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a b s t r a c t

This paper presents numerical estimation of burst pressures of axial cracked U-bend tubes, considering
the U-bending process analysis. The validity of the FE simulations is confirmed by comparing with
published experimental data. From parametric analyses, it is shown that existing EPRI burst pressure
estimation equations for straight tubes can be conservatively used to estimate burst pressures of the U-
bend tubes. This is due to the increase in yield strength during the U-bending process. The degree of
conservatism would decrease with increasing the bend radius and with increasing the crack depth.
© 2020 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

The steam generator in pressurized water nuclear reactors acts
as a heat exchanger between the primary cooling water flowing
inside the tube and the secondary cooling water flowing outside
the tube. Because the primary cooling water contains radioactive
materials, in case of tube failure, the primary cooling water can be
mixed with secondary cooling water, causing contamination of the
secondary system and environment. Therefore, it is very important
to assess the integrity and maintenance of steam generator tube.
The steam generator tube typically has an outside diameter of
20 mm and a thickness of 1 mm.

Although cracking can occur in various places in steam
generator tubes, primary water stress corrosion cracking and
failure in the U-bend (in the apex of extrados) have been reported
[1e4]. To evaluate burst pressures of the U-bend, experimental
burst pressure tests have been conducted for various locations in
the U-bend region of 900MWe with the 55 mm bend radius and
by Elsevier Korea LLC. This is an
1300MWe with the 75 mm bend radius [5]. Test data suggested
that the burst pressure of the U-bend with an axial crack in the
entire curved region, especially at the apex, was higher than that
of the straight tube. Although specific information about the test
such as the crack length and depth, and the radius of the U-bend
was not clearly described, it was reported that the burst pressure
increased up to ~67% and ~53% when the crack was in the apex of
intrados and of extrados, respectively, compared to those of the
straight tube. It was claimed that such increase might be due to
strain hardening during bending process. It was also reported in
Ref. [6] that the tensile strength of the U-bend tube in the first or
second row in Westinghouse plants could increase due to cold
work during forming the U-bend. As results, the burst pressure
increased by ~15e20% due to strain hardening. Recently burst
pressure tests of the U-bend (in the apex of extrados) with surface
and through wall axial crack were carried out by Bahn et al. [7]. It
was found that the burst pressures for surface cracked tubes
increased by ~25%, compared to that of the straight tubes. For
through-wall cracked tubes, the burst pressures were always
higher than those of the straight pipes. The differences were
ranged from ~8% to ~30%, depending on the geometry of the tube
and bend.
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Nomenclature

A, B, C material constants in Eqs. (1) and (2)
a, c crack depth and length, respectively
Pb burst pressure of a tube
ri, rm, t inner radius, mean radius and thickness of a tube,

respectively
a/t crack depth ratio
sy, su yield (0.2% proof) strength and tensile strength,

respectively
sm, seq mean normal stress and equivalent stress,

respectively
εf multi-axial fracture strain
Dε p

eq increment of equivalent plastic strain
D, DD accumulated damage and incremental damage

Abbreviation
BR bend radius
OD outside diameter

Super/Subscript
FE Finite element
Exp Experimental data

Table 1
Chemical compositions of Alloy 690 TT considered in this FE analysis (wt.%) [11].

C Si Mn P S Cu Cr Ni

0.018 0.30 0.26 0.012 0.000 0.04 29.63 59.34
Mo Co Ti Nb Al B N Fe
0.03 0.011 0.25 0.00 0.17 0.000 0.006 9.91

Table 2
Mechanical properties of Alloy 690 TT at 23 �C and geometry considered in this FE
analysis [9].

Temperature [oC] sy [MPa] su [MPa] Elongation [%] BR [mm] OD/t [mm]

23 314.9 692.4 54.7 57/152 22.2/1.27

Fig. 2. Flowchart of the analysis procedure.
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An actual crack is likely to occur in the internal surface of the
tube. However, it is difficult to insert a crack on the internal surface
Fig. 1. (a) True stress-strain curve of Alloy 690 TT at 23 �C [9]
of the U-bend tube in experiments, due to the small diameter and
thin thickness of the tube. All burst pressure tests up to present
were limited to through wall crack and external surface crack cases.
Thus, to see the effect of the crack location on the burst pressure,
finite element (FE) damage analysis would be a useful method. The
authors have recently applied the multi-axial fracture strain model
to simulate failure behavior of the steam generator tube with single
or multi axial cracks [8e10]. The damage parameters of this model
were determined from tensile test results of un-notched and
notched tube specimens. The determined model was then used to
predict the maximum (burst) pressure of axial surface cracked
tubes and comparison with experimental data showed excellent
agreement.

In this study, the effect of the bend radius on burst pressures of
the Alloy 690 TT axial cracked U-bend tubes are quantified by FE
damage analysis. To consider the strain hardening effect due to the
bending process, the U-bending process is simulated and then FE
damage analysis is performed to calculate the maximum (burst)
pressure for axial cracked U-bend tubes. The validity of the FE
damage analysis is also checked by comparing with existing burst
test data. Section 2 describes the material and numerical model for
and (b) the assumed multi-axial fracture strain locus [9].



Fig. 3. Simulation of U-bending process: (a) bending and (b) elastic recovery.

Fig. 4. FE mesh of the U-bend tube.

Fig. 5. Schematic of the U-bending process simulation.
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burst pressure prediction. Section 3 presents burst pressures for
axial cracked U-bend tubes. Section 4 concludes the presented
work.
2. Material and numerical model for burst pressure
prediction

2.1. Material properties of Alloy 690 TT

Alloy 690 TT material popularly used in nuclear steam generator
tubes is considered in this paper. The chemical compositions of the
alloy 690 TT are listed in Table 1. Tensile experiment was performed
on the tube with 19.05mm outer diameter and 1.067mm thickness
at room temperature (23 �C) under the displacement control with
tensile rate of 2 mm/min [11]. Resulting mechanical properties are
listed in Table 2 and true stress-strain curve is presented in Fig. 1(a).
More detailed information on experiment and material properties
is provided in Refs. [9,11].

The FE analyses in this paper were composed of two parts: (1)
simulation of U-bending process and (2) simulation of burst tests of
U-bend tubes. To validate both analyses, experimental validation
was performed by comparing with test data performed at room
temperature. In this respect, the tensile properties at room tem-
perature were used in both analyses. Thus all the analyses and
conclusions in this paper are made based on the room temperature



Fig. 6. (a)e(b) Comparison of calculated axial and hoop residual stresses due to the U-bending process with experimental data [12], and (c) schematic diagram of data extraction
location.

Table 3
Mechanical properties of Alloy 600 and geometry used for residual stress test [12].

Temperature [oC] sy [MPa] su [MPa] Elongation [%] BR [mm] OD/t [mm]

Room temperature 326 730 35 55.6 22.2/1.27

Fig. 7. (a) Calculated average equivalent plastic strain and (b) average accumulated damage along the thickness direction at apex of the U-bend.
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behaviour, but typical operating temperature of the U-bend tubes is
about 315 �C. As the dependence of strength on burst pressure of
cracked tubes is similar at both temperatures, the conclusions
drawn in this paper would not be affected by the choice of tensile



Fig. 8. The effect of the bend radius (BR) on stress-strain curves after the U-bending due to the strain hardening effect: (a)e(b) true stress-strain curves and (c)e(d) engineering
stress-strain curves.
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properties and are believed to be also applied to operating
temperature.
2.2. Damage model of Alloy 690 TT for tube burst test simulation

In our previous works [13e15], the damage model based on the
stress-modified multi-axial fracture strain has been applied to
predict burst pressures of single and multiple surface cracked Alloy
690 TT tubes. Comparison with experimental data showed excel-
lent agreement. This work will employ the same damage model to
investigate the effect of strain hardening on burst pressures of
through wall and axial internal surface cracked U-bend tubes ac-
cording to bend radius. The damage model is briefly explained
below.

In the model, the multi-axial fracture strain εf is assumed to be
expressed using an exponential function of the stress triaxiality
(defined by the mean stress sm divided by equivalent stress seq)
[14e19].

εf ¼A , exp
�
� C ,

sm
seq

�
þ B (1)

where A, B and C are positive material constants. They can be
determined from tests with different multi-axial stress states. To
reduce the number of the material constants, Eq. (1) can be
conservatively simplified to [8,9].
εf ¼1:402,exp
�
� 1:5 ,

sm
seq

�
(2)

which has only one constant A that can be determined from uni-
axial tensile test. The assumption of C ¼ 1.5 is due to Rice and
Tracey [17]. From tensile test of Alloy 690 tubes at room tempera-
ture, it was found that A ¼ 1.402 [8,9]. The resulting multi-axial
fracture strain locus is shown in Fig. 1(b).

In the damage model, incremental damage, DD, is defined by:

DD¼DεPeq
εf

(3)

where Dεpeq is the increment of equivalent plastic strain. When the
following failure criterion is met at the Gauss point

D¼
ð
DD ¼

ð DεPeq
εf

¼ 1 (4)

the element is removed by sharply decreasing Young’s modulus
and the effective stress to small values (in this work, equivalent
stress to 20 MPa and Young’s modulus to 100 MPa). Using the
commercial FE program ABAQUS with user subroutines, the above
damagemodel and ductile failure simulation can be performed. The
model and simulation technique can be found in more detail in our
previously published papers [8e10,13e15]. Finally, it should be
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noted that the element size is important in FE damage analysis. It
was found in our previous work [8,9] that the proper element size
was 0.1 mm.
2.3. Overview of the analysis procedure

Burst pressure prediction analysis of the U-bend tube is
composed to two steps in this work; (1) FE simulation of the U-
bending process and calculation of accumulated damage due to the
bending process, and (2) FE simulation of burst tests of U-bend
tubes (Fig. 2).

During FE simulation of the U-bending process, the stress
triaxiality (sm/seq) and increment of equivalent plastic strain (Dεpeq)
are calculated to estimate incremental damage (DD). At the end of
the U-bending process, the accumulated damage (D) are computed,
which is then used as initial value in the FE simulation of burst tests
of U-bend tubes.
2.4. Simulation of U-bending process

The simulation of U-bending process consisted of two steps;
bending process (Fig. 3(a)) and elastic recovery process (Fig. 3(b)).
In the FE analysis, true stress-strain data of Alloy 690 TT at room
temperature (shown in Fig. 1(a)) and the first-order solid element
Fig. 9. (a) Local mesh at the apex of extrados for axial surface cracked U-bend tube before and
the ligament along the path.
with full integrations (C3D8 within ABAQUS) were used. In simu-
lation, the bend radius (BR), outside diameter (OD) and thickness (t)
of the U-bend tubewere assumed to be BR¼ 57mm, OD¼ 22.2mm
and t ¼ 1.27 mm respectively. Fig. 4 shows the FE mesh used in this
process. In the interested regions in the FE mesh, the element size
of 0.1 mm was used, giving thirteen elements in the thickness di-
rection. For efficient computation, the mesh size in other regions
was reduced using the sweep option provided by ABAQUS, as
shown in Fig. 4.

The U-bending process causes permanent deformation of the
tube by rotating the mandrel inside the tube and the rollers outside
the tube. Because the permanent deformation of the steam
generator tube occurs only in contact with the mandrel and the
rollers, accumulated damage was calculated only on the elements
in contact with the mandrel and the rollers. The accumulated
damage after elastic recovery process was about 0.25 in case of the
apex of extrados.

In the bending simulation, the steam generator tube was
modeled by a deformable body and the rest of the parts by
analytical rigid bodies, as shown in Fig. 5. Deformable body and
analytical rigid bodies were assigned using ABAQUS CAE in the
geometry modeling stage. Friction was neglected because a lubri-
cant was generally used to reduce friction as much as possible.
Contact conditions were imposed using a contact pair option on the
after cracking and (b) residual stresses (Von Mises and crack opening hoop stresses) in



Fig. 10. Crack propagation patterns of U-bend tube with an axial through-wall crack (shown in black color): (a) at crack initiation (31.5 MPa) and (b) at the maximum (burst)
pressure (41.4 MPa).

Fig. 11. (a) Variations of pressure with crack opening displacement from FE analysis and (b) definition of crack opening displacement.

Fig. 12. Variations of (a) equivalent plastic strain and (b) accumulated damage with pressure.
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three surfaces; (i) between steam generator tube and die, (ii) be-
tween steam generator tube and roller and (iii) between steam
generator and mandrel. The centers of the roller and the die were
defined as the reference node, and the point where the line fol-
lowed by two reference nodes meets the axis of the mandrel was
also defined as the reference node of the mandrel (see Fig. 5). The
reference nodes of roller and die were constrained by the multi-
point constraint (MPC) option with beam. The reference nodes of
mandrel and die were also constrained by the same method. Two
reference nodes of mandrel and roller were rotated around the
reference node of the die to simulate bending of the tube. In this
step, the bending angle was 183� to make the 180� bent tube after
elastic recovery. The second step was elastic recovery using the
model change option with removal of the contact pair.



Table 4
Mechanical properties of Alloy 600 and geometry used for U-bend burst test [7].

Temperature [oC] sy [MPa] su [MPa] Elongation [%] BR [mm] OD/t [mm]

Room temperature 317 696 e 57/152 22.2/1.27

Fig. 13. Comparison of (a) experimental burst pressure and (b) normalized ones with predicted burst pressure using FE damage analysis.

Table 5
Analysis cases for effect of strain hardening on burst pressure.

BR [mm] Crack type Crack location (Apex) c [mm] OD/t [mm]

57 Through-wall Intrados, Extrados 12.7, 25.4, 50.8 22.2/1.27
152
∞ (straight)

Fig. 14. Geometry information for the parametric analysis.
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To check the validity of the U-bending process simulation, the
residual stresses from FE results were compared with those of
measured residual stress results [12] in Fig. 6. In Ref. [12], hoop and
axial residual stresses on the outermost surface were measured
using the multiple strain gauges arranged perpendicular to the axis
of the tube from extrados to intrados at apex of the U-bend
(F ¼ 90�), as shown in Fig. 6(c). The material was, however, Alloy
Table 6
Comparison of FE results and EPRI estimation equation [5] for the straight tube.

Crack type OD [mm] t [mm] c [mm]

Through-wall 22.2 1.27 12.7
25.4
50.8
600, not Alloy 690 TT considered in this paper. As shown in Table 3,
yield and tensile strengths of Alloy 690 TT used in the present
analysis (see Table 2) are only slightly different (~3e4%) from those
of Alloy 600 used in the residual stress experiment. The tube ge-
ometry used in the test is also shown in Table 3, which is similar to
the simulation case.

For the axial stress, the maximum tensile and compressive re-
sidual stress were measured at q ¼ 90� and 130�, respectively. For
the hoop stress, overall tensile stress was measured. Although
calculated residual stresses have slightly different magnitudes,
overall trends of residual stresses are found to be similar.

Fig. 7(a) shows the equivalent plastic strain (averaged value
along the thickness direction) for two different bend radii from the
U-bending process analysis. Strains are computed at the apex of the
extrados and intrados after elastic recovery. As the bend radius
increases, equivalent plastic strain decreases. Variations of the
accumulated damage at the apex of the U-bend over entire U-
bending process is shown in Fig. 7(b). The accumulated damage is
calculated by averaging values along the thickness direction. The
accumulated damage increases when the mandrel and roller con-
tact the tube. During elastic recovery, the accumulated damage
remains constant. During U-bending process, the extrados thick-
ness becomes slightly thinner and the intrados thicker. The
a/t FE results [MPa] EPRI Eq. (5) [MPa]

1.0 29.0 32.3
16.8 16.9
9.2 8.8



Fig. 15. (a) Effect of the bend radius on calculated burst pressures of axial through-wall
cracked U-bend tubes and (b) thickness variation with angle (F).
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equivalent plastic strain is larger at intrados than at extrados, so the
accumulated damage is also larger at intrados.

Fig. 8 shows the change in the tensile properties during the U-
bending process. The changes in the tensile properties were
obtained by shifting the true stress-strain curve by the averaged
equivalent plastic strain through the thickness direction at the apex
of extrados and intrados, due to the BR (see Fig. 7(a)). As the bend
radius decreases, the yield and tensile strengths increase due to
strain hardening. The yield strength and tensile strengths at
intrados are larger than those at extrados because of larger defor-
mation. Compared to the original mechanical properties, the yield
strength at extrados increases by ~60% and the tensile strength by
~7.2% for BR ¼ 152 mm. For BR ¼ 57 mm, the yield and tensile
strength increase by ~148% and ~21%, respectively. At intrados, the
change in the tensile properties is larger than that at extrados.

2.5. Simulation of burst tests of U-bend tubes

All information calculated from the analysis of the U-bending
process is transferred to the burst test simulation of U-bend tubes.
In the simulation of U-bending process, the initial tensile properties
of Alloy 690 TT, shown in Fig.1(a) were used. After the simulation of
U-bending process, tensile properties were changed due to strain
hardening during the U-bending process. Thus in simulation of
burst tests of U-bend tubes, strain hardened Alloy 690 TT tensile
properties were used. The FE analysis of the burst test simulation
consists of two steps. The first step was to generate a crack by
removing elements using the model change option (ABAQUS).
Fig. 9(a) shows the local mesh at the apex of extrados for axial
surface cracked U-bend tube before and after cracking. The original
thickness was 1.09 mm with BR ¼ 57 mm before cracking. After
cracking, the crack length (c) was 12.7 mm, giving the crack depth
ratio of a/t ¼ 0.8. Fig. 9(b) shows residual stresses (von Mises and
crack opening hoop stresses) along the path. After the introduction
of the surface crack, the hoop stress rapidly changes to the bending
stress type in the ligament, and the Von Mises equivalent stress
increases along the path.

The second step was to perform FE damage analysis to find the
maximum (burst) pressure. Internal pressure was applied using the
distributed load option (DLOAD within ABAQUS [20]). The RIKS
option and the nonlinear geometry change option (NLGEOMwithin
ABAQUS [20]) were used with the J2 flow theory. When total
accumulated damage (including the initial values from the U-
bending process) reaches unity, then the element was removed by
dropping the equivalent stress to 20 MPa and Young’s modulus to
100 MPa using the UHARD subroutine in ABAQUS [20]. Typical
crack propagation patterns of U-bend tube with an axial through-
wall crack length of 12.7 mm at the apex of extrados are shown
in Fig. 10.

Fig. 11(a) compares variations of pressure with the crack mouth
opening displacement, resulting from FE damage analysis, for three
cases including the straight tube, U-bend without the bending
process and U-bendwith the bending process. “U-bendwithout the
bending process” means that the steam generator tube is modeled
in a curved shape without the U-bending simulation, and thus does
include only the geometry effect but not the strain hardening one.
The crack mouth opening displacement was extracted from the
center of the cracked surface, as shown in Fig. 11(b). The crack
length was 12.7 mmwith the bend radius of 57 mm. In the results,
two points can be noted; the crack initiation point and the
maximum pressure point (which corresponds to the burst pressure
in test). It shows that the maximum pressure for the U-bend with
the bending process is much higher than other cases, due to higher
tensile properties resulting from strain hardening.

Fig. 12 shows variations of calculated equivalent plastic strain
and accumulated damage with the pressure. The results show that
the rates of plastic strain and damage accumulation for the U-bend
with the bending process is lower than those for the straight pipe
and U-bend without the bending process. This is because of the



Table 7
Analysis cases for burst pressure with axial internal surface crack.

BR [mm] Crack type a/t Crack location (Apex) c [mm] OD/t [mm]

57 Surface 0.45, 0.73, 0.91 Intrados, Flank, Extrados 12.7 19.05/1.09
∞ (straight)

Table 8
Comparison of FE results and EPRI estimation equation [6] for the straight tube.

Crack type OD [mm] t [mm] c [mm] a/t FE results [MPa] EPRI Eq. (6) [MPa]

Surface 19.05 1.09 12.7 0.45 52.7 51.6
0.73 40.4 33.8
0.91 25.4 22.4

Fig. 16. Effect of the crack depth on calculated burst pressures of axial internal surface
cracked U-bend tubes.
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higher strength due to the strain hardening during the bending
process.

Burst pressure prediction for straight tube using FE damage
analysis has been validated in our previous papers [8e10]. To
validate the burst pressure prediction considering the U-bending
process, FE damage analysis results are compared with the exper-
imental results of Bahn et al. [7]. Information about this experiment
is given in Table 4. The material was Alloy 600, but it was already
noted that mechanical properties of Alloy 600 are very close to
Alloy 690 TT. For four experimental cases, the burst pressure pre-
diction based on FE analysis was performed and the results were
compared in Fig. 13. In FE results, when the crack length was
12.7 mm and 25.4 mm, the burst pressure increased by 13.6% and
18.1% respectively in BR ¼ 57 than in BR ¼ 152. It shows that FE
results are well matched with the experimental results.
3. Parametric analysis

3.1. Effect of strain hardening on burst pressure

To quantitatively determine the effect of strain hardening due to
the bend radius on the burst pressure of the U-bend tube, the
parametric analysis was performed for the fifteen cases summa-
rized in Table 5. The outer diameter and thickness were assumed to
be OD¼ 22.2mm and t¼ 1.27mm. U-bend tubes with two different
bend radii were considered, including the case of the straight pipe.
The U-bending process was simulated for each bend radius case.
Then a through-wall crack was inserted with three different crack
lengths. The crack was inserted either at intrados or at extrados.
After that, FE damage analysis was performed to find themaximum
(burst) pressure. The U-bend geometry and variables for the crack is
shown in Fig. 14.

Firstly, Table 6 compares the calculated burst pressure for the
straight tube with an axial through-wall crack with the EPRI esti-
mation equation (5) given by

Pb ¼
�
sy þsu

� t
rm

�
0:061319þ0:53648 exp

�
� 0:2778

cffiffiffiffiffiffiffiffi
rmt

p
��

(5)

where rm denotes the mean radius. Comparing with Eq. (5), the
calculated burst pressure was 11.4% and 0.6% lower for c¼ 12.7 mm
and c¼ 25.4 mm, respectively, but 4.3% higher for c¼ 50.8 mm. The
trend is consistent with the finding in the existing paper [8].

The effect of the bend radius on calculated burst pressures of the
U-bend tubes is shown in Fig. 15(a). It can be seen that the burst
pressure of the U-bend tube is always higher than that of the
straight tube, due to strain hardening. The burst pressure for the
intrados crack is higher than that for the extrados one, because the
thickness of the intrados is larger than that of the extrados due to
the U-bending process. Fig. 15(b) shows thickness variations from
F¼ 0� toF¼ 180� at the intrados and at extrados after the bending
process. It shows that the intrados is thicker than the extrados by
10.4% on average. Comparing with the EPRI straight tube solution
(Eq. (5)), for the bend radius of 57mm, the burst pressurewas 30.3%
higher on average for three crack length at the extrados. For the
bend radius of 152 mm, the burst pressure was 8.9% higher on
average for three crack length at the extrados. Thus the burst
pressure of the through-wall cracked U-bend tube can be conser-
vatively evaluated using straight tube burst pressure equation.
3.2. Burst pressures for axial internal surface cracked U-Bend tubes

To investigate the burst pressure of an axial internal surface
cracked U-bend tube, parametric study is also performed, as sum-
marized in Table 7. The geometry is shown in Fig. 14. The crack
length was fixed to c ¼ 12.7 mm, while three different crack depths
were considered; a/t ¼ 0.45 to 0.91. Furthermore, three different
crack locations (intrados, extrados, and flank) were considered to
see the effect of the crack location on burst pressures.

For the straight tube, the FE results are compared in Table 8 with
the EPRI estimation equation [6] given by
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Pb ¼
cþ 2t

cþ 2t þ ac
ri

,0:58
�
sy þsu

� t
ri

�
1:104� c

cþ 2t
,
a
t

�
(6)

The calculated burst pressures were always higher than Eq. (6);
2.1% for a/t ¼ 0.45, 16.3% for a/t ¼ 0.73 and 11.8% for a/t ¼ 0.91.

As for the surface crack case, the burst pressure of the intrados
crack is higher than those of the flank and extrados crack, due to the
thickness change during the bending process as shown in Fig. 16.
For the case of a/t ¼ 0.45, tubes fail by plastic collapse and thus the
maximum pressure does not depend on the crack location.
Comparing the burst pressure of the surface cracked straight tube
by the EPRI equation, the burst pressure of the U-bend tube is about
60.1% higher for a/t ¼ 0.73 at the extrados, and about 23.9% higher
for a/t ¼ 0.91 at the extrados. Again the burst pressure of the axial
surface cracked U-bend tube can be conservatively evaluated using
straight tube burst pressure equation.

4. Conclusion

In this paper, burst pressures of axial cracked U-bend tubes are
evaluated numerically using the FE damage analysis, considering
the U-bending process analysis. The validity of the U-bending
process analysis is confirmed by comparing with published
experimental residual stress results. Furthermore, the validity of FE
simulation of determining burst pressures of axial cracked U-bend
tubes is confirmed by comparing with published burst test data.
Both validation results provide sufficient confidence in the present
FE damage analysis to predict burst pressures of axial cracked U-
bend tubes. Then parametric analyses are performed to see the
effect of the bend radius on burst pressures of axial cracked U-bend
tubes.

The following conclusions can be drawn from the presented
work:

� The U-bending process increases the yield strength at extrados
by ~60% for BR ¼ 152 mm and by ~148% for BR ¼ 57 mm, due to
strain hardening.

� Because the thickness of the extrados shows a thickness reduced
by 9.5% than the original thickness, the increase in the burst
pressure is much smaller than the increase in yield strength at
the extrados.

� Burst pressures of the axial through-wall cracked U-bend tubes
are always higher than the EPRI straight tube burst pressures.
The difference decreases with increasing the bend radius.
Likewise burst pressures of the axial internal surface cracked U-
bend tubes are always higher than the EPRI straight tube burst
pressures. The difference decreases with increasing the crack
depth. Such higher burst pressures of the U-bend tubes are due
to the increase in the yield strength during the U-bending
process.

� Thus existing EPRI burst pressure estimation equations for
straight tubes can be conservatively used to estimate burst
pressures of the U-bend tubes. The degree of conservatism
would decrease with increasing the bend radius
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