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(54) FISSURE PROGRESS ESTIMATION METHOD AND INFORMATION PROCESSING DEVICE

(57) [Object] Growth of a crack in a member is accu-
rately and easily predicted.

[Means to solve the problem] An the information
processing device 100 memorizes in advance, for each
portion (such as an R portion, a notch portion, and an
outer peripheral portion) of a member in which growth of
a crack is to be predicted, stress distribution Δσ(a) in the
depth direction obtained in the case no crack is present,
a relationship between depth of growing cracks and

creep contribution and a relationship between creep con-
tribution and parameters C and m of the Paris’s law; re-
ceives from a user an indication of a certain portion on
the member; and predict the growth of the crack at the
certain portion, based on the following equations: da/dN
= C x (ΔK)m, and ΔK = Δσ(a) x (π x a)1/2 (wherein "a" is
a crack depth, N is the number of occurrences of a cyclic
stress, C and m are constants determined for a member,
and ΔK is a stress intensity factor range).



EP 2 891 875 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

Technical field

[0001] The present invention relates to methods of predicting crack growth and information processing devices therefor
and, more particularly, to techniques for accurately and easily predicting growth of a crack developing in a member.

Background art

[0002] Patent document 1 describes, in order to evaluate life of equipment subjected to creep fatigue damage, calcu-
lating plastic strain increments Δεp based on strain that occurs under conditions where the load exerted on the equipment
is fluctuating; calculating creep strain increments Δεc based on increments of strain that occurs under conditions where
the load exerted on the equipment is steady; calculating fatigue damage cpp using the Δεp; calculating creep damage
cpc using the Δεc; and evaluating life of equipment.
[0003] Patent document 2 describes, in creep crack growth assessment, analyzing temperature and stress using input
information and analysis data on temperature and stress in a database; analyzing creep crack growth life using the
information obtained by the analysis, data of non-destructive inspection, and data obtained by the analysis of creep
crack growth life; and judging the time to replace components for high-temperature apparatus from the information
obtained by the analysis.

Related art documents

Patent documents

[0004]

Patent document 1: Japanese Patent Laid-open No. 2010-216983
Patent document 2: Japanese Patent Laid-open No. 2008-3009

Summary of the invention

Problems to be solved by the invention

[0005] Analysis of cracks developing in structures used at high temperature, such as steam turbines and boilers in
thermal or nuclear power plants, is typically made separately for initiation and growth of cracks. In many cases, a rule
is made by which, if cracking is found in an apparatus in service in a field, the cracking portion is immediately removed,
and behaviors of crack growth have not always been recognized.
[0006] Furthermore, an attempt for precise prediction of crack growth requires, for example, a numerical analysis using
the finite element method (FEM). This is a labor-intensive process because meshes (FEM models) need to be re-meshed
for each predicted depth of a growing crack and is also uneconomical because it is necessary to use a sophisticated
information processing device.
[0007] The present invention was made in view of such circumstances and an object thereof is to provide methods of
predicting crack growth with which growth of cracks developing in a member can accurately and easily be predicted,
and information processing devices therefor.

Means to solve the problems

[0008] One of the present inventions for solving the aforementioned problems is a method of predicting growth of a
crack in a member comprising the steps, executed by an information processing device, of:

memorizing, for each portion on the member, stress distribution Δσ(a) in the depth direction obtained in the case
no crack is present, a relationship between depth of growing cracks and creep contribution, and a relationship
between creep contribution and parameters C and m of the Paris’s law;
receiving from a user an indication of a certain portion on the member;
acquiring the stress distribution Δσ(a) in the depth direction for the certain portion;
acquiring a creep contribution at the depth of a growing crack for the certain portion, from the relationship between
depth of cracks and creep contribution memorized for the certain portion;
acquiring parameters C and m corresponding to the acquired creep contribution, from the relationship between
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creep contribution and parameters C and m of the Paris’s law memorized for the certain portion; and
predicting the growth of the crack in the certain portion, based on the following equations: 

and 

wherein "a" is a crack depth, N is a number of occurrences of a cyclic stress, C and m are constants determined for a
member, and ΔK is a stress intensity factor range.
[0009] According to the present invention, since growth of a crack is predicted by appropriately acquiring parameters
C and m on the basis of the creep contribution at the depth of a growing crack, the growth of cracks developing in
members can accurately and easily be predicted. In addition, the information processing device memorizes in advance,
for each portion on members, the stress distribution Δσ(a) in the depth direction in the case that no crack is present, the
relationship between the depth of growing cracks and the creep contribution, and the relationship between the creep
contribution and the parameters C and m of the Paris’s law, and automatically acquires, for a portion on a member
indicated by a user, the stress distribution Δσ(a) in the depth direction, the creep contribution at the corresponding depth
of the growing crack, and the parameters C and m corresponding to the creep contribution to predict the growth of the
crack in the indicated portion. The user can thus easily and rapidly obtain accurate information about the growth of the
crack in the indicated portion.
[0010] The information processing device calculates the relationship between the depth of cracks and the creep
contribution based on, for example, temporal change of stress at a depth of a growing crack in the member, a creep
rupture property, a measured value of a number of occurrences of a cyclic stress before a crack occurs in the member.
[0011] Since the relationship between the depth of cracks and the creep contribution is thus calculated based on the
temporal change of the stress at the depth of a growing crack in the member, the growth of the crack can accurately be
predicted in terms of the stress that varies at different depths of the growing crack in the member.
[0012] In addition, in the aforementioned method of predicting growth of a crack, the information processing device
acquires, from the user, a length of the crack appeared on a surface of the certain portion; predicts a depth of the crack
occurred in the certain portion based on the length of the crack; and defines the predicted depth of the crack as an initial
value to be used in predicting a growth of a crack in the certain portion.
[0013] Thus, since the information processing device automatically predict the depth of a crack developing in a certain
portion based on the length of the crack indicated by the user, the user can obtain information about the growth of the
crack even when the user does not input the depth of the crack. The information processing device defines, for example,
one third of the length of a surface crack as the crack depth in consideration of safety and a rule of thumb in the linear
fracture mechanics.
[0014] In addition, in the aforementioned method of predicting growth of a crack, the information processing device
corrects a curve representing the relationship between number N of the cyclic stresses and length "a" of a crack, the
curve being obtained by predicting growth of cracks in the certain portion, in the case that the curve has a steeply
changing segment where the length "a" of the crack steeply changes relative to the change in the number N of the cyclic
stresses, by drawing a tangent line on an upwardly convex portion of the steeply changing segment from the vicinity of
the origin. This allows us to obtain a good prediction result that is close to the one obtained using numerical computations
(e.g., ΔJc).
[0015] Another one of the present inventions is the aforementioned method of predicting growth of a crack wherein
the stress distribution Δσ(a) in the depth direction obtained in the case no crack is present for each portion on the member
is obtained by:

choosing, among known stress-strain properties, a property that satisfies the following equations: 
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and 

wherein Nf is a known number of occurrences of cracks in the portion, Ncp is a number of occurrences of cracks of
a cp type (tensile creep strain + compressive plasticity strain) in strain range partitioning, Npp is a number of occur-
rences of cracks of a pp type (tensile plasticity strain + compressive plasticity strain) in the strain range partitioning,
Δεcp is a cp strain range in the strain range partitioning, Δεpp is a pp strain range in the strain range partitioning, and
A1, A2, α1, and α2 are all experimentally calculated constants; and
determining stress distribution Δσ(0) of the portion in the case no crack is present in the portion based on the chosen
stress-strain property to perform a numerical analysis based on the Δσ(0), and wherein:

by the information processing device the growth of the crack in the portion is predicted according to the acquired
stress distribution Δσ(a) and the following equations: 

and 

wherein "a" is a crack depth, N is a number of occurrences of a cyclic stress, C and m are constants calculated for
a member, and ΔK is a stress intensity factor range.

[0016] According to the present invention, a numerical analysis is performed only on a stress distribution Δσ(0) obtained
in the case that no crack is present in the portion in which growth of a crack is to be predicted. The subsequent growth
of the crack is then predicted using the Paris’s law. Therefore, the growth of cracks can easily and rapidly be predicted
without a considerable amount of numerical computations.
[0017] According to the present invention, since the parameters C and m are appropriately selected depending on the
creep contribution at the depth of a growing crack to predict the growth of the crack using the Paris’s law, accuracy of
the crack growth prediction can be improved.
[0018] The information processing device memorizes, for example, the temporal changes of stress at the depths of
the growing cracks in the member, the creep rupture properties, the measured values of the number of occurrences of
the cyclic stress before the crack occurs in the portion and thereby calculates the creep contribution at the depth of a
growing crack.
[0019] Furthermore, the information processing device memorizes, for example, relationships between the Paris con-
stant and the hold time, identifies, among the relationship, the one whose creep contribution matches the calculated
creep contribution at the depth of the growing crack, determines the parameters C and m based on the identified
relationship, and predict the growth of the crack at the depth using the determined parameters C and m.
[0020] Other problems and means to solve them which are disclosed in the present application will be apparent from
the description of the embodiments for carrying out the invention and drawings.
[0021] According to the present invention, growth of cracks developing in members can accurately and easily be
predicted.

Brief description of the drawings

[0022]

Fig. 1 is a figure showing major hardware components of an information processing device 100.
Fig. 2 is a figure showing major functions of an information processing device 100.
Fig. 3 is a flowchart illustrating a crack growth prediction processing S300.
Fig. 4 shows a screen content which an information processing device 100 displays when receivting an information
specified (or input) from a user.
Fig. 5 is an example of the stress-strain property.
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Fig. 6 is an example of the stress distribution Δσ(a) in the target portion in the depth direction.
Fig. 7 is an example of the temporal change of stress 700 at the depth of the growing crack.
Fig. 8 is an example of the creep rupture property 800;
Fig. 9 is an example of the relationship between the Paris constant and the hold time 900.
Fig. 10 is a figure showing an example of the Paris constants C and m determined according to the creep contribution
at the depth of the growing crack.
Fig. 11 is an example of the result of the crack growth prediction.
Fig. 12 is an example of the result of the crack growth prediction.
Fig. 13 is an example of the result of the crack growth prediction.
Fig. 14 is an example of the result of the crack growth prediction (before correction).
Fig. 15 is an example of the result of the crack growth prediction (after correction).
Fig. 16 is an example of the result of the crack growth prediction.
Fig. 17 is an example of the stress distribution in the depth direction obtained in the case that no crack is present,
which is memorized in an information processing device 100.
Fig. 18 is an example of the relationship between the depth of the growing crack and the creep contribution, which
is memorized in the information processing device 100; and
Fig. 19 is an example of relationships between the creep contribution and the Paris constants, which is memorized
in the information processing device 100.

Embodiments for carrying out the invention

[0023] Embodiments are described below with reference to the drawings.
[0024] Fig. 1 shows major hardware components of an information processing device 100 to be used for achieving a
crack growth analysis system described as an embodiment. The crack growth analysis system of this embodiment is
used in analysis or diagnosis of thermal cracks or fatigue cracks which appear in members of, for example, structures
or various instruments used under high temperature conditions, such as a steam turbine or a boiler in a power plant
(e.g., a thermal power plant or a nuclear power plant).
[0025] As shown in the figure, the information processing device 100 comprises a central processing unit 101 (e.g.,
a CPU or an MPU), a primary storage device 102 (e.g., ROM, RAM, and NVRAM), a secondary storage device 103
(e.g., a hard disk drive, an magneto-optical disk drive, or an SSD (Solid State Drive), an input device 104 (e.g., a keyboard,
a mouse, or a touch panel), an output device 105 (e.g., a liquid crystal monitor or an organic EL panel), and a commu-
nication device 106 (e.g., a NIC (Network Interface Card)).
[0026] Fig. 2 shows major functions provided by the information processing device 100. As shown in the figure, the
information processing device 100 provides functions of a stress-strain property memorizing unit 201, a unit for memo-
rizing the number of occurrences of cracks 202, a stress-strain property choosing unit 203, a stress distribution Δσ(0)
calculating unit 204, a stress distribution Δσ(a) calculating unit 205, a crack growth prediction processing unit 206, a
creep contribution calculating unit 207, a Paris constant determining unit 208, a creep rupture property memorizing unit
209, and a Paris constant-hold time memorizing unit 210.
[0027] These functions are achieved by the central processing unit 101 loading and executing a program stored in
the primary storage device 102 or the secondary storage device, or by a function of the hardware of the information
processing device 100.
[0028] Among the functions shown in the figure, the stress-strain property memorizing unit 201 memorizes a plurality
of stress-strain properties for respective stress ranges for one or more portions (predetermined positions on the afore-
mentioned structure) on a member in which growth of a crack is to be predicted.
[0029] The unit for memorizing the number of occurrences of cracks 202 memorizes the number of occurrences of
cracks, received through, for example, an input device104, in each of one or more portions (such as an R portion, a
notch portion, and an outer peripheral portion) on a member in which growth of a crack is to be predicted (such as a
steam turbine and a boiler; hereinafter, referred to as a subject member).
[0030] The stress-strain property choosing unit 203 chooses a property that satisfies the following equations, among
a plurality of stress-strain properties for respective stress ranges memorized in the stress-strain property memorizing
unit 201 for a certain portion in which growth of a crack is to be predicted (hereinafter, referred to as a target portion)
on a subject member: 
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and 

[0031] Nf is the number of occurrences of cracks in the target portion, Ncp is the number of occurrences of cracks of
a cp type (tensile creep strain + compressive plasticity strain) in strain range partitioning, Npp is the number of occurrences
of cracks of a pp type (tensile plasticity strain + compressive plasticity strain) in the strain range partitioning, Δεcp is a
cp strain range in the strain range partitioning, Δεpp is a pp strain range in the strain range partitioning, and A1, A2, α1,
and α2 are all experimentally calculated constants (see, for example, Reference 1 "Masashi Nakashiro et al., "Failure
analysis and metallurgical evaluation of turbine stop and control valves used at super high temperature and pressure
plant", Therm. Nucl. Power, Vol. 35, No. 11, Nov. 1984, p. 48").
[0032] The stress distribution Δσ(0) calculating unit 204 calculates and memorizes a stress distribution Δσ(0) (surface
stress and a range of surface stress) in a target portion in the case that no crack is present in the target portion, based
on a stress-strain property chosen by the stress-strain property choosing unit 203.
[0033] The stress distribution Δσ(a) calculating unit 205 performs a numerical analysis (such as an analysis using the
finite element method (FEM)) using the Δσ(0) calculated by the stress distribution Δσ(0) calculating unit 204 to calculate
a stress distribution Δσ(a) in a target portion in the depth direction in the case that no crack is present in the target portion
(Figs. 5 and 17).
[0034] The crack growth prediction processing unit 206 predicts growth of a crack in a target portion, based on a stress
distribution Δσ(a) calculated by the stress distribution Δσ(a) calculating unit 205 and the following Paris’s law equations:

and 

[0035] It is noted that "a" is a crack depth, N is the number of occurrences of a cyclic stress, C and m are constants
determined for the subject member, and ΔK is a stress intensity factor range.
[0036] The creep contribution calculating unit 207 calculated relationships between depths of growing cracks and
creep contributions (Fig. 18) on the aforementioned prediction performed by the crack growth prediction processing unit
206.
[0037] The Paris constant determining unit 208 determines Paris constants C and m which are used by the crack
growth prediction processing unit 206 predicting growth of a growing crack at a depth of the crack, based on a relationship
between the depth of the growing crack and a creep contribution (Fig. 18) calculated by the creep contribution calculating
unit 207 and a relationships between the creep contribution and the Paris constants C and m (Fig. 19) described below.
[0038] The creep rupture property memorizing unit 209 memorizes a creep rupture property 700 (such as a creep
rupture property experimentally obtained on the same material as a subject member) of the subject member which is
described below (Fig. 6).
[0039] The Paris constant-hold time memorizing unit 210 memorizes relationships between Paris constants C and m
and hold time 800 (Fig. 8).
[0040] Fig. 3 is a flowchart illustrating a processing (hereinafter, referred to as a crack growth prediction processing
S300) executed by the information processing device 100 when a user uses the crack growth analysis system to predict
growth of a crack. The crack growth prediction processing S300 is described below with reference to the figure.
[0041] First, the information processing device 100 receives, from a user through the input device 104, an indication
of an object to be analyzed (such as a subject member, a target portion, or a material), operation conditions (such as a
steam temperature and a steam pressure), and information about a crack (such as a state of crack occurrence) (S311).
[0042] Fig. 4 shows an example of a screen content which the information processing device 100 displays on the
output device 105 upon the aforementioned input. As shown in the figure, in this example, the information processing
device 100 receives quality of a material and a portion where a crack initiates as the object to be analyzed, a steam
temperature and a steam pressure as operation conditions, and the number of shutdowns caused due to occurrence of
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a crack, the length of a current surface crack, and a crack depth (initial crack depth) as information on the crack.
[0043] With the screen content shown in Fig. 4, the user may skip indication (input) of the stress distribution Δσ(0) in
the target portion. When the user skips the indication of the stress distribution Δσ(0), the information processing device
100 automatically calculates the stress distribution Δσ(0) using strain range partitioning (which is a function of the
aforementioned stress distribution Δσ(0) calculating unit 204).
[0044] In addition, with the screen content shown in Fig. 4, the user may skip indication (input) of the crack depth
(initial crack depth). In the case that the user skips the indication of the crack depth, the information processing device
100 calculates the crack depth from the length of the surface crack indicated (input). The information processing device
defines, for example, one third of a surface crack as a crack depth in consideration of safety and a rule of thumb in the
linear fracture mechanics.
[0045] Next, the information processing device 100 receives the number of occurrences of cracks Nf and stress-strain
properties for the respective stress ranges which are memorized for the indicated target portion (S312, S313).
[0046] Fig. 5 shows an example of the stress-strain properties (taken from Reference 1). The stress-strain property
memorizing unit 201 memorizes a plurality of the stress-strain properties as shown in the figure for respective stress
ranges.
[0047] Next, the information processing device 100 chooses a property that satisfies the aforementioned equations 1
to 3, among the received stress-strain properties for respective stress ranges (S314). The information processing device
100 then calculates a stress distribution Δσ(0) in the target portion in the case that no crack is present in the target
portion, based on the chosen stress-strain property (S315).
[0048] Next, the information processing device 100 performs a numerical analysis (such as an analysis using the finite
element method (FEM)) using the calculated Δσ(0) to calculate a stress distribution Δσ(a) in the target portion in the
depth direction in the case that no crack is present in the target portion (S316).
[0049] Fig. 6 shows an example of the aforementioned stress distribution Δσ(a) calculated during this step. In this
example, the Δσ(a) is calculated based on the stress distribution along a straight line in the crack depth direction in the
target portion, which is calculated using the aforementioned numerical analysis. In this example, a sum of the absolute
value of a stress distribution ΔσA(a) at a time instant (tA) when compression reaches its maximum in the aforementioned
numerical analysis and the absolute value of a stress distribution ΔσB(a) at a time instant (tB) when tension reaches its
maximum in the aforementioned numerical analysis is calculated as the stress distribution Δσ(a) in the target portion in
the case that no crack is present in the target portion.
[0050] Turning back to Fig. 3, the information processing device 100 successively predicts the growth of the crack in
the target portion (a relationship between number of occurrences of a cyclic stress N and crack depth), based on the
calculated stress distributions Δσ(a) and the aforementioned Paris’s law (equations 3 and 4) (S317 to S319).
[0051] The shape of the subject member, the properties of a material and an environment (such as a temperature and
a pressure) where the subject member is placed vary depending on the depth of a growing crack. Accordingly, in the
aforementioned prediction, it is considered that the creep contribution also varies depending on the depth of a growing
crack due to the action of a cyclic stress.
[0052] Specifically, when growth of a growing crack at each depth of the crack is predicted, the information processing
device 100 calculates a creep contribution at the depth of the crack and determines (selects) Paris constants C and m
according to the calculated creep contribution.
[0053] The creep contributions at the depths of a growing crack can be calculated by, for example, applying a temporal
change of stress 700 at the depth of the growing crack, obtained by simplifying and simulating stress actually acting on
the target portion (such as a stress acting on a given portion at start-up, during operation, and at stop of a steam turbine)
as shown in Fig. 7 and a creep rupture property 800 illustrated in Fig. 8 (this figure is taken from Reference 2, that is,
page 10 of NIMS CDS No. 31B 1994) to the equation given below,: 

where t is a time instant, and Nr is the number of occurrences of a cycle stress exerted before a crack occurs in the
target portion, and tr(Δσ(t)) is a time to rupture under the action of a stress Δσ(t).
[0054] For example, for the surface of the target portion, the followings are herein assumed in the temporal change
700 in Fig. 7: Δσ(tB)=180 MPa, Δσ(tC) =20 MPa, and Δσ(tD) =140 MPa; and Δσ(tB) of 180 MPa lasts for 3 hours from a
time instant tA’ to a time instant tB’, Δσ(tC) of 20 MPa lasts for 150 hours from the time instant tB’ to a time instant tC, and
Δσ (tD) of 140 MPa lasts for 3 hours from the time instant tC to a time instant tE.
[0055] In this case, the following times can be received from the creep rupture property 800 in Fig. 8: 20,000 hours
for the time to rupture corresponding to 180 MPa at the time instant tB, 1.0E+07 (exponent notation) hours for the time
to rupture corresponding to 20 MPa at the time instant tC, and 50,000 hours for the time to rupture corresponding to 140
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MPa at the time instant tD. If the number of occurrences of a cyclic stress Nr is 617, then a creep contribution at that
depth of the growing crack can be given from the equation 6 as: 

[0056] Further, for the portion where a crack has developed for 3 mm from the surface of the target portion, the
followings are assumed in the temporal change 700 in Fig. 7: Δσ(tB)=140 MPa, Δσ(tC)=15 MPa, and Δσ(tD)=110 MPa;
and Δσ(tB) of 140 MPa lasts for 3 hours from the time instant tA’ to the time instant tB’, Δσ(tC) of 15 MPa lasts for 150
hours from the time instant tB’ to the time instant tC, and Δσ (tD) of 110 MPa lasts for 3 hours from the time instant tC to
a time instant tE.
[0057] In this case, the following times can be received from the creep rupture property 800 in Fig. 8: 4.0E+04 hours
for the time to rupture corresponding to 140 MPa at the time instant tB, 3.0E+07 hours for the time to rupture corresponding
to 20 MPa at the time instant tC, and 1.0E+05 hours for the time to rupture corresponding to 110 MPa at the time instant
tD. If the number of occurrences of a cyclic stress Nr is 617, then a creep contribution at the depth of the growing crack
can be given from the equation 6 as: 

[0058] Further, for the portion where a crack has developed for 5 mm from the surface of the target portion, the
followings are assumed in the temporal change 700 in Fig. 7: Δσ(tB)=100 MPa, ΔσF(tC)=10 MPa, and Δσ(tD)=80 MPa;
and Δσ(tB) of 100 MPa lasts for 3 hours from the time instant tA’ to the time instant tB’, Δσ(tC) of 10 MPa lasts for 150
hours from the time instant tB’ to the time instant tC, and Δσ (tD) of 80 MPa lasts for 3 hours from the time instant tC to
the time instant tE.
[0059] In this case, the following times can be received from the creep rupture property 800 in Fig. 8: 1.5E+05 hours
for the time to rupture corresponding to 100 MPa at the time instant tB, 1.0E+08 hours for the time to rupture corresponding
to 10 MPa at the time instant tC, and 2.5E+05 hours for the time to rupture corresponding to 80 MPa at the time instant
tD. If Nr is 617, then a creep contribution at the depth of the growing crack can be given from the equation 6 as: 

[0060] Further, for the portion where a crack has developed for 10 mm from the surface of the target portion, the
followings are assumed in the temporal change 700 in Fig. 7: Δσ(tB)=70 MPa, Δσ(tC)=7 MPa, and Δσ(tD)= 56 MPa; and
Δσ(tB) of 70 MPa lasts for 3 hours from the time instant tA’ to the time instant tB’, Δσ(tC) of 7 MPa lasts for 150 hours
from the time instant tB’ to the time instant tC, and Δσ (tD) of 56 MPa lasts for 3 hours from the time instant tC to the time
instant tE.
[0061] In this case, the following times can be received from the creep rupture property 800 in Fig. 8: 3.5E+05 hours
for the time to rupture corresponding to 70 MPa at the time instant tB, 3.0E+10 hours for the time to rupture corresponding
to 10 MPa at the time instant tC, and 6.0E+05 hours for the time to rupture corresponding to 80 MPa at the time instant
tD. If Nr is 617, then a creep contribution at the depth of the growing crack can be given from the equation 6 as: 

[0062] The information processing device 100 determines Paris constants C and m to be used for predicting the growth
of the growing crack, according to the creep contribution at the depth of the crack thus calculated.
[0063] Fig. 9 shows an example of the relationship between the Paris constant and the hold time memorized in the
information processing device 100. The data in this figure were obtained through actual measurements on specimens
made of the same material (Cr-Mo-V cast steel) as an actual apparatus (such as a bent portion of a reheat stop valve
in a steam turbine in a thermal power plant) in a predetermined environment (temperature: 550°C, stress: 6220 MPa)
except for the data for the hold time of 10,000 minutes. The data for the hold time of 10,000 minutes were estimated
from the graphs for 1 to 1,000 minutes.
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[0064] Creep contributions corresponding to each of the data (each line) shown in the figure can be calculated as
follows. For example, it is assumed that the number of cyclic stresses which occurred up to the time when a specimen
has been ruptured is 50 under conditions with a temperature of 550°C, a stress of 140 MPa, and a hold time of 167
hours. In this case, since 50,000 hours can be received, from the creep rupture property 800 in Fig. 8, for the time to
rupture in the case of creep damage alone, a creep contribution with the hold time of 10,000 minutes can be given as: 

[0065] Further, for example, when it is assumed that the number of cyclic stresses which occurred up to the time when
a specimen has been ruptured is 110 under conditions with a temperature of 550°C, a stress of 140 MPa, and a hold
time of 16.7 hours., a creep contribution with the hold time of 1,000 minutes can be given as: 

[0066] Furthermore, for example, when it is assumed that the number of cyclic stresses which occurred up to the time
when a specimen has been ruptured is 422 under conditions with a temperature of 550°C, a stress of 140 MPa, and a
hold time of 1.67 hours, a creep contribution with the hold time of 100 minutes can be given as: 

[0067] In addition, for example, when it is assumed that the number of cyclic stresses which occurred up to the time
when a specimen has been ruptured is 1025 under conditions with a temperature of 550°C, a stress of 140 MPa, and
a hold time of 0.167 hours, a creep contribution with the hold time of 10 minutes can be given as: 

[0068] When it is assumed that the number of cyclic stresses which occurred up to the time when a specimen has
been ruptured is 2300 under conditions with a temperature of 550°C, a stress of 140 MPa, and a hold time of 0.0167
hours, a creep contribution with the hold time of 1 minute can be given as: 

[0069] The information processing device 100 compares each of the creep contributions on the graph obtained as
described above (Fig. 9) with the creep contribution obtained using the equation 6 to identify the data having a value
corresponding to the creep contribution obtained using the equation 6, among the data shown in Fig. 9. In the afore-
mentioned comparison, logarithmic interpolation is used, if necessary. The information processing device 100 determines
(selects) the constants C and m obtained from the data thus identified, as the Paris constants to be used for predicting
growth of a growing crack at the depth of the crack.
[0070] Fig. 10 shows an example of the Paris constants C and m determined according to the creep contribution at a
depth of a growing crack. This figure corresponds to a case in which: the Paris constants C and m corresponding to the
data for the hold time of 10,000 minutes, 1,000 minutes, and 100 minutes is determined as the Paris constants to be
used when the crack depth is equal to or more than 1 mm and less than 3 mm, equal to or more than 4 mm and less
than 5 mm and equal to or more than 5 mm and less than 20 mm, respectively, in predicting growth of a growing crack
at each depth of the crack.
[0071] Turning back to Fig. 3, the information processing device 100 outputs, upon completion of the prediction of the
crack growth (S319: YES), the result thereof to the output device 105 (S320). For example, the information processing
device 100 stops the prediction of the crack growth when the number of occurrences of a cyclic stress N exceeds a
predetermined value.
[0072] Figs. 11 to 13 show examples of results of the crack growth prediction output by the information processing
device 100.
[0073] Fig. 11 shows a result of prediction of the growth of a crack whose depth is equal to or more than 1 mm and
equal to or less than 3 mm (accuracy is not ensured in a range over 3 mm) using the Paris constants C and m corresponding
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to the data for the hold time of 10,000 minutes. It can be seen from the figure, for example, that the crack depth reaches
3 mm (3.0E-03m) when the cyclic stress occurs 50 times.
[0074] Fig. 12 shows a result of prediction of the growth of a crack whose depth is equal to or more than 3 mm and
equal to or less than 5 mm (accuracy is not ensured in a range below 3 mm and over 5 mm) using the Paris constants
C and m corresponding to the data for the hold time of 1,000 minutes. It can be seen from the figure, for example, that
the crack depth reaches 5 mm (5.0E-03m) when the cyclic stress occurs 19 times after the depth of the crack exceeds
3 mm.
[0075] Fig. 13 shows a result of prediction of the growth of a crack whose depth is equal to or more than 5 mm and
equal to or less than 20 mm (accuracy is not ensured in a range below 5 mm and over 20 mm) using the Paris constants
C and m corresponding to the data for the hold time of 100 minutes. It can be seen from the figure, for example, that
the crack depth reaches 20.9 mm (20.9E-03m) when the cyclic stress occurs 500 times after the depth of the crack
exceeds 5 mm. In addition, from the same figure, the growth of the crack stops at or around the crack depth of 30.0 mm
(30.0E-03m).
[0076] When growth of a crack is predicted according to the aforementioned method, a crack growth curve may steeply
change (with a rate of change of a slope of a tangent line to the growth curve exceeding a predetermined amount) as
shown in Fig. 14 (in this figure, the crack rapidly changes (grows) in a range of N = 600 to 800). Such a rapid growth of
a crack is not observed on cracks which are actually present in an actual component. It is believed that this should be
due to application of a linear model to a non-linear event (growth of a crack according to the Paris’s law is proportional
to the eighth to tenth power of ΔK, whereas no such result cannot be found for an event in which a creep involves).
[0077] When a crack growth curve has such a steeply changing segment, the information processing device 100 draws
a tangent line on an upwardly convex portion of the steeply changing segment of the curve from the origin. This tangent
line (a line connecting between a point near the origin (the origin or a point near the origin) and a tangent point (a broken
line in Fig. 14)) is used as a growth curve in place of the original growth curve. For example, when the growth curve as
shown in Fig. 14 is obtained, the information processing device 100 corrects this into a growth curve as shown in Fig.
15. With such correction, a growth curve generally reflecting actual growth of cracks (or results of numerical computation
of, for example, ΔJ) can be obtained.
[0078] As described above, in the crack growth analysis system according to this embodiment, a numerical analysis
is performed only on a stress distribution Δσ(0) obtained in the case no crack is present in the portion in which growth
of a crack is to be predicted, and the subsequent growth of the crack is predicted using the Paris’s law. The growth of
cracks can thus easily and rapidly be predicted using the information processing device 100 such as a personal computer.
[0079] In maintenance of cracks in structures used at high temperature, such as turbines and boilers in thermal or
nuclear power plants, a rule is made in many cases, by which a crack is immediately repaired when it occurs. According
to the crack growth analysis system of this embodiment, in the case that a crack occurs, subsequent growth of the crack
can easily be predicted. Therefore, a way of dealing with a crack when it occurs can be determined (such as whether
immediate repair is required) and maintenance of cracks in structures can be efficiently made.
[0080] Furthermore, in the crack growth analysis system according to this embodiment, the parameters C and m are
appropriately selected on the basis of the creep contribution at the depth of a growing crack to predict the growth of the
crack. Accordingly, the growth of cracks can be predicted with high accuracy. Moreover, the Paris constants C and m
are considered as a function of time, i.e., C(t) and m(t), and the creep contribution and the hold time are connected to
determine the Paris constants C and m to be used for the depth of a growing crack. Accordingly, the growth of cracks
can be easily and accurately predicted using the relationship between the actually measured Paris constants C and m
and the hold time (relationship between ΔK and da/dN). It is possible to enlarge a range in which crack growth can be
predicted by predicting a relationship for the other hold time between the Paris constants C and m and the hold time,
based on the relationship between the actually measured Paris constants C and m and the hold time,.
[0081] Moreover, in the crack growth analysis system according to the present embodiment, the information processing
device 100 calculates the relationship between the depth of growing cracks and the creep contribution based on temporal
change of stress at the depth of a growing crack, simplified stress actually acting on a member. Accordingly, the temporal
change of stress actually acting on the member can be reflected to a calculation result, and the relationships between
the depth of a growing crack and creep contribution can be calculated in a manner close to the reality. In addition, since
stress actually acting on a member is simplified and temporal change of that stress at the depth of a growing crack is
simulated, the relationship between the depth of a growing crack and the creep contribution can be more easily and
rapidly calculated compared to the case where complicated stress actually acting on the member is taken into consid-
eration.
[0082] As described above, the information processing device 100 automatically calculates stress distribution Δσ(0)
using strain range partitioning when a user does not indicate the stress distribution Δσ(0). The information processing
device 100 also calculates the depth of a crack from the length of the indicated surface crack in the case that the user
does not indicate the depth of the crack.
[0083] Fig. 16 shows results of the crack growth prediction for cases where a user: indicates both of the stress
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distribution Δσ(0) and the crack depth (reference numeral 151); does not indicate the stress distribution Δσ(0) but indicates
the crack depth (reference numeral 152), and indicates neither the stress distribution Δσ(0) nor the crack depth (reference
numeral 153), along with a case where numerical computation (ΔJc) is used (reference numeral 154). As shown in the
figure, even when the user does not indicate stress distribution Δσ(0) and/or crack depth, growth of a crack can be
predicted with high accuracy.
[0084] The embodiment described above is for the purpose of facilitating the understanding of the present invention
and does not limit the present invention. It is needless to say that the present invention can be modified or improved
without departing from spirit thereof and encompasses equivalents thereof.
[0085] For example, the information processing device 100 may calculate and memorize (as a database) in advance,
for each target portion (such as an R portion, a notch portion, or an outer peripheral portion), the stress distribution Δσ(a)
in the depth direction in the case that no crack is present (Fig. 6), the relationship between the depth of a growing crack
and the creep contribution (which can be calculated with the equation 6) and the relationship between the creep contri-
bution and the Paris constants C and m; thereby a user can obtain results of crack growth prediction more easily and
rapidly.
[0086] In this case, an example of stress distributions in the depth direction obtained in the case that no crack is
present, an example of the relationship between the depth of a growing crack and the creep contribution, and an example
of the relationship between the creep contribution and the Paris constants C and m, which are memorized in the information
processing device 100, are shown in Figs. 17, 18, and 19, respectively.

Denotation of reference numerals

[0087]

100 information processing device
201 stress-strain property memorizing unit
202 a unit for memorizing the number of occurrences of cracks
203 stress-strain property choosing unit
204 stress distribution Δσ(0) calculating unit
205 stress distribution Δσ(a) calculating unit
206 crack growth prediction processing unit
207 creep contribution calculating unit
208 Paris’s law parameter selection unit
209 creep rupture property memorizing unit
210 Paris constant-hold time memorizing unit
S300 crack growth prediction processing
500 temporal change of stress at depths of a growing crack
600 creep rupture property
700 relationship between Paris constants and hold time

Claims

1. A method of predicting growth of a crack in a member comprising the steps, executed by an information processing
device, of:

memorizing, for each portion on the member, stress distribution Δσ(a) in the depth direction obtained in the
case that no crack is present, a relationship between depth of growing cracks and creep contribution, and a
relationship between creep contribution and parameters C and m of the Paris’s law;
receiving from a user an indication of a certain portion on the member;
acquiring the stress distribution Δσ(a) in the depth direction for the certain portion;
acquiring a creep contribution at the depth of a growing crack for the certain portion, from the relationship
between depth of cracks and creep contribution memorized for the certain portion;
acquiring parameters C and m corresponding to the acquired creep contribution, from the relationship between
creep contribution and parameters C and m of the Paris’s law memorized for the certain portion; and
predicting the growth of the crack in the certain portion, based on the following equations: 
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and 

wherein "a" is a crack depth, N is a number of occurrences of a cyclic stress, C and m are constants determined
for a member, and ΔK is a stress intensity factor range.

2. The method according to Claim 1, wherein the relationship between depth of cracks and creep contribution memorized
by the information processing device is calculated based on temporal change of stress at a depth of a growing crack
in the member, a creep rupture property, a measured value of a number of occurrences of a cyclic stress before a
crack occurs in a portion on the member.

3. The method according to Claim 1 or 2, comprising the steps, executed by an information processing device, of:

acquiring, from the user, a length of the crack appeared on a surface of the certain portion;
predicting a depth of the crack occurred in the certain portion based on the length of the crack; and
defining the predicted depth of the crack as an initial value to be used in predicting a growth of a crack in the
certain portion.

4. The method according to Claim 3, wherein by the information processing device a value obtained by multiplying the
acquired length of the crack appeared on the surface of the certain portion with 1/3 is used as a predicted value for
the depth of the crack occurred in the certain portion.

5. The method according to any one of Claims 1 to 4, wherein by the information processing device, when a curve
representing the relationship between number N of the cyclic stresses and length "a" of a crack, the curve being
obtained by predicting growth of cracks in the certain portion, has a steeply changing segment where the length "a"
of the crack steeply changes relative to the change in the number N of the cyclic stresses, the curve is corrected
by drawing a tangent line on an upwardly convex portion of the steeply changing segment from the vicinity of the origin.

6. The method according to any one of Claims 1 to 5, wherein the stress distribution Δσ(a) in the depth direction
obtained in the case that no crack is present for each portion on the member is obtained by:

choosing, among known stress-strain properties, a property that satisfies the following equations: 

and 

wherein Nf is a known number of occurrences of cracks in the portion, Ncp is a number of occurrences of cracks
of a cp type (tensile creep strain + compressive plasticity strain) in strain range partitioning, Npp is a number of
occurrences of cracks of a pp type (tensile plasticity strain + compressive plasticity strain) in the strain range
partitioning, Δεcp is a cp strain range in the strain range partitioning, Δεpp is a pp strain range in the strain range
partitioning, and A1, A2, α1, and α2 are all experimentally calculated constants; and
determining stress distribution Δσ(0) of the portion in the case that no crack is present in the portion based on
the chosen stress-strain property to perform a numerical analysis based on the Δσ(0), and wherein:
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by the information processing device the growth of the crack in the portion is predicted according to the
acquired stress distribution Δσ(a) and the following equations: 

and 

wherein "a" is a crack depth, N is a number of occurrences of a cyclic stress, C and m are constants
determined for a member, and ΔK is a stress intensity factor range.

7. An information processing device having a CPU and a memory, comprising:

means for memorizing, for each portion on the member, stress distribution Δσ(a) in the depth direction obtained
in the case no crack is present, a relationship between depth of growing cracks and creep contribution, and a
relationship between creep contribution and parameters C and m of the Paris’s law;
means for receiving from a user an indication of a certain portion on the member;
means for acquiring the stress distribution Δσ(a) in the depth direction for the certain portion;
means for acquiring a creep contribution at the depth of a growing crack for the certain portion, from the rela-
tionship between depth of cracks and creep contribution memorized for the certain portion;
means for acquiring parameters C and m corresponding to the acquired creep contribution, from the relationship
between creep contribution and parameters C and m of the Paris’s law memorized for the certain portion; and
means for predicting the growth of the crack in the certain portion, based on the following equations: 

and 

wherein "a" is a crack depth, N is a number of occurrences of a cyclic stress, C and m are constants determined
for a member, and ΔK is a stress intensity factor range.

8. The information processing device according to Claim 7, wherein the relationship between depth of cracks and
creep contribution is calculated based on temporal change of stress at a depth of a growing crack in the member,
a creep rupture property, a measured value of a number of occurrences of a cyclic stress before a crack occurs in
a portion.

9. The information processing device according to Claim 7 or 8, comprising:

means for acquiring, from the user, a length of the crack appeared on a surface of the certain portion;
means for predicting a depth of the crack occurred in the certain portion based on the length of the crack; and
means for defining the predicted depth of the crack as an initial value to be used in predicting a growth of a
crack in the certain portion.

10. The information processing device according to Claim 9, wherein a value obtained by multiplying the acquired length
of the crack appeared on the surface of the certain portion with 1/3 is used as a predicted value for the depth of the
crack occurred in the certain portion.

11. The information processing device according to any one of Claims 7 to 10, comprising:

means for correcting a curve representing the relationship between number N of the cyclic stresses and a length
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"a" of a crack, the curve being obtained by predicting growth of cracks in the certain portion, when the curve
has a steeply changing segment where the length "a" of the crack steeply changes relative to the change in the
number N of the cyclic stresses, the curve is corrected by drawing a tangent line on an upwardly convex portion
of the steeply changing segment from the vicinity of the origin.

12. The information processing device according to any one of Claims 7 to 11, comprising:

means for obtaining the stress distribution Δσ(a) in the depth direction obtained in the case no crack is present
for each portion on the member by:

choosing, among known stress-strain properties, a property that satisfies the following equations: 

and 

wherein Nf is a known number of occurrences of cracks in the portion, Ncp is a number of occurrences of
cracks of a cp type (tensile creep strain + compressive plasticity strain) in strain range partitioning, Npp is
a number of occurrences of cracks of a pp type (tensile plasticity strain + compressive plasticity strain) in
the strain range partitioning, Δεcp is a cp strain range in the strain range partitioning, Δεpp is a pp strain
range in the strain range partitioning, and A1, A2, α1, and α2 are all experimentally calculated constants; and
determining stress distribution Δσ(0) of the portion in the case no crack is present in the portion based on
the chosen stress-strain property to perform a numerical analysis based on the Δσ(0); and
means for predicting the growth of the crack in the portion according to the acquired stress distribution
Δσ(a) and the following equations (Paris’s law): 

and

wherein "a" is a crack depth, N is a number of occurrences of a cyclic stress, C and m are constants
determined for a member, and ΔK is a stress intensity factor range.
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