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Numerical validation of burst pressure estimation equations for steam
generator tubes with multiple axial surface cracks
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a b s t r a c t

This paper provides further validation of the burst pressure estimation equations for multiple axial
surface cracked steam generator tubes, recently proposed by the authors based on analytical local
collapse load approach against systematic FE damage analysis results of Alloy 690 tubes with twin axial
surface cracks. Wide ranges of the relative crack depth and multiple crack configurations are considered.
Comparison shows good agreements, giving sufficient confidence of the proposed equations.
© 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

Steam generator tubes in Light Water Reactor nuclear plants are
heat exchangers between primary water and secondary water.
When a crack occurs in a steam generator tube, radioactive primary
water can be mixed with secondary water and thus can contami-
nate secondary water. Therefore the tubes must be managed safely.
Due to its significance, many experimental and numerical studies
have been carried out to develop burst pressure assessment
equations of steam generator tubes with a single through-wall and
surface crack.

However, a typical cracking mechanism is stress corrosion
cracking and thus multiple cracks are mainly found rather than a
single crack [1,2], which makes structural integrity assessment of
multiple cracked steam generator tubes important. Up to present,
some burst test data are available for multiple through-wall cracks
[3e8] and part-through surface cracks [9e11] (but still limited
considering many cases of multiple cracks). For multiple cracks, a
major concern is how to quantify interaction effects of multiple
adjacent cracks on burst pressures. For instance, in experimental
burst pressure test of Alloy 690 steam generator tubes with

multiple surface cracks, performed in Ref. [11], the ligament length
between two or three identical surface cracks had been systemat-
ically varied. It was found that the interaction effect for collinear
surface cracks on burst pressures diminished with increasing the
ligament length between the cracks. For non-aligned multiple axial
surface crack cases, however, the interaction effect still appeared in
some cases of crack geometries. For the case of parallel axial surface
cracks, burst pressures increased when they were closely placed.
Although such tests can provide very useful and important obser-
vation for the interaction effect on burst pressures, test cases of
multiple surface cracked tubes for thorough investigation can be
enormous. For instance, even though about eighty tests were per-
formed in Ref. [11], test cases were still limited to only one crack
depth (50% of the tube thickness).

Analytical burst pressure estimation equations for multiple axial
surface cracked tubes have been recently proposed by the authors
[12]. The proposed equations were based on the local collapse load
approach. For validation, predictions using the proposed estimation
equations were compared with tube burst test results for collinear
and non-aligned twin axial surface cracks given in Ref. [11].
Although good agreement between estimated burst pressures us-
ing the proposed equations and experimental data has been shown,
experimental test cases for validation were limited to only one
relative crack depth and did not include non-aligned crack cases, as
noted above. Additional validation to cover more general cases of
relative crack depths and multiple crack geometries would be
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useful, but experimental testing requires high cost and long time.
One efficient method for additional validation is to use ductile

failure simulation using finite element (FE) damage analysis. The FE
damage analysis technique based on a simplified stress-modified
fracture strain model has been applied to simulate experimental
tube burst test with multiple axial surface cracks [13,14]. Good
comparison between predicted maximum pressures from FE
damage analysis and experimental data showed sufficient confi-
dence in the use of FE simulation to virtually generate burst
(maximum) pressures for more general cases.

The objective of this paper is further validation of the burst
pressure estimation equations for multiple axial surface cracked
tubes proposed in Ref. [12], using parametric FE damage analysis
results. Systematic burst (maximum) pressure results for different
multiple crack geometries are generated from FE damage analysis.
Calculated maximum pressures are then compared with the
analytical predictions to confirm its validity. Section 2 briefly
summarizes the ductile failure simulation method employed in the
present work and explains the FE analysis cases for the parametric
analysis. In Section 3, simulation results are compared with the
proposed burst pressure estimation equations proposed in Ref. [12].
The presented work is concluded in Section 4.

2. Numerical model for burst pressure prediction and cases
for parametric study

2.1. Parametric analysis cases

Fig.1 shows four different cases of twin surface crack geometries
with geometric variables, considered in this work. The outer
diameter of the tube is 19.05 mm and the thickness is 1.067 mm.
Table 1 lists FE analysis cases performed in the present work for the
collinear, non-overlapping and fully-overlapping cases. Analysis
cases for the partially-overlapping cracks are separately listed in
Table 2. Two crack lengths are considered; c ¼ 6.3 mm and
c ¼ 12.7 mm. For each crack length, three different relative crack
depths are considered, a/t ¼ 0.3, 0.5 and 0.7. The longitudinal and
circumferential length between two cracks, s and h, are also sys-
tematically varied.

2.2. Numerical simulation method to predict burst pressure of
surface cracked tubes

The damage model used in this paper is the stress-modified
multi-axial fracture strain model extensively used by the authors
[15e17]. In the model, dependence of the multi-axial fracture strain
εf on the stress triaxiality (defined by the mean stress sm divided by
equivalent stress seq) is characterized by the following exponential
function [18e21].

εf ¼ A exp
�
� C

sm
seq

�
� B (1)

In Eq. (1), A, B and C are material constants (all positive). They
can be normally determined from notched bar tensile test with
different notch radii. As such tests are difficult for thin steam
generator tubes, Eq. (1) is conservatively simplified to [13,14].

εf ¼ A exp
�
� 1:5

sm
seq

�
(2)

Note that the assumption of C ¼ 1.5 is according to Rice and
Tracey [19]. The simplified fracture strain model has only one
constant A which can be determined from tensile test data only.
From tensile test of Alloy 690 tubes at 343 �C (operating temper-
ature of the pressurized water reactors), the value of A was deter-
mined to be A ¼ 0.923 [14].

The total accumulated damage, u, is calculated by summing
incremental damage, Du, defined by:

Du ¼ DεPeq
εf

(3)

where Dεpeq is the increment of equivalent plastic strain. When the
accumulated damage value becomes critical,

u ¼
X

Du ¼ uc (4)

crack growth is simulated by reducing Young’s modulus and the
effective stress in the gauss point to small values. Because the value
of uc depends on themesh size, the value of uc for a givenmesh size
can be determined by comparing fracture test data with FE simu-
lation results. By comparing with cracked tube test results, uc ¼ 1.3
was found for the 0.1 mmmesh size [14]. The above damage model
and failure simulation technique have been implemented into the
commercial FE program ABAQUS using user subroutines and
detailed information can be found in Refs. [15e17].

Analysis was performed using a first order solid element with
full integrations (C3D8 within ABAQUS) and the mesh size of
0.1 mm in the ligament around the crack tip [14]. Modelling and
boundary condition are different depending on crack configura-
tions due to different symmetry conditions. Fig. 2 shows typical
FE meshes; Fig. 2a for a single axial crack having c ¼ 6.3 mm and
a/t ¼ 0.5 and Fig. 2b for a partially overlapping crack having
c ¼ 6.3 mm, a/t ¼ 0.7, s ¼ 1 mm, and h ¼ 1 mm. Symmetric
conditions were fully utilized for efficient computation. For
collinear and fully-overlapping cases, a half model was used,
whereas for non-overlapping and partially overlapping cases, a
full model was used. Total number of nodes and elements in FE
meshes ranged from 15,360 to 86,797 nodes and from 13,008 to
77,910 elements.

In the FE analysis, true stress-strain data of Alloy 690 TT at
343 �C (shown in Fig. 3) were directly used. Mechanical properties
are summarized in Table 3. Internal pressure using the distributed
load option (DLOAD within ABAQUS [22]) was applied on the inner
surface of the tube. The nonlinear geometry change option

Nomenclature

A, B, C material constants in Eqs. (1) and (2)
a, c crack depth and length, respectively
ly length of local collapse area
Pb burst pressure of a tube
ri, t inner radius and thickness of a tube, respectively
s, h axial and circumferential ligament length

between two cracks, respectively
scr critical value of ligament between two cracks
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
u, Du accumulated damage and incremental damage
uc critical damage

Superscript
FE finite element
Exp experimental data
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(NLGEOM within ABAQUS [22]) was used with the J2 flow theory
and RIKS option. As internal pressure increasing, damage is accu-
mulated and the value of u approaches to the critical value uc ¼ 1.3.
When u¼uc ¼ 1.3, all stress components at the gauss point were
reduced to 20 MPa, and Young’s modulus from 200 GPa to 100 MPa
using UHARD subroutine in ABAQUS [22].

2.3. Determination of maximum pressures from FE damage analysis

Fig. 4 shows typical variations of internal pressure with the

crack opening displacement (measured in the center of the crack at
the outer surface) for collinear and fully-overlapping cases from FE
damage analysis. In Fig. 4, three points are indicated in the
pressure-displacement curves; corresponding to (1) the crack
initiation point, (2) the maximum pressure point and (3) the crack
penetration point. Fig. 5 shows typical crack growth patterns cor-
responding to these three points, extracted from FE damage anal-
ysis. In all cases, the crack initiates somewhere between the center
and the corner point of the surface crack, and propagates through
the thickness with increasing internal pressure. The maximum
pressure always occurs before penetration in all cases considered in
this work. In this work, the maximum pressure point from FE
simulation was selected and compared with the newly proposed
equations given in Ref. [12].

      (a)

       (b)

      (c)

           (d)
Fig. 1. Schematic illustrations of twin axial surface crack cases with geometric variables, considered in the present work: (a) the collinear case, (b) the fully-overlapping case, (c) the
non-overlapping case and (d) the partially-overlapping case.

Table 1
Parametric analysis cases for collinear, non-overlapping, and fully overlapping twin
axial surface cracks.

Type of surface crack c (mm) t (mm) a/t h (mm) s (mm)

Collinear 6.3/12.7 1.067 0.3 0 0/1/2/5
0.5 0 0/1/2/5
0.7 0 0/1/2/5

Non-overlapping 6.3/12.7 1.067 0.3 0/1/2/5/10 0/1
0.5 0/1/2/5/10 0/1
0.7 0/1/2/5/10 0/1

Fully-overlapping 6.3/12.7 1.067 0.3 0/2/5/10 �6.3/�12.7
0.5 0/2/5/10 �6.3/�12.7
0.7 0/2/5/10 �6.3/�12.7

Table 2
Parametric analysis cases for partially-overlapping twin axial surface cracks.

Type of surface crack c (mm) t (mm) a/t h (mm) s (mm)

Partially-overlapping 6.3 1.067 0.3 1/2 �5/�3/�1
0.5 1/2 �5/�3/�1
0.7 1/2 �5/�3/�1

12.7 1.067 0.3 1/2 �11/�7/�3
0.5 1/2 �11/�7/�3
0.7 1/2 �11/�7/�3

J.-S. Kim et al. / Nuclear Engineering and Technology 51 (2019) 579e587 581



2.4. Existing experimental validation

Burst tests were performed at 343 �C for Alloy 690 steam
generator tube specimens containing single and multiple axial,
circumferential and complex surface cracks [11]. Test cases

included eleven different cases of crack geometries; single axial
crack, two and three collinear axial cracks, two and three non-
aligned axial cracks, two and three axial parallel cracks, single
circumferential crack, two aligned circumferential cracks, two non-
aligned circumferential cracks and complex cracks (combination of
axial and circumferential cracks). Total numbers of tests were forty-
one.

(a)

(b)
Fig. 2. Typical FE meshes: (a) a single axial crack and (b) a partially overlapping crack.
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Fig. 3. True stress-strain curve of Alloy 690 TT at 343 �C.

Table 3
Mechanical properties of Alloy 690 TT considered in this work.

Temperature [�C] 0.2% proof strength,
sy [MPa]

Tensile strength,
su [MPa]

Elongation, [%]

343 236.2 582.4 55.8
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Fig. 4. Variations of pressure with the crack opening displacement from simulation:
(a) axial collinear case, (b) fully-overlapping case.
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Fig. 6 compares experimental burst pressures for tubes with
single andmultiple surface cracks with FE simulation results, which
is reproduced from Ref. [14]. The simulation results agreed with
experimental data within an average of 3.3% difference and with
the maximum difference of 13.7%.

Note that the same set of test data at room temperature are also
available but are not shown here for the sake of space. They also
showed good comparison with the similar degree of accuracy, as
described in Ref. [14]. Such good agreement provides confidence in
the use of the numerical technique to predict burst pressures of
multiple cracked steam generator tubes.

3. Comparison of simulation results with estimation
equation

3.1. Collinear twin axial surface cracks (Fig. 1a)

For a single axial surface crack, the following burst pressure
equation was proposed in our previous work [12].

Pb ¼ 0:58
�
sy þ su

� t
ri

�
1� c

cþ 2t þ a
,
a
t

�
(5)

where Pb is the burst pressure; sy and su denotes yield (0.2%
proof) strength and tensile strength, respectively; t and ri
the wall thickness and inner radius of the tube, respectively; c

and a the length and depth of the axial surface crack,
respectively.

When the distance s is sufficiently large, there will be no
interaction between two cracks and thus the burst pressure can be
estimated using Eq. (5). When the distance between two collinear
axial surface cracks, s, is small, however, two cracks can interact. In
such case, the following estimation equation was proposed based
on the local collapse load approach [12].

Pb ¼ 0:58
�
sy þ su

� t
ri

�
1� c1a1 þ c2a2

lyt

�
with ly

¼ c1 þ c2 þ sþ 2t þ 0:5ða1 þ a2Þ (6)

where c1 and c2 are the length for each axial surface crack; a1 and a2
the depth for each axial surface crack; and ly is length of the local
collapse area. The critical distance, scr, can be estimated by equating
Eqs. (5) and (6), leading to

scr ¼ c2a2
c1a1

ðc1 þ 2t þ a1Þ þ
1
2
ða1 � a2Þ � c2 (7)

Thus when s � scr, Eq. (6) should be used to estimate burst
pressure. Otherwise when s > scr, Eq. (5) should be used.

Predicted maximum pressures from FE analysis are compared
with estimated one using Eqs. (5) and (6) in Fig. 7. It shows that
estimated burst pressures show similar trends to FE results for all
cases.

3.2. Non-aligned twin axial surface cracks: fully-overlapping case
(Fig. 1b)

Three cases of non-aligned multiple cracks are considered in
this work. The first case of non-aligned multiple cracks is the
fully-overlapping case (Fig. 1b), where the circumferential lig-
ament length h is the only variable. Experimental data showed
that the burst pressure increases with increasing h up to a
critical value, then decreases and finally converges at the burst
pressure of a single crack [11]. When the value of h is suffi-
ciently large, the equation for a single crack, Eq. (5), can be still
used. Otherwise, the following equation was proposed in our
previous work [12].

Initiation (44.62 MPa)  Maximum (47.2 MPa)  Penetration (36.0 MPa) 
(a)

Initiation (30.91 MPa)  Maximum (31.6 MPa)  Penetration (28.6 MPa)
(b)

Fig. 5. Crack propagation patterns (shown in darker color) for the collinear cases
(c ¼ 6.3 mm, s ¼ 1 mm): (a) a/t ¼ 0.3 and (b) a/t ¼ 0.7.

Fig. 6. Comparison of FE simulation results with experimental burst pressures for surface cracked tubes at 343 �C: (a) axial surface cracks and (b) circumferential surface cracks.
Figures are reproduced from Ref. [14].
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Pb ¼0:58
�
sy þ su

� t
ri�

1� c1a1 þ c2a2 �minðc1; c2Þminða1; a2Þ
lyt

�
with

ly ¼ maxðc1; c2Þ þ 2t þ 1
2
ða1 þ a2Þ þ

scr � jscr � hj
2

(8)

where ly is the length of the local collapse area and scr is the same as
that for the collinear crack case (given in Eq. (7)). Based on the
plastic zone shape and size, it was proposed that Eq. (8) can be used
to estimate burst pressure when h/2�scr. Otherwise when h/2>scr,
Eq. (5) should be used.

Predicted maximum pressures from FE analysis are compared
with estimated one using Eqs. (5) and (8) in Fig. 8. The FE results
show that the burst pressure first increases with increasing h, then
decrease and become constant. Estimated burst pressures also
show similar trends to FE results for all cases.

3.3. Non-aligned twin axial surface cracks: non-overlapping case
(Fig. 1c)

The second case of non-aligned multiple cracks is the non-
overlapping case (see Fig. 1c) where two geometric variables, s
and h, are involved. Note that this sub-section considers s � 0 and
the case with the negative s value will be given later in Section 3.4.

Again the burst pressure should approach that for a single crack for
sufficiently large s and h, and thus Eq. (5) can be used. Otherwise,
two cracks can interact and the following estimation equation for
the burst pressure has been proposed [12].

Pb ¼ 0:58
�
sy þ su

� t
ri

�
1� c1a1 þ c2a2

lyt

�
with ly

¼ c1 þ c2 þ
�
sþ h

2

�
þ 2t þ 1

2
ða1 þ a2Þ (9)

where ly is the length of the local collapse area. It was suggested
that Eq. (9) can be used when s þ h/2�scr, where scr is given by Eq.
(7).

Predicted maximum pressures from FE analysis are compared
with estimated one using Eqs. (5) and (9) in Fig. 9 for two different
cases of s, s ¼ 0 mm and s ¼ 1 mm. The FE results show that the
burst pressure increases with increasing h but converges, as pre-
dicted from Eqs. (5) and (9). It shows that estimated burst pressures
show similar trends to FE results for all cases.

3.4. Non-aligned twin axial surface cracks: partially-overlapping
cases (Fig. 1d)

The last case of non-aligned multiple cracks is the partially-
overlapping case (see Fig. 1d) where two geometric variables, s
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Fig. 7. Comparison of predicted maximum pressures from FE simulation with estimated ones using Eqs. (5) and (6) for tubes with multiple collinear surface cracks: (a) c ¼ 6.3 mm
and (b) c ¼ 12.7 mm.
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(negative value) and h, are involved. Note that there are no experi-
mental data for this case. Again for sufficiently large h (h � 2scr), the
burst pressure should approach that for a single crack and thus Eq.
(5) can be used. Otherwise, two cracks can interact and the following
estimation equation for the burst pressure has been proposed [12].

Pb ¼ 0:58
�
sy þ su

� t
ri

�
1� c1a1 þ c2a2 þ sminða1; a2Þ

lyt

�
with ly

¼ c1 þ c2 þ
�
sþ h

2

�
� s
minðc1; c2Þ

�
scr � jscr � hj

2
� h
2

�
þ 2t

þ 1
2
ða1 þ a2Þ

(10)

where ly is length of the local collapse area. This equation was
developed by interpolating equations for the fully-overlapping
case, s ¼ -c and non-overlapping case, s ¼ 0. When h/2�scr, Eq.
(10) can be used to estimate burst pressure. Otherwise when h/
2>scr burst pressures for each single crack should be estimated
using Eq. (5).

Fig.10 compares predictedmaximumpressures from FE analysis
with estimated ones using Eqs. (5) and (10) for two different cases
of h, h ¼ 1 mm and h ¼ 2 mm. It shows that the proposed equation
shows good agreement with FE data in all cases and similar trend in
all ranges.

4. Conclusions

In this paper, the burst pressure estimation equations for mul-
tiple axial surface cracked steam generator tubes, recently pro-
posed by the authors based on analytical local collapse load
approach [12], are further validated against systematic FE damage
analysis results of Alloy 690 tubes with twin axial surface cracks.
Although experimental validation of the proposed equations
against published tube burst test data was already given in our
previous work [12], those test data could cover only limited cases of
multiple crack geometries and in particular of the relative crack
depth (only 0.5).

The FE damage analysis method which has been validated
against experimental burst test data is used to generate more
general multiple crack cases (particularly for wide ranges of the
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Fig. 9. Comparison of FE and estimated burst pressure results for the non-overlapping case with c ¼ 6.3 mm and 12.7 mm: (a)e(b) s ¼ 0 mm and (c)e(d) s ¼ 1 mm.
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relative crack depth) for further validation. Three different relative
crack depths (0.3, 0.5 and 0.7) are considered for four different twin
crack configurations; the collinear, fully-overlapping, non-over-
lapping and partially-overlapping cases. For each case, the (longi-
tudinal and circumferential) distances between two cracks are
systematically varied. Calculated maximum pressures from FE
damage analysis are compared with the analytical burst pressure
estimation equations given in Ref. [12]. Comparison shows good
agreements for all cases considered in this work.
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