
1. Introduction

Offshore construction generally refers to the installation of 

structures and facilities in the marine environment for the production 

and transportation of electricity, petroleum, gas, and other resources. 

The shipbuilding industry is growing globally owing to the increasing 

freight volume, and drilling rigs are also actively being constructed for 

the development of marine resources (Lee et al., 2011; Song et al., 

2013; Kim and Kim, 2018). High-strength steels are used to construct 

these offshore structures as they are becoming increasingly large and 

the environments in which they are used are becoming increasingly 

harsh. However, the possibility of microcracks developing in 

high-strength steels is high in harsh environments (variable load 

action), and cracks that have formed can grow rapidly. Microcracks 

can develop when processing materials and when transporting and 

installing these structures. To ensure the safety and reliability of 

offshore structures, initial defects that lead to microcracking should be 

rendered harmless.

Recently, many researchers have been actively attempting to render 

cracks harmless using peening. Peening effectively induces a 

compressive residual stress in high-strength steel (Al-Hassani, 1982; 

Al-Obaid, 1990; Harada et al., 2007) and increases its fatigue life and 

strength (Lee and Kim, 1997; Benedetti et al., 2002). As the 

heat-affected zone of welds is prone to cracking, studies have been 

conducted on improving fatigue life and rendering cracks harmless by 

peening the weld toe (Houjou et al., 2013a; Fueki et al., 2015; Fueki et 

al., 2019). Furthermore, studies simulating the behavior of steels with 

existing microcracks have been conducted to investigate the use of 

peening to render cracks harmless (Takahashi et al., 2012; Houjou et 

al., 2013b). A crack is determined to be harmless using the relationship 
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between the stress intensity factor and the crack size based on the 

acting stress and compressive residual stress (Nakagawa et al., 2014; 

Ando et al., 2021; Nam et al., 2021). Each stress intensity factor is 

evaluated using the Newman–Raju equation (Newman and Raju, 1981) 

and API-RP579's equation (American Petroleum Institute, API, 2000). 

Equations to determine the threshold stress intensity factor of a 

microcrack have been proposed by El Haddad et al. (1979), Tange et 

al. (1991), and Ando et al. (2019). In particular, Ando et al. proposed 

an evaluation equation that depends on the crack size, considering the 

peculiar plastic behavior and stress ratio of fatigue in high-strength 

steels. This equation can be used to evaluate the fatigue limit and the 

threshold stress intensity factor of microcracks in high-strength steels 

(Ando et al., 2020; Ando et al., 2021; Park et al., 2020; Park et al., 

2021; Kim et al., 2020).

This study aimed to evaluate the dependence of the maximum depth 

of a harmless crack ( ) in needle peening (NP)-applied offshore 

structural steel F690 on the compressive residual stress distribution, 

threshold stress intensity factor range for large cracks ( ), and 

crack aspect ratio (). Furthermore, we evaluated the maximum 

allowable crack depth at an assumed safety factor () ( ), the 

minimum detectable crack depth via nondestructive inspection and 

  (), and the crack aspect dependence of  .

2. Materials and Experimental Methods

2.1 Materials and Model Specimens
This study investigated high-strength steel DNV F690, which is 

used in offshore structures. Table 1 describes the chemical 

composition of DNV F690 and Table 2 lists its mechanical properties. 

As shown in Fig. 1, the model specimen has a plate width 2 = 12 mm 

and a thickness  = 20 mm; a four-point bending fatigue stress with a 

Table 1 Chemical compositions of DNV F690 (wt.%)

C Si Mn P S Cr Ni Mo Al Cu Nb V Ti

0.18 0.46 1.6 0.025 0.025 0.18 0.36 0.05 0.045 0.28 0.038 0.03 0.02

Table 2 Mechanical properties of DNV F690

Yield strength (MPa) Tensile strength (MPa) Elongation (%)

851 876 15.2

Fig. 1 Schematic of a finite plate containing a semicircular crack

stress ratio  = 0.1 is applied, as in a previous study (Kim et al., 2021). 

A semicircular crack with a surface crack length (2) and depth () 

exists at the center of the specimen. We assumed four crack aspect 

ratios (): 1.0, 0.6, 0.3, and 0.1.

2.2 Residual Stress Distribution
Three types of compressive residual stress ①, ②, and ③ induced by 

NP were assumed in order to evaluate their effect on  , as shown in 

Fig. 2. Residual stress ② was obtained in an experiment (Kim et al., 

2021). Residual stress ① was the surface compressive residual stress 

of residual stress ② + 100 MPa, and residual stress ③ was the surface 

compressive residual stress of residual stress ② − 150 MPa. In the 

figure,   is the compressive residual stress of the surface, max  is the 

maximum compressive residual stress, max  is the depth at which the 

maximum compressive residual stress is observed, and   is the point 

where the compressive residual stress is 0. Table 3 summarizes these 

values. The fatigue limit of the smooth specimen was 740 MPa and 

that of the NP smooth specimen was 750 MPa (Kim et al., 2021). 

   of the smooth specimen obtained experimentally was 6.5 

MPam , but we assumed three values (3, 5, and 7 MPam ) to 

evaluate the effect of   . In general,   is related to the 

hardness of a material, and as the hardness increases,    

decreases. In this study, considering that the hardness of F690 varies 

depending on the heat treatment applied, we selected the three values 

of   . The fatigue limit of the NP smooth specimen depends on 

the residual stress distribution and   , but we assumed that the 

fatigue limit of the NP smooth specimens was identical to evaluate the 

dependence of   on the residual stress distribution and   . 

Fig. 2 Three types of residual stresses considered in this study

Table 3 Parameters of considered residual stresses 

  (MPa) max  (MPa) max  (mm)   (mm)

RS1 -150 -400 0.5 1.2

RS2 -250 -647 0.676 1.784

RS3 -400 -731 0.697 2.150
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2.3 Evaluation Method
In this study, we used Eq. (1), which was originally proposed by 

Ando et al. (Ando et al., 2019). This equation describes the 

dependence of the threshold stress intensity factor range ( ) on 

crack length when an existing crack in an infinite plate propagates 

under fatigue stress.
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where  is the crack length,    is the threshold stress intensity 

factor range for large cracks,   is the fatigue limit of the 

non-peened smooth specimen,  is a function of  in Fig. 1 and a 

shape factor obtained by the Newman–Raju equation (Newman and 

Raju, 1981). In contrast, the fatigue limit of the cracked specimen 

() can be evaluated using Eq. (2).

∆ ∆ (2)

Eqs. (1)–(2) are used to determine   and  for the deepest 

part of the crack (point A) in the cracked specimen to which bending 

stress is applied. To determine these values on the outermost surface 

(point C),  can be replaced with  in Eqs. (1) and (2).

We evaluated the crack depths corresponding to fatigue limit 

reduction rates of 25% and 50% in the smooth specimens. These crack 

depths are denoted by   and  . In our evaluation, the safety factor 

() for the fatigue limit was set to 2.0, as suggested in the standard 

established by the American Society of Mechanical Engineers 

(ASME). As   decreases till SF reaches 1.5, these cracks can always 

be detected via nondestructive inspection. Furthermore, in the case of 

 = 2.0, the maximum crack depth that can exist after a certain period 

is . Therefore, if there are no internal defects, surface crack 

nondamaging technology can ensure the safety of the cracks of  by 

peening.

  and  were evaluated using Eq. (3):

    (3)

where   is the stress intensity factor based on bending stress; it can 

be calculated using the Newman–Raju equation (Newman and Raju, 

1981). In other words,   is a stress intensity factor obtained by 

considering a 25% and 50% lower stress than the fatigue limit of the 

smooth specimen. In this case,   was evaluated at points A and C 

in Fig. 1, and a small crack size was used.

In contrast, the stress intensity factor of the NP specimen was 

evaluated using Eq. (4):

   (4)

where the stress intensity factor   based on the compressive residual 

stress was calculated using a stress intensity factor evaluation equation 

for surface cracks, considering the stress distribution shown in a 

four-order polynomial provided by API-RP579 (API, 2000). The stress 

intensity factor of a semi-circular crack existing in a plate is 

represented by Eq. (5):
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where –  are the shape correction factors of the stress intensity 

factor determined by API-RP579.  and  represent the depth and 

surface length of the semi-circular crack, respectively. and  are the 

width and thickness of the plate, respectively. –  are the factors 

obtained from the fourth-order polynomial approximation of the 

residual stress distribution.
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where  is the distance along the depth direction from the surface to 

the crack. In this study, the fourth-order polynomial approximation 

was used for the three types of compressive residual stress 

distributions shown in Fig. 2 to evaluate  . Table 4 lists the factors 
–  obtained from the fourth-order polynomial approximation of 

residual stress distribution.

Table 4 Factors obtained from fourth-order polynomial of residual 

stress distribution

　     

RS1 -8.46E+07 8.56E+06 1.03E+05 -1.64E+04 -1.48E+02

RS2 -1.75E+07 -8.74E+05 4.82E+05 -2.56E+04 -2.69E+02

RS3 2.89E+07 -6.04E+06 5.98E+05 -2.36E+04 -4.05E+02

Eq. (7) expresses the determining condition of   of the NP 

specimen:

 

    (7)

Eq. (7) was reviewed at points A and C, in Fig. 1, and a small crack 

size was determined with  .

The detection probability of a semi-circular fatigue crack was 

studied by Rummel et al. (1974). They reported that the ultrasonic 
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detection method showed the best detection probability of fatigue 

cracks. According to them, cracks with a 100% detection probability in 

the optimal conditions of the laboratory using this method had 2 = 12 

mm and  = 4 mm. Moreover, cracks with a 50% detection probability 

had 2 = 1.2 mm and  = 0.26 mm. The minimum crack dimensions 

were   0.17 mm. Recently, other researchers detected stress 

corrosion cracking with a depth () of 0.4 mm (Ochiai et al., 2006); 

however, since they did not mention the length, it was assumed to be a 

semi-circular crack. In this study, based on the above literature, we 

assumed that the ultrasonic detection method can sufficiently detect a 

semi-circular crack of 2 = 0.6 mm and  = 0.3 mm. Among ultrasonic 

testing methods, the echo reflection method’s echo intensity depends 

on the crack area. The area () of a semi-circular crack can be 

represented by Eq. (8):

  (8)

In other words, if the area of a semi-circular crack () is the same, 

even if the crack aspect ratio () changes, the crack detection 

probability remains the same. Therefore, if the area of a semi-circular 

crack of 2 = 0.6 mm and  = 0.3 mm is  , then the relationship 

between the maximum crack size   that can be detected from   

and  can be expressed by Eq. (9):

  
  (9)

3. Results and Discussion

Fig. 3 shows the crack depth () dependence of   and   for 

residual stresses ①, ②, and ③ in the case of  = 1.0. Fig. 3(a) shows 

the results at point A, and Fig. 3(b) shows the results at point C. Eq. (7) 

expresses the condition for determining the maximum harmless crack 

dimensions using NP, and the small crack dimensions of point A and 

point C are selected. These crack dimensions are marked with ●. In 

the case of  = 1.0,   values of residual stresses ①, ②, and ③ 

were determined at point C for all   .

Fig. 4 shows the crack depth () dependence of   and   for 

residual stresses ①, ②, and ③ in the case of  = 0.6. Fig. 4(a) shows 

the results at point A, and Fig. 4(b) shows the results at point C. In this 

case also, the crack dimensions that determine the maximum harmless 

crack dimensions are marked with ●. In the case of  = 0.6,   of 

residual stress ① was determined at point A for all   . While   

of residual stress ② was determined at point A in the cases of    

= 3 MPam  and    = 5 MPam , it was determined at point C 

in the case of . In contrast, of residual stress ③ was determined at point 

A in the case of    = 3 MPam  and at point C in the cases of 

(a) (b)

Fig. 3 Crack depth dependence of   and   at (a) point A and (b) point C in the case of  = 1.0

(a) (b)

Fig. 4 Crack depth dependence of   and   at (a) point A and (b) point C in the case of As = 0.6
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  = 5 MPam  and    = 7 MPam .

Fig. 5 shows the crack depth () dependence of   and   in 

the case of  = 0.3 for residual stresses ①, ②, and ③. Fig. 5(a) 

shows the results at point A, Fig. 5(b) shows the results at point C. In 

this case also, the crack dimensions that determine the maximum 

harmless crack dimensions are marked with ●. In the case of  = 

0.3, of residual stress ① was determined at point A when    = 5 

MPam  and    = 7 MPam , but it was determined at point C 

when    = 3 MPam .   of residual stress ② was determined 

at point A for all   . In contrast,   of residual stress ③ was 

determined at point A when   = 3 MPam  and   = 5 

MPam  and at point C when   = 7 MPam .

Fig. 6 shows the crack depth () dependence of   and   in 

the case of  = 0.1 for residual stresses ①, ②, and ③. Fig. 6(a) 

shows the results at point A, and Fig. 6(b) shows the results at point C. 

In this case also, the crack dimensions that determine the maximum 

harmless crack dimensions are marked with ●. In the case of = 0.1, 

  values of residual stresses ① and ② were determined at point A 

for all   . However,   of residual stress ③ was determined at 

point A in the cases of    = 3 MPam  and    = 5 MPam  

and at point C in the case of    = 7 MPam .

The surface crack nondamaging technology using NP is employed 

to ensure safety of structures. Fig. 7 shows the crack aspect ratio 

dependence of   when using NP. In Figs. 7(a), 7(b), and 7(c), 

   values are 3, 5, and 7 MPam , respectively.   was larger 

when the residual stress distribution was larger and deeper, indicating 

that   was considerably affected by the residual stress distribution. 

Furthermore,  and   increased,   increased.

Fig. 7 shows the crack depths corresponding to fatigue limit 

reduction rates of 25 % and 50% ( ,  ) in the non-NP specimens. 

The crack depth showed a decreasing tendency  decreased. 

Furthermore, the figure shows the relationship between   and , 

which was evaluated using Eq. (9).

In Fig. 7(a), since   of residual stress ① is below  , it cannot be 

rendered harmless. Since   of residual stress ② is below  , it can 

not be rendered harmless; however, since it is above  , it can be 

rendered harmless. Meanwhile, since of residual stress ③ is above 

 , it can be rendered harmless. Based on this, residual stress ③ can 

ensure the safety of structures that use this material via the surface 

crack nondamaging technology. In contrast, the crack detection ability 

(◆) determined by the above-assumed non-destructive inspection is 

above  . Therefore, it is difficult to detect cracks of   by using this 

non-destructive inspection, and it is necessary to apply a more 

sensitive non-destructive inspection technique.

(a) (b)

Fig. 5 Crack depth dependence of   and   at (a) point A and (b) point C in the case of As = 0.3

(a) (b)

Fig. 6 Crack depth dependence of   and   at (a) point A and (b) point C in the case of  = 0.1. 
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In Fig. 7(b), since   of residual stress ① is below  , it can not 

be rendered harmless. Since   of residual stress ② is above  , it 

can be rendered harmless. However, since it is below  , it cannot be 

rendered harmless.   of residual stress ③ can be rendered harmless 

since it is above  . Based on this, residual stress ③, determined 

using the surface crack nondamaging technology, can ensure the safety 

of structures that use this material. In contrast, the crack detection 

ability (◆) determined by the above-assumed non-destructive 

inspection is above  . Therefore, it is difficult to detect cracks of   

by using this non-destructive inspection, and it is necessary to apply a 

more sensitive non-destructive inspection technique.

In Fig. 7(c), since   of residual stress ① is below  , it cannot be 

rendered harmless. Furthermore, since   of residual stress ② is 

above  , it can be rendered harmless; however, since it is below   

except for   of  = 1.0, it cannot be rendered harmless.   of 

residual stress ③ can be rendered harmless since it is above  . Based 

on this, residual stress ③ can ensure the safety of structures that use 

this material via the surface crack nondamaging technology. In 

contrast, the crack detection ability (◆) determined by the 

above-assumed non-destructive inspection is above  . Therefore, it 

is difficult to detect cracks of   by using this non-destructive 

inspection, and it is necessary to apply a more sensitive 

non-destructive inspection technique.

Based on this, residual stress ①, determined by the surface crack 

nondamaging technology, cannot ensure the safety of structures that 

use this material; however, residual stress ② with  = 1.0 and 

residual stress ③ can ensure the safety of structures. In contrast, since 

the crack detection ability (◆) determined by the non-destructive 

inspection assumed for residual stresses ② and ③ is above  , this 

non-destructive inspection cannot detect cracks of  .

In Fig. 8, examination results of the maintenance and reliability of 

fatigue failure using non-destructive inspection and surface crack 

nondamaging technology (Nam et al., 2021) are shown. The schematic 

diagrams in Figs. 8(a)–8(d) show   and   determined when 

using NP and the relationship between the crack depth ( ), which 

reduces the fatigue limit to 1/N, and the crack aspect ratio () when 

the safety factor is . In Fig. 8(a), the condition is    . 

Under this condition, the surface crack nondamaging technology can 

facilitate appropriate maintenance, but the non-destructive inspection 

cannot facilitate appropriate maintenance. In Fig. 8(b), the condition is 

   . Under this condition, both non-destructive 

inspection and the surface crack nondamaging technology can 

facilitate appropriate maintenance. If NP is performed after 

non-destructive inspection to ensure complete safety, it can contribute 

greatly to the shortening of the periodic inspection period because it is 

required to detect only cracks that are deeper than the crack depth 

(a)     MPam (b)     MPam

(c)     MPam
Fig. 7 Effect of  on the rendered harmless crack depth  ,   and 
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corresponding to  . In Fig. 8(c), the condition is    . 

Under this condition, non-destructive inspection alone can facilitate 

appropriate maintenance, and the surface crack nondamaging 

technology cannot facilitate appropriate maintenance. In Fig. 8(d), the 

condition is    . Under this condition, since   is 

very small, it pertains to structural ceramics, and appropriate 

maintenance is impossible with non-destructive inspection and the 

surface crack nondamaging technology. However, peening forms 

significant residual stress in structural ceramics. Quality assurance can 

be provided for cracks caused by peening after self-healing.

4. Conclusion

In the case of varying    and three types of residual stresses of 

offshore structural high-strength steel F690, we evaluated As 

dependence of    and  dependence of crack depths (  and ) 

corresponding to fatigue limit reduction rates of 25 % and 50% in 

Non-NP specimens. Furthermore, in the case where the fatigue crack 

surface is the same irrespective of , we evaluated the As dependence 

of   using high-performance non-destructive inspection. Based on 

the results, we examined how the surface crack nondamaging 

technology will contribute to the longevity of F690 and the reliability of 

maintenance. The conclusions drawn are as follows.

(1)   was larger when the residual stress distribution was larger 

and deeper, indicating that was considerably affected by the 

residual stress distribution. Furthermore, as  and   

increased,   increased.

(2) At    3, 5, and 7 MPam ,   of residual stress ③ is 

above  , and at    7 MPam  in the case of residual 

stress ②,   of  = 1.0 is above  . Therefore, in the case of 

 = 2.0, the safety and reliability of F690 used for a long time 

can be ensured when using NP.

(3) Since the crack detection ability (◆) determined by the assumed 

non-destructive inspection cannot detect   at residual stresses 

①, ②, and ③, it is necessary to apply a more sensitive 

non-destructive inspection technique. 

(4) With the relationship of  ,  , and   with , we 

examined the usefulness of non-destructive inspection and the 

crack nondamaging technology.
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