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Numerical Analysis for Prediction 
of Fatigue Crack Opening Level 
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Finite element analysis(FEA) is the most popular numerical method to simulate plasticity- 

induced fatigue crack closure and can predict fatigue crack closure behavior. Finite element 

analysis under plane stress state using 4-node isoparametric elements is performed to investigate 

the detailed closure behavior of fatigue cracks and the numerical results are compared with 

experimental results. The mesh of constant size elements on the crack surface can not correctly 

predict the opening level for fatigue crack as shown in the previous works. The crack opening 

behavior for the size mesh with a linear change shows almost flat stress level after a crack tip 

has passed by the monotonic plastic zone. The prediction of crack opening level presents a good 

agreement with published experimental data regardless of stress ratios, which are using the mesh 

of the elements that are in proportion to the reversed plastic zone size considering the opening 

stress intensity factors. Numerical interpolation results of finite element analysis can precisely 

predict the crack opening level. This method shows a good agreement with the experimental data 
regardless of the stress ratios and kinds of materials. 
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1. Introduction 

Finite element analysis is the most popular 

numerical method to simulate plasticity-induc- 

ed fatigue crack closure (Newman, 1976, 1977; 

Ohji et al., 1974). Recently Solanki et a1.(2004) 
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said that the issues concerning the most two- 

dimensional analyses have become reasonably 

well understood from their review paper. But 

there are few studies that made comparisons be- 

tween finite element method and experimental 

results. 

According to the studies of Choi and Song 

(1995), Park et a1.(1997) and McClung and 

Sehitoglu (1991), the crack growth phenomenon 

through the numerical analysis is simulated as 

releasing a node along the crack line when a no- 

dal reaction force changes from tension to com- 

pression force. The valid crack opening level is 

obtained when it becomes stable after the crack 

tip advances beyond the monotonic plastic zone 

induced by the initial crack length. The mono- 

tonic plastic zone, the region of material experi- 

encing plastic deformation when the cracked 

member is subject to the maximum load in the 

cycle, is defined for plane stress conditions as 

follows 

__ 1 [Kmax'~Z 

McClung (1991) developed a simple method to 

predict the reversed plastic zone size in fatigue 

which takes crack closure into account. The basic 

concept is a simple one. Reversed plastic flow at 

the crack tip is driven by a singular stress field as 

long as the crack tip is open. When the crack tip 

closes, the singularity vanishes, but some further 

reversed plasticity can occur due to nominal  ap- 

plied stresses. The size of the reversed plastic zone 

at the moment of first crack tip closure is given 

by 

calculated by the opening stress intensity factors. 

But the weak point of this method is that the 

opening stress level is needed for the determina- 

tion of the mesh sizes that are in proportion to the 

reversed plastic zone size. 

Based on the previous researches, this paper is 

going to carry out the prediction of crack opening 

level that is determined by numerical interpola- 

tion using the assumed Kop calculated by the 

reversed plastic zone size through FEA. The 

advanced prediction method of crack opening 

level will be proposed. 

2. Fini te  E l e m e n t  M o d e l  

for the  Pred ic t ion  

of  Crack  Closure  M o d e l  

The detailed finite element model was shown 

in the author's previous work (Choi, 2000). A 

comparison between numerical and experimental 

results is very important to derive quantitative 

conclusions from finite element method. There- 

fore, we developed the same model for numerical 

analysis as the experimental specimen. A center- 

cracked tension (CCT), of initial notch 2ao=16 

mm, 10 mm thick, 184 mm long and 70 mm wide, 

is used as a finite element model for numerical 

analysis. Four-node isoparametric elements are 

used (Owen and Fawke, 1983). Only one-quarter 

of the specimen is modelled. 

Figure 1 shows the typical fine mesh configu- 

ration near crack tip surface. In this study, the 

sizes of elements in the fine mesh zone along the 

crack line linearly increase as shown in the previ- 

ous work (Choi, 2000). 

J r p  = 1  [ zlK~s/~2 (2) 
\ 2ay / 

where effective stress intensity factor 

ZIKeH=ZISer/f~d and effective stress 

ASe~'i = Smax- Sc~. 
Choi (2000, 2003) showed that the prediction 

of crack opening level presents a good agree- 

ment with the experiment data regardless stress 

ratios, which uses the mesh of elements that are 
in proportion to the reversed plastic zone size 

ranges , . • . ,  

ranges • : - - :  : -.: ~,, - : , ~,, - ' 

,da ini zJa fin 

Fig. 1 Typical increasing fine mesh along crack line 
used in this study 
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3. Results of Crack Opening 
Behavior Prediction 

From the Eq. (2) we can derive as 

U -  &k2~p (2ay-z /S)  (3) 
AK- AS ~ p  

where m is the effective stress intensity factor 

range ratio, which is the function value deter- 

mined by stress intensity factor range, applied 

load range and reversed plastic zone size. Eq. (3) 

represents that the effective stress range ratio U 

has the relationship with z/rp. The below formula 

can be deduced. 

UAS ,/~d z 
z/rpoc(26y__(l_U) AS ) (4) 

AS=ayAL is applied to Eq. (4) 

u ~  )2 (5) 
( l_ v) 

where AL is the applied loading range and z/L< 
0.1 because of high cycles fatigue, U is always 

less than 1. Eq. (6) can be derived. 

Arpoc ( U f ~ A L )  z (6) 

It can be assumed that applied loading range and 

crack length are constant regardless stress ratio. 

Eq. (7) can be shown as 

Arpoc U 2 (7) 

This relationship shows that the reversed plas- 

tic zone size is proportional to the power of 

effective stress intensity range ratio. Generally, it 

is reported that U is represented as the function 

of R like Eq. (8). Therefore the reversed plastic 

zone size is the function of R. 

Uoc f (R) (8) 

z/rpoc f (R) z (9) 

From the above equations we can know that 

the reversed plastic zone size is determined by R 

when applied loading range and crack length are 

constant. Uis  determined for any stress ratio from 

Zq. (3). 
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Fig. 2 Reverse plastic zone size for various stress 

ratios 

Figure 2 shows the reversed plastic zone size 

calculated by U from the crack opening results 

of Kurihara et al.'s experiment. Material used 

for Kurihara et al.'s experiment is structural steel 

JIS SM50B. Material properties are follows: 

Young's modulus E=200GPa ,  Poisson's ratio 

v=0.3, yield stress ay=367 MPa, and the plastic 

modulus or the linear strain hardening parameter 

H '=(day~de) =0.01E=2000  MPa. The results 

of Kurihara et al.'s experiment represent the rela- 

tionship of U=I/(1.5-R). Figure 2 shows the 

variation of reversed plastic zone size depending 

on stress ratio R in case that the applied loading 

range and the crack length are constant. The 

reversed plastic zone size outstandingly increases 

as stress ratio R increases. The maximum and the 

mean loading increases in case of R increment 

even though the loading range is constant. There- 

fore the reversed plastic zone size becomes larger 

as a square power function of stress ratio as 

shown in Eq. 9. Equation (6) assumes that the 

element size at crack tip region is in proportion 

to the reversed plastic zone size, which can be 

shown as 

Arp = kz/a (10) 

where z/a is element size at crack tip and k is 

proportional constant. 
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Figure 3 shows the FEA results of crack 

opening of JIS SM50B for k = 1 and k=0.8 ,  res- 

pectively and the relationship between the stress 

ratio, R, and the effective stress intensity factor 

range ratio U. FEA result for k = l  indicates 

slightly lower than the experimental result over 

all R values. But k=0 .8  is more similar to 

experimental data than k = l .  In this work k = 

0.8 is used as a proport ional  constant. 

For various comparisons we also apply to an 

aluminum material. The published experimental 

crack opening data used for the comparison is 

the results obtained form Kim (1993)'s experi- 

mental report. Material properties for the analysis 

are as follows: Young's modulus E = 7 0 G P a ,  

Poisson's ratio v=0.33, yield stress tyy=379 MPa, 

and the plastic modulus or the linear strain 

hardening parameter H ' = ( d a y / d e )  = 0 . 0 1 E =  

700 MPa. These properties are expected to corre- 

spond to the 2024-T351 aluminium alloy. The 

result of proportional constant k=0 .8  also shows 

the same trend for aluminum 2024-T351, which is 

not presented in this work. It can be deduced from 

the above results that the effective stress intensity 

range ratio solely corresponds to the stress ratio 
and the reversed plastic zone size such as U = 1/ 

(1.5-R) for JIS SM50B. 

In here, the algorithm for the effective stress 
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Flow chart of prediction method of crack 
opening level 

intensity range ratio, U, using F E A  for the con- 

stant stress ratio is shown in Fig. 4. Firstly, the 

reversed plastic zone size Arp is determined by 

the assumed effective stress intensity range ratio 

Uass=me using Eq. (2). The element size at crack 

tip is calculated using Arp from Eq. (10). The 

mesh for F E A  to predict crack opening behavior 

is generated as the method described in the pre- 

vious work (Choi, 2000; 2003). Secondly, FEA 

to predict crack opening behavior is carried out. 

The calculated effective stress intensity range ratio 

is determined from the results of FEA. Finally, if 

the difference between Ucal and Uassurne is within 

tolerance, U value is determined. If not, Uassume 
is redefined and the above procedure is repeated. 

It is very important to perform a quantitative 

comparison between the numerical results and 

the experimental ones. FEA results are compar- 

ed with the results of steel and aluminium. For  a 

steel material, the JIS SM50B's experimental res- 
ults of Kurihara et a1.(1987) are used. For  an 

aluminium material, Kim's experimental result 

are used. 
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The crack opening predictions for an alumi- 

num and a steel model are carried out according 

to the calculation procedure of Fig. 4. Table 1 

shows the results the opening level for the alumi- 

num alloy 2024-T351. Four times calculations 

are performed under the assumed Uassume and 

Arp. This calculation needs a lot of computa- 

tional times to satisfy the tolerance of the differ- 

ence between Ueal and Uassurae in Fig. 4. 

Figure 5 shows the results to determine the 

true crack opening value using the least square 

method. In Fig. 5 solid diamond marks and solid 

circular marks represent the assumed and the 

calculated values, respectively. The junction point 

of two fitting line denotes the predicted crack 

opening value for the assumed and calculated 

values. 

Table 1 Results of opening level for aluminum alloy 
2024-T351 

drp aop.d ay U , ~ =  ao~.,/ ay U,, 
(mm) 

0.044 0.031 0.631 0.0296 0.648 

0.045 0.030 0.643 0.0293 0.651 

0.047 0.029 0.655 0.0288 0.657 

0.052 0.028 0.666 0.0282 0.664 

Aluminum, R=0,  araax/ay=O.084, Uprea=0.661 

0.032 

6 

E 
8. 0.o28 
O 

o 

E 

0.024 

• Assumed Value 

• Calculated Value 
by FEM 

4,0E-05 4.5E-05 5.0E-05 5.5E-C5 

Reversed Plastic Region Size, ~(m) 

Fig. 5 Determination of opening level by least 
square method for aluminum alloy 2024- 
T351 

Figure 6 shows the results of the predicted 

crack opening level of the aluminum alloy 2024- 

T351 tbr stress ratios R = - I ,  0.0, 0.1 and 0.3. 

A solid line indicates the experimental results 

by Kim (1993) and solid circular marks are the 

predicted crack opening level by FEA. The nu- 

merical results agree very well with experimental 

ones through all stress ratios. 

Table 2, Fig. 7 and Fig. 8 show the results 

of the predicted crack opening level for the steel 

JIS SM50. These results also agree very well with 

the published experimental data as the case of 

the aluminum alloy 2024-T351. 

From these results we can conclude that the 

crack opening behavior prediction using FEA 

and the least square method presents a good 

agreement with the experiment data regardless 

of the kinds of materials and the stress ratio. 

Numerical method is very useful to determine 

Table 2 Results of opening level for steel JIS SM50B 

,drp 
(mm) aop.a/ ay U . . . . .  aop.c/ ay Ucal 

0.03737 0 . 0 3 6  0 .5714  0.03100 0.6310 

0.03892 0 . 0 3 2  0 .6190  0.03042 0.6379 

0.04341 0 . 0 2 9  0 .6548  0.02966 0.6469 

0.04813 0 . 0 2 6  0 .6905  0.02908 0.6538 

Steel, R=0,  amx/ay=O.084, Uprea=0.6444 
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Fig. 6 Comparison between experiment and predic- 
tion for aluminum alloy 2024-T351 
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tion for steel JIS SM50B 

tion to the reversed plastic zone size calculated 

by the opening stress intensity factors is per- 

formed for predicting crack opening level. Nu- 

merical results are compared with the experi- 

mentally measured ones. The conclusions obtain- 

ed are summarized as follows: 

(1) The reversed plastic zone size outstan- 

dingly increases as stress ratio R increases• The 

maximum and the mean loading increases in case 

of R increment even though the loading range 

is constant. Therefore the reversed plastic zone 

size becomes larger as a square power function 

of stress ratio. 

(2) For the exact prediction of crack opening 

behavior, the element size at crack tip region 

varies in proportion to the reversed plastic zone 

size, which can be shown as zlr~=kzJa. In this 

work the FEA result of the proportional con- 

stant, k=0.8,  shows a good relationship with 

experimental result. 

(3) The effective stress intensity factor range 

ratio, U, solely corresponds to stress ratio and 

reversed plastic zone size. 

(4) The crack opening level predicted by using 

the least square method using the results of finite 

element analysis shows the similar results with 

the experiment regardless of stress ratios and 

materials• 

(5) The crack opening level for the aluminum 

alloy 2024-T351 and the structural steel JIS 

SM50B using the method proposed in this study 

presents a good agreement with the experiment. 
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