectively. Consequently, the cracks initiate from both from the
inside and outside and merge completing the penetration in the
thickness direction, which is similar to the result of Model A.

3.3. Comparison of results

The numerical simulation of each model is conducted using the
finite element analysis package, LS-DYNA (Livermore Software
Technology Corporation, Livermore, CA), and the numerical re-
sults are compared with the experimental data. As shown in Fig. 13,
through cracks develop at a similar time in the vicinity of the
crown, and the crack shapes in the numerical simulation and in the
experiments are very similar. However, the width of the through
crack in Model A is larger than the width of the actual through
t different times. (A) 14.7 s. (B) 14.8 s. (C) 14.9 s. (D) 15.0 s. (E) 15.1 s. (F) 15.2 s.



Fig. 12. (A) Sequential numbering of nodes. (B) y-displacements between separated nodes according to time.

Fig. 13. Fatigue cracks. (A) Specimen. (B) Model A. (C) Model B.
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Table 3
Fatigue lives of experiments and numerical analyses according to strokes d.

d Fatigue life

Experimental Model A Model B

± 60 mm 19.57 20.95 19.30
± 80 mm 11.30 11.45 10.85
± 100 mm 8.44 8.10 7.5
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crack. This overestimation of the crack width might be considered
as a limitation of the erosion method in describing the crack's
opening. On the other hand, the through crack of Model B develops
as a very thin crack, similar to the cracks observed in the experi-
mental specimens.

In addition, the fatigue lives until the through cracks develop
show good agreement with the experimental data for the three
different strokes d, as summarized in Table 3.

The simulation results are compared with experimental data in
Fig. 14. As shown in Figs. 14A and 14B, the force displacements by
usingModel B show better agreement with the test results than the
responses by using Model A. However, the largest stroke
(d ¼ ±100 mm) by Model B yields dynamic fluctuation, as shown in
Fig. 14C because multiple tied nodes are separated simultaneously
in the simulation. On the other hand, the calculated force in Model
A decreases as the loading cycle increases. This weakening comes
from the erosion of finite elements.
Fig. 14. Forceedisplacement curves for strokes d.
Finally, the computational efficiency in performing finite
element analyses by Models A and B is compared. Both numerical
calculations are carried out during 10 cycles corresponding to
20 seconds with the stroke d ¼ ±100 mm using a workstation
equipped with dual Intel Xeon CPUs E5-2637W v2 (3.50 GHz) and
128 GB of memory. The numerical calculation takes 175.5 hours to
simulate Model A with eight threads. On the other hand, it takes
136.5 hours to simulate Model B with the same number of threads.
These results prove that Model B is much more efficient for the
numerical calculation than Model A.
4. Discussion

In this article, we present two numerical models for predicting
low-cycle fatigue cracks in pipe elbows. A numerical model using
the erosion technique, which produces failure by deleting the
element, and a numerical model using the tie-break technique,
which forms the failure by separating the elements, are con-
structed; the results of the analyses are compared and verified with
the experimental results. Both models show responses similar to
the experimental results, but each methodology has its own ad-
vantages and disadvantages. The element erosion technique has the
advantage in constructing a finite element model. However, the
shape of the through crack and the forceedisplacement curve are
different from the experimental results. In addition, this model has
difficulty in analyzing many cases due to the expensive
(A) ± 60 mm. (B) ± 80 mm. (C) ± 100 mm.
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computational costs. On the other hand, the tie-break technique
requires cumbersome preprocessing to separate and reassemble
the concurrent nodes, and the methodology yields vibrating force
edisplacement curves. However, this technique reduces the
computing time by approximately 25% and calculates fatigue lives
more similar to the experimental results than the element erosion
technique. Furthermore, the shapes of the through crack and the
forceedisplacement curves agree well with the experimental re-
sults. In conclusion, using the tie-break technique, it is possible to
simulate the development of the low-cycle fatigue crack of a pipe
elbow efficiently, and the use of this technique would be beneficial
to evaluate the integrity of pipe elbows in the power plants.
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