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Abstract 

An elastic-perfectly plastic middle crack tension aluminum 2024-T3 alloy was used under plane stress, 

plane strain and 3D analysis to determine stabilized crack-opening stresses for different R-ratios and 

stress levels. The stabilized crack-opening stresses of a 3D analysis locate between those values of 

plane stress and plane strain conditions. Using the above strategy, one can determine crack-opening 

stresses for any desired thickness value using interpolating scheme. Two and three dimensional 

programs were developed based on small strain elasticity theory incorporating linear strain 

isoparametric elements. The plasticity part of the analysis uses initial stress approach. The crack was 

extended one element size as the applied load reached the maximum value of each load cycle. Crack 

opening and closure stresses of nodes on the crack surface plane after some cyclic crack extensions are 

demonstrated. Based on the obtained results, for the three-dimensional finite-element analysis, 

the calculated stabilized crack opening stresses always locate between those of plane stress 

and plane strain conditions.  
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1- Introduction 

The growth behavior of cracks in 

engineering components is a three- 

dimensional process. This behavior is 

affected by the closure of crack- surface 

planes, which depends on the state of 

stress. The closure phenomenon is 

associated with the plastic deformation left 

at the vicinity of the cracked body. 

Microscopically, the plastic deformation is 

furnished by means of dislocation 

movement in the highly stressed region of 

the material. Since the discovery of closure 

by W. Elber [1], many researchers have 

explored the closure behavior of metallic 

materials using numerical and 

experimental efforts. The works of many 

researchers have shown that closure under 

plane stress is much larger than that under 

plane strain conditions. The closure 

behavior of a three–dimensional cracked 

body varies along the crack front and 

depends on the crack geometry, crack size, 
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stress level and imposed boundary 

conditions. The three- dimensional closure 

behavior of finite thickness plates for 

different flaw geometries are investigated 

under different loading conditions [2-11]. 

Mirgilani [12] concentrate on modeling 

and growing a crack during Tension Stress 

and calculate first stress intensity factor. 

The previous closure work of three- 

dimensional cracked body by Chermahini, 

et al [7] suggested a closure value between 

that of plane stress and plane strain 

conditions using the same loading 

conditions. Based on the above 

phenomenon, one can determine the 

closure behavior of three dimensional 

specimens having different thicknesses by 

means of interpolating scheme along with 

the closure values of plane stress, plane 

strain and three-dimensional stress analysis 

with a specified thickness value. Using the 

above procedure, the two and three-

dimensional finite element programs were 

used to determine the stabilized crack-

opening stresses of middle crack tension 

specimens under constant amplitude crack 

extensions for different R-ratios and stress 

levels. The plot of stabilized crack-opening 

stresses as a function of both stress ratios 

and thicknesses are constructed for any 

stress level. The crack-closure and crack 

opening profiles of nodes on the crack-

surface plane after some crack extensions 

are demonstrated for unloading and 

reloading portions of load history. 

 

2-Specimen Configuration and Loading 

The three-dimensional middle- crack 

tension specimen Fig. 1 was used under 

constant amplitude crack extensions with 

different R-ratios and stress levels. The 

dimensions of the tensile bar specimen was 

b=38.1mm, h=76.2mm. The crack was 

extended one element size (0.02mm) at the 

maximum applied stress of each load 

cycle. The initial crack length was 

18.57mm. The modulus of elasticity E was 

70000MPa, Poisson ratio was 0.3 and the 

effective yield stress was 345MPa 

(Aluminum 2024-T3 Alloy). The finite-

element analysis was used on the middle-

crack tension specimen subjected to 

boundary condition and loading as shown 

in Fig. 2. The finite-element mesh in the 

z=0 plane, is shown in Fig. 3. 

 
Fig. 1 Middle-crack tension specimen subjected to 

uniform stress 

 

 

Fig. 2 A schematic of 1/8 of the middle- Crack 

tension specimen using finite-element analysis 
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Fig. 3 Specimen idealizations in x-y plane  

 

3-Results 

The middle crack tension specimens were 

subjected to different R-ratios and stress 

levels using finite-element analyses of 

fatigue crack growth and closure. To 

acquire more information about the growth 

behavior of cracks on the fractured 

surfaces, two dimensional finite element 

analysis of fatigue crack growth and 

closure was applied to the middle crack 

tension specimens under stress level of 

70MPa using different R-ratios. Then the 

three dimensional analysis was applied to 

the middle crack tension specimen under 

the same stress level and R-ratios. In the 

analysis, the Z=0 plane is considered as the 

interior region, where as the Z=C plane is 

considered the exterior one. In all of the 

models, the initial crack length was 

18.57mm. 

Using three-dimensional analysis, first the 

model was loaded to the maximum applied 

stress (70MPa) under R=-l. Then, the 

model was unloaded. During unloading, 

the nodes on the exterior region were 

closed. As the load was lowered, the other 

nodes on the crack-surface plane were 

closed. At the minimum applied stress, the 

nodes on the interior region were closed. 

As the model was reloaded, the nodes on 

the interior region were opened. As the 

load was increased further, the other nodes 

on the crack- surface plane were opened. 

At the maximum applied stress, the last 

nodes on the exterior regions were opened. 

This procedure was repeated for a number 

of forty cycles. Then, the average 

stabilized crack-opening stresses for any 

R- ratios were determined. 

As the previous work of three-dimensional 

fatigue crack closure [7] shows, the 

stabilized crack-opening stresses of a 

three-dimensional analysis always is 

between those of plane-stress and plane-

strain conditions under the same loading 

history as shown in Fig. 4.  

 

 
Fig. 4 Schematic diagrams of stabilized crack 

opening stresses as a function of thickness 

 

Using this behavior, one can construct the 

stabilized crack-opening stresses for 

different thicknesses using simple 

interpolating scheme. The stabilized crack-

opening stresses for stress level of 70MPa 

for Aluminum 2024-T3 alloy under 

different R-ratios are listed in Table. 1. The 

3-D graph of opening stresses as a function 

of R-ratios and thicknesses are shown in 

Fig. 5. 

To visualize the behavior of crack-closure 

and crack-opening stresses of nodes on the 

crack- surface plane, four different R-ratios 

(-1.-0.5, 0, 0.4) were chosen for the 30th 

cycle in the analysis. These behaviors of 

four different R-ratios are shown in Figs. 

6–9, respectively. 
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Fig. 5 Variation of stabilized crack opening stresses 

as a function of different thicknesses and stress 

ratios for stress level of 70MPa  

 

 
Fig. 6 Closure and opening profiles of nodes on the 

crack surface  plane under constant-amplitude crack 

extension with Smax =0.2σys and R=-1  

 

 
Fig. 7 Closure and opening profiles of nodes on the 

crack surface plane under constant-amplitude crack 

extension with Smax =0.2σys and R=-0.5  

 

 

 
Fig. 8 Closure and opening profiles of nodes on the 

crack surface  plane under constant-amplitude crack 

extension with Smax =0.2σys and R=0  

 

  

 
Fig. 9 Closure and opening profiles of nodes on the 

crack surface plane under constant-amplitude crack 

extension with Smax =0.2σys and R=0.4  

 

For R=-l, majority of nodes on the crack 

surface plane were closed and only some 

interior ones were opened. As the load was 

increased, the constraint effect on the 

interior region caused the interior nodes to 

be opened. Upon further increase in load, 

the other nodes on the interior of the crack-

surface plane were opened. Beyond stress 

level of 35MPa, the entire crack-surface 

plane was fully opened. 

For R=-0.5, most of the nodes on the 

crack-surface plane were closed and some 

interior ones were opened. This interior 

region is much larger than that of R=-l. As 

the load was increased further, the interior 

nodes due to the constraint effect were 

opened. At the stress level of 35MPa, some 

nodes in the vicinity of the crack were 

closed. Beyond this stress level, the entire 

crack- surface plane was fully opened. 
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For R=0, some nodes near the crack-tip 

region were closed. At stress level of 

14MPa, only the nodes on the exterior 

regions were closed and the interior ones 

due to the constraint effect were opened. 

At stress level of 21MPa, only some nodes 

on the exterior region which are nearly 

under plane stress conditions were closed. 

Beyond that stress level, the entire crack- 

surface plane was folly opened. 

For R=0.4, only some nodes on the 

exterior regions were closed. Beyond the 

stress level of 28MPa, the entire crack- 

surface plane was fully opened. 

 

4-Conclusion 

Two-and three-dimensional finite-element 

analysis of fatigue crack growth and 

closure were applied to the middle crack 

tension specimens under different R-ratios 

and stress levels using constant amplitude 

crack extensions. Based on the obtained 

results from the above analysis, the 

following conclusions can be drawn.  

For the three-dimensional finite-element 

analysis, the calculated stabilized crack 

opening stresses always locate between 

those of plane stress and plane strain 

conditions.  

For aluminum 2024 alloy, using damage 

tolerance procedures, having all the 

technical information regarding R-ratios 

and opening stresses and stress levels, one 

can determine the remaining life of 

engineering components. 3-Using plane 

strain conditions under stress level of 70 

MPa for R ratios greater than 0.2, there 

was not observed any closure stresses.  
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