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Abstract:  
Fracture is one of the main types of failure in solid cylinders, where the cracks exist 

when subjected to different types of mechanical loads. These cracks exist in the form 

of singular or multiple cracks. Multiple cracks can be one of the main reasons that 

further impacts the failure because the multiple cracks may have an interaction 

between one another. Therefore, this study is conducted to buckle down the problems 

that arise from the interactions of multiple cracks subjected to multiple loading. This 

study focuses on the interaction between multiple cracks located at the surface of the 

cylinder with parallel and non-coplanar parallel configuration. As the driving force 

for determining the crack interaction, the stress intensity factor (SIF) is selected. The 

Ansys finite element program is used to evaluate SIF's different crack geometries and 

separation distances under various types of mechanical loads. The results show that 

the effect of crack interaction on parallel cracks and non-coplanar cracks are impacted 

by shielding and amplifying effect. The angle of inclination between the cracks 

demonstrates an important role in the interaction because it can change the actions of 

the interaction from shielding effect to amplifying effects and vice-versa. 

 

Keywords: SIFs, Parallel Cracks, Non-coplanar Parallel Cracks, Single Crack, 

Interaction Factor, Normalized 

 

1. Introduction 

      Solid cylindrical shaft has a lot of usage in the modern day. The most prominent use of solid 

cylindrical shaft in our daily lives is the cylinder head in cars, which is a component in the combustion 

engine used to close the combustion chamber of the engine top. One of the common reasons for engine 

breakdown is the cracking of the cylinder head. Therefore, it is important to study the interaction 

between cracks using fracture mechanics. Fracture mechanics is a form of mechanical study that focuses 

on the method to predict and diagnose failure due to crack on a member.   The main feature of fracture 

mechanics is to characterise the physical situation near the crack tip in an adequate way, thus providing 

means for predicting the progress of damage depending on the properties of the material and external 
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load. The presence of a crack in a member magnifies the stress in the surrounding area of the crack and 

can lead to failure. Cracks act as stress risers and can cause stress in a part to spike near the tip of the 

crack. The most prominent used to predict crack behaviour is to calculate the 'Stress Intensity Factor'. 

Stress Intensity Factor, K is a useful concept for characterising the stress field near the crack tip. For 

this purpose, samples with notches of definite length instead of natural flaws are used. All the different 

definitions of fracture toughness have in common that they characterise the crack resistance of the 

material. They can be divided corresponding to the different stages of crack growth: crack initiation, 

slow crack growth, transition to unstable crack growth, unstable crack growth, and crack arrest. 

2. Geometry 

2.1 Cylinder geometry 

For the proposed condition, which is the parallel cracks on the surface of a solid cylinder is 

modelled using ANSYS modeller. The dimensions of the shaft will be based on the previous literatures, 

to ensure that the upcoming results can be verified based on the previous literatures. The diameter for 

the cylinder will be 50mm and 200mm in length (MK Awang et al, 2017.). The modelled cylinder will 

then be imported to ANSYS and viewed using ANSYS Mechanical to model the cracks 

 

Figure 1: Imported Model of the Specimen in ANSYS Design Modeller 

 

2.2 Crack geometry 

The placement of the cracks is be determined using the coordinate systems in ANSYS 

Mechanical. The Y-axis represents the vertical location of the cracks at the face of the cylinder, while 

the X-axis represents the horizontal placement of the cracks. The Z axis represents the range between 

the cracks within the cylinder. The Z-axis of the reference crack will remain unchanged at z=0, while 

the Z-axis for the observed crack varies with the values of 1, 2, 4, 8, 16, 32 and 64 to represent the c/l 

values of 0.005, 0.01, 0.02, 0.04, 0.08, 0.16 and 0.32 respectively. The cracks will then be added using 

the fracture feature with semi elliptical crack shape. Major radius represents the b (horizontal radius) 

while the minor radius represents the a (vertical radius). These values will be impacted by the values of 

a/D which ranges from 0.1, 0.2, 0.3, 0.4, while a/b ranges from 0.2 to 1.2 with the increment of 0.2 each 

(M.K Awang et al, 2017.) to agree with the parameters set by Shin and Chai, 2001. 
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Figure 2: Modelling of crack depth ratio, a/D and crack aspect ratio, a/b 

 

2.3 Crack configuration 

The two types of cracks considered in this study are introduced in this section. They are 

circumferential surface cracks with parallel and non-coplanar parallels. On the surface of the cylinder, 

two crack morphologies have been examined. The initial coordinate of X and Y axis for the reference 

crack will be fixed at (0, 25) for α=0 for the parallel configuration, while the coordinates of X and Y 

axis for the observed crack will vary based on the angle of inclination for the non-coplanar parallel 

configuration, (6.47, 24.15) for α=15. 

 

Figure 3: Parallel crack configuration 

 

Figure 4: Non-coplanar crack configuration 
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3. Determination of Interaction Factor 

The interaction factor, Ѱ is determined depending on SIF in this analysis. Therefore, the SIF must go 

through three stages in order to calculate the Ѱ. SIF is extracted from Ansys in the first step. In the 

second stage, the SIF extracted is normalized according to the form of loading to ensure the universality 

of the results. In the third and final stage, Ѱ is determined. ANSYS is used in the present study to model 

and analyse problems regarding multiple cracks 

3.1 Normalization of stress intensity factor 

Ansys offers the ability to create an infinite number of contours around the tip of the crack. These 

profiles are numbered radially outwards. The SIF at each contour was calculated in this work, six 

contours are produced around the crack tip during the analysis process, as shown in Figure 5. 

 

Figure 5: Alignment of contours around crack tip 

 

Based on the literatures, it should be taken note that for each type of loading, a separate equation 

is used to normalize the SIFs depending on the type and mode of loading. For tension loading, 

normalized SIF, F can be defined as (AE Ismail, 2012): 

Ft = 
𝐾𝑡

σ 𝑡√𝜋𝑎
      (1) 

Where Ft is the uniform SIF under the tensile load, Kt is the measured SIF under the tensile force 

(value derived from the sixth contour), σt t is the axial stress, where σt = P/A, P is the applied force, A 

= area. 

For bending load, the normalized SIF, F can be defined as: 

Fb = 
𝐾𝑏

σ 𝑏√𝜋𝑎
      (2) 

 Where Fb is the normalized mode I SIF under bending load. Kb is the calculated SIF under 

bending load. σb is the maximum bending stress, σb = M/I, where M is the moment applied. The SIF 

under torsional loading are as follows: 

Ftor-II = 
𝐾𝑡𝑜𝑟−𝐼𝐼

τ max √𝜋𝑎
     (3) 

Ftor-III = 
𝐾𝑡𝑜𝑟−𝐼𝐼𝐼

τ max √𝜋𝑎
     (4) 

 Where Ftor-II is the normalized SIF for mode II and Ftor-II is the normalized SIF for mode III 

under torsion load. 𝐾𝑡𝑜𝑟−𝐼𝐼 and 𝐾𝑡𝑜𝑟−𝐼𝐼𝐼 are the calculated SIF for modes II and III respectively, under 

torsion loading. 𝜏max is the maximum shear stress given by:  

𝜏max = 
𝑇(𝑅)

𝐽
     (5) 
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  Where T is the applied torque, R is the radius of the cylinder and J is the polar moment of inertia 

given by: 

J = 
𝜋 (𝐷)

32
      (6) 

 Where D is the diameter of the cylinder. In addition, when loading in mixed mode, stress and 

bending are combined with torsion and applied remotely to the cylinder. Due to this method of loading, 

the SIF of all three modes is measured, and then each mode is normalized separately. Finally, due to 

the product of the combined load, the SIF is equal to the FEQV, i.e.: 

 

FEQV = √(𝐹𝐼)2 + (λ𝐹𝐼𝐼)2 +  (
λ𝐹𝐼𝐼𝐼

1−ν
)2     (7) 

 Where FI, FII and FIII are the normalized SIFs for each mode respectively under mixed, mode 

loading. λ is the ratio between shear stress and bending stress. 

3.2 Determination of interaction factor 

The interaction factor, Ѱ is known as the SIF ratio in the case of two cracks to the SIF in the case of a 

single crack. As an example, Ѱ for torsion is the ratio of the normalized SIFs for two cracks to single 

crack in tension loading. The crack interaction factor can be expressed as: 

Ѱ = 
𝐹𝐷𝑜𝑢𝑏𝑙𝑒 𝐶𝑟𝑎𝑐𝑘

𝐹𝑆𝑖𝑛𝑔𝑙𝑒 𝐶𝑟𝑎𝑐𝑘
      (8) 

Where, FDouble Crack represents the normalized SIF for 2 cracks of any mode and FSingle represents 

the single crack of any mode. 

On the other hand, the effect of cracks on SIF can be demonstrated by three forms. The first is 

to amplify or improve the effect, which shows that the normalized SIF of two cracks is found to be 

higher than the normalized SIF of a single crack due to crack interaction. The second is the shielding 

effect in which, due to crack interaction, it is found that the normalized SIF of two cracks is smaller 

than the normalized SIF of a single crack. The third form is the case where there is no contact between 

cracks, where each crack can be considered an isolated crack. 

Based on the forms mentioned, it is crucial to organise the judgement rules. Therefore, the 

following formulae are utilised for this purpose: 

Ѱ>1+Ѱ𝑐       (9a) 

Ѱ<1−Ѱ𝑐       (9b) 

therefore, 

1−Ѱ𝑐>Ѱ>1+Ѱ𝑐      (10) 

 

 

4.     Results and Discussion 

4.1 Interaction analysis for singular and multiple parallel cracks 

Tension load was applied on the cylinder to examine the mode I loading. Different types of 

loadings used causes the cylinder to have different modes of failure. To present the tension mode I of 

failure, the term Ft was presented which was determined using equation (1). 
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Figure 6: The normalized SIFs for parallel cracks under tension, a/b=0.4 and a/D=0.1 (a), a/D=0.2(b), 

a/D=0.3(c), a/D=0.4(d) 

It should be noted that the Ft distribution pattern is absolutely different, but closer to the single 

crack trend in the separation distance ratio c/l when the a/D increases. It can be seen from the figure 

that the higher c/l ratio represents the increase in distance between cracks, and Ft approaches the single 

crack value, which means that the crack interaction has a greater effect when the cracks are positioned 

close to each other. As the cracks are positioned away from each other, the lesser the influence of the 

neighbouring crack. 

Table 1: Interaction factor for parallel external cracks under torsion when a/b=0.4 

a/b = 0.4 

a/D = 0.1 

Ѱ 

x/h 

c/l = 

0.005 

c/l = 

0.01 

c/l = 

0.02 

c/l = 

0.04 

c/l = 

0.08 

c/l=0.1

6 

c/l=0.3

2 

0.00 0.49 0.49 0.50 0.50 0.56 0.59 0.59 

0.50 0.25 0.26 0.27 0.27 0.33 0.35 0.35 

0.93 0.11 0.11 0.12 0.12 0.14 0.15 0.16 

a/D = 0.2 

Ѱ 

x/h 

c/l = 

0.005 

c/l = 

0.01 

c/l = 

0.02 

c/l = 

0.04 

c/l = 

0.08 

c/l=0.1

6 

c/l=0.3

2 

0.00 0.45 0.47 0.45 0.45 0.51 0.54 0.54 

0.50 0.23 0.24 0.23 0.23 0.26 0.29 0.30 

0.93 0.10 0.11 0.10 0.10 0.12 0.13 0.13 

a/D = 0.3 

Ѱ 

x/h 

c/l = 

0.005 

c/l = 

0.01 

c/l = 

0.02 

c/l = 

0.04 

c/l = 

0.08 

c/l=0.1

6 

c/l=0.3

2 

0.00 0.31 0.31 0.32 0.32 0.37 0.39 0.40 

0.50 0.21 0.22 0.22 0.22 0.26 0.29 0.30 

0.93 0.10 0.10 0.10 0.10 0.11 0.13 0.14 

a/D = 0.4 

Ѱ 

x/h 

c/l = 

0.005 

c/l = 

0.01 

c/l = 

0.02 

c/l = 

0.04 

c/l = 

0.08 

c/l=0.1

6 

c/l=0.3

2 

0.00 0.31 0.31 0.32 0.32 0.37 0.39 0.40 
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0.50 0.21 0.22 0.22 0.22 0.26 0.29 0.30 

0.93 0.10 0.10 0.10 0.10 0.11 0.13 0.14 

 

Based on the Ft distribution along the crack front. It is crystal clear that maximum interaction 

occurs at the point, at x/h=0.93. The interaction also can be observed increasing as the values of a/D 

increase. However, when the distance between cracks increases, represented by c/l, the interactions 

were reduced. When placed, near to each other, the parallel cracks interact more. Furthermore, the 

deeper the crack, the larger the separation needed for the crack to be free of the influence of 

neighbouring crack. 

To present the bending mode I of failure, the term Fb was presented which was determined using 

equation (2). The normalized SIF distribution Fb of parallel external cracks under bending load is shown 

in Figure 4.2, where the aspect ratio is a/b=0.4, aspect depth ratio of a/D=0.1, 0.2, 0.3 and 0.4. When 

compared to the tension load in Figure 4.1, the Fb pattern in bending load is almost identical to the 

parallel crack, but the amplitude is lower. Similarly, the a/D ratio adjustment causes the opposite effect 

that can be seen under tension load. 

 

Figure 7: The normalized SIFs for parallel cracks under bending, a/b=0.4 and a/D=0.1 (a), 

a/D=0.2(b), a/D=0.3(c), a/D=0.4(d) 

The interaction factors of two parallel crack configurations under bending load are shown in table 

4.2 when a/b = 0.4 and a/t = 0.1, 0.2, 0.3 and 0.4. The outcomes of the interaction factor suggest that 

point x/h=0.93 has had a serious interaction relative to point x/h=0.5 and 0. This effect is proportional 

to the increase in crack depth, where a higher interaction effect is seen by high crack depth, and vice 

versa. 
 

Table 2: Interaction factor for parallel external cracks under bending when a/b=0.4 

 

a/b = 0.4 

a/D = 0.1 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.22 0.22 0.22 0.22 0.21 0.16 0.05 

0.50 0.11 0.11 0.11 0.11 0.11 0.09 0.03 

0.93 0.05 0.05 0.05 0.05 0.05 0.04 0.01 

a/D = 0.2 

Ѱ 
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x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.22 0.22 0.23 0.23 0.21 0.15 0.05 

0.50 0.11 0.11 0.13 0.13 0.10 0.08 0.03 

0.93 0.05 0.05 0.06 0.06 0.04 0.04 0.01 

a/D = 0.3 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.17 0.14 0.21 0.21 0.26 0.12 0.24 

0.50 0.10 0.10 0.13 0.13 0.17 0.08 0.15 

0.93 0.05 0.05 0.06 0.06 0.08 0.04 0.07 

a/D = 0.4 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.08 0.08 0.08 0.08 0.08 0.06 0.02 

0.50 0.05 0.05 0.05 0.05 0.05 0.04 0.02 

0.93 0.03 0.03 0.03 0.03 0.03 0.02 0.01 

Two parallel external cracks were inspected under pure torsional load, of which only Ftor-II and 

Ftor-III were measured, indicating the uniform SIF of mode II and III under torsional load. Therefore, 

there will be no interaction for mode I. The orientation of the normalized SIFs as a function of the 

normalized crack front position, x/h for mode II and III respectively were shown in figure 8 and 9. 

Normalized SIF for bending mode II and III were calculated using equations (3) and (4) respectively. 

 

 

Figure 8: The normalized SIFs for parallel cracks under torsion mode II, a/b=0.4 and a/D=0.1 (a), 

a/D=0.2(b), a/D=0.3(c), a/D=0.4(d) 

Figure 8 displays the trend of Ftor-II, when a/b=0.4, for a/D=0.1,0.2,0.3 and 0.4. Ftor-II in the case 

of two cracks for the shallower depth are inversely proportional to the single crack. However, as the 

a/D goes deeper, especially at at a/D=0.3 and 0.4, the case for two cracks for the depths are mostly 
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directly proportional to the single crack as the shape of the graphs for two cracks follow the shape of 

the single crack. 

Table 3 indicates the interaction factor, Ѱ for the two parallel cracks under torsion with respect 

to mode II failure. Based on the results of Ѱ shown under torsion loading for mode II, the parallel cracks 

have an interaction with one another. When the crack is at its deepest and shallowest, at a/D=0.1 and 

0.4, the cracks have amplification effect, while at a/D=0.2 and 0.3, the cracks lean more to shielding 

effect.  

Table 3: Interaction factor for parallel external cracks under torsion mode II when a/b=0.4 

 

a/b = 0.4 

a/D = 0.1 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 2.30 1.51 1.71 1.71 2.33 0.70 2.43 

0.50 2.08 1.99 2.39 2.39 3.64 0.98 3.91 

0.93 7.97 5.86 7.26 7.26 11.47 1.42 12.56 

a/D = 0.2 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.87 0.83 0.95 0.95 1.42 0.63 1.56 

0.50 1.07 1.15 1.37 1.37 2.07 0.84 2.35 

0.93 0.78 0.84 0.93 0.93 1.45 0.31 1.65 

a/D = 0.3 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 1.10 1.21 1.40 1.40 1.68 0.34 1.69 

0.50 0.93 1.08 1.38 1.38 1.91 0.35 1.92 

0.93 0.57 0.65 0.83 0.83 1.22 0.10 1.22 

a/D = 0.4 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 1.23 1.27 1.56 1.56 2.06 0.77 2.23 

0.50 1.73 2.21 2.76 2.76 4.10 1.41 4.59 

0.93 7.23 7.78 4.72 4.72 14.16 2.36 15.89 
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Figure 9: The normalized SIFs for parallel cracks under torsion mode III, a/b=0.4 and a/D=0.1 (a), 

a/D=0.2(b), a/D=0.3(c), a/D=0.4(d) 

Figure 9 shows the distribution of normalized SIFs for mode III under torsion loading for parallel 

cracks, Ftor-III. As shown by the graph, Ftor-III distributed along the crack front where the maximum value 

was achieved at the deepest point of the crack at a/D=0.2 onwards. The single crack was not much 

affected by the change of the depth of the crack, a/D. this means that under torsion loading, the effect 

of changes in crack depth for Ftor-III was not significant. 

Table 4: Interaction factor for parallel external cracks under torsion mode III when a/b=0.4 

a/b = 0.4 

a/D = 0.1 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 3.34 1.68 1.86 1.86 2.17 0.44 2.18 

0.50 2.87 1.30 1.41 1.41 1.53 0.27 1.51 

0.93 2.55 0.53 0.59 0.59 0.63 0.05 0.62 

a/D = 0.2 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 2.77 1.89 2.02 2.02 2.55 0.75 2.62 

0.50 2.34 1.48 1.60 1.60 1.83 0.46 1.81 

0.93 2.13 0.61 0.67 0.67 0.77 0.09 0.75 

a/D = 0.3 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 2.11 1.74 1.82 1.82 2.34 0.86 2.44 

0.50 2.04 1.64 1.84 1.84 2.08 0.64 2.02 

0.93 1.99 0.76 0.84 0.84 0.97 0.14 0.93 

a/D = 0.4 

Ѱ 
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x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 1.68 1.59 1.66 1.66 2.13 0.90 2.20 

0.50 1.76 1.61 1.78 1.78 2.08 0.73 1.94 

0.93 1.74 0.84 0.94 0.94 1.11 0.20 1.00 

 

Figure 10: The normalized SIFs for parallel cracks under mixed-mode, a/b=0.4 and a/D=0.1 (a), 

a/D=0.2(b), a/D=0.3(c), a/D=0.4(d) 

Table 5: Interaction factor for parallel external cracks under mixed-mode when a/b=0.4 

a/b = 0.4 

a/D = 0.1 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.93 0.70 0.70 0.73 0.77 0.76 0.69 0.59 

0.50 0.36 0.36 0.40 0.42 0.44 0.39 0.36 

0.00 0.16 0.16 0.17 0.19 0.20 0.17 0.16 

a/D = 0.2 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.93 0.75 0.75 0.74 0.75 0.80 0.69 0.62 

0.50 0.35 0.35 0.39 0.39 0.41 0.34 0.34 

0.00 0.16 0.16 0.17 0.17 0.18 0.15 0.15 

a/D = 0.3 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.93 0.62 0.62 0.64 0.63 0.78 0.67 0.79 

0.50 0.37 0.37 0.43 0.42 0.53 0.45 0.54 

0.00 0.17 0.17 0.19 0.19 0.24 0.20 0.26 

a/D = 0.4 

Ѱ 
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x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.93 0.42 0.42 0.44 0.48 0.53 0.42 0.48 

0.50 0.28 0.28 0.31 0.34 0.37 0.29 0.34 

0.00 0.14 0.14 0.16 0.18 0.19 0.14 0.17 

The trend of FEQV-EXT was illustrated in figure 4-5 when a/b=0.2, a/D =0.1, 0.2, 0.3, 0.4. From 

the graph, we can observe that while having the same aspect ratio, a/b, the change in FEQV-EXT can be 

observed when the crack depth ratio changes. The value of x/h has a direct proportion relationship with 

a/D. A higher value of a/D resulted in a slight convex-curved shape while a lower value of a/D resulted 

in a more concave-curved shape. 

4.2 Interaction analysis for singular and multiple non-coplanar parallel cracks 

As previously mentioned, the non-coplanar parallel crack configuration for the cylinder was 

analysed under different types of loadings, similar to parallel cracks. For the cylinder, the considered 

angle of inclination of the cracks was α=15o. 

 

Figure 11: The normalized SIFs for parallel cracks under tension, a/b=0.4 and a/D=0.1 (a), 

a/D=0.2(b), a/D=0.3(c), a/D=0.4(d), α=15O 

The distribution of Ft for two cracks for c/l=0.005 and 0.01 shows shielding effect for every a/D, 

except for an a/D=0.3 where the cracks exhibit amplification effect at x/h=0 & 0.5. Cracks in a/D=0.4 

all having shielding effect. This proves that the deeper the cracks are, the more the neighbouring cracks 

have less impact until the depth reaches a/D=0.4. 

Table 6: Interaction factor for parallel external cracks under tension when a/b=0.4, α=15O 

a/b = 0.4 

a/D = 0.1 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.21 0.35 5.00 5.00 4.60 5.04 5.09 

0.50 1.02 0.58 2.30 2.30 2.23 2.41 2.44 

0.93 1.07 0.54 1.04 1.04 1.00 1.06 1.06 

a/D = 0.2 
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Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.33 0.21 0.70 0.70 7.67 7.14 7.50 

0.50 0.36 0.64 1.43 1.43 3.15 3.06 3.22 

0.93 0.63 1.03 0.98 0.98 1.05 1.12 1.16 

a/D = 0.3 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 3.23 0.08 3.24 3.24 2.23 2.88 3.05 

0.50 1.99 0.26 1.92 1.92 1.42 1.68 1.80 

0.93 0.88 0.66 0.77 0.77 0.71 0.77 0.83 

a/D = 0.4 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.11 0.11 0.11 0.28 0.56 0.82 0.79 

0.50 0.41 0.30 0.15 0.20 0.27 0.34 0.36 

0.93 0.18 0.19 0.15 0.14 0.15 0.16 0.16 

 

Figure 12: The normalized SIFs for parallel cracks under bending, a/b=0.4 and a/D=0.1 (a), 

a/D=0.2(b), a/D=0.3(c), a/D=0.4(d), α=15O 

At α=15o, the graph exhibits the similar shape to the parallel configuration when subjected to 

bending, Fb. The amplitude of the graph is much lower than that of the parallel crack configuration. the 

interaction factor, Ѱ for non-coplanar cracks under bending load. The interaction between cracks were 

further impacted as the value of c/l increases. This indicates that the further away the cracks are from 

each other, the more the interaction between neighbouring cracks. 
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Table 7: Interaction factor for parallel external cracks under bending when a/b=0.4, α=15O 

a/b = 0.4 

a/D = 0.1 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.22 0.22 0.22 0.22 0.21 0.16 0.05 

0.50 0.11 0.11 0.11 0.11 0.11 0.09 0.03 

0.93 0.05 0.05 0.05 0.05 0.05 0.04 0.01 

a/D = 0.2 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.22 0.22 0.23 0.23 0.21 0.15 0.05 

0.50 0.11 0.11 0.13 0.13 0.10 0.08 0.03 

0.93 0.05 0.05 0.06 0.06 0.04 0.04 0.01 

a/D = 0.3 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.17 0.14 0.21 0.21 0.26 0.12 0.24 

0.50 0.10 0.10 0.13 0.13 0.17 0.08 0.15 

0.93 0.05 0.05 0.06 0.06 0.08 0.04 0.07 

a/D = 0.4 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.08 0.08 0.08 0.08 0.08 0.06 0.02 

0.50 0.05 0.05 0.05 0.05 0.05 0.04 0.02 

0.93 0.03 0.03 0.03 0.03 0.03 0.02 0.01 

        

 

 

Figure 13: The normalized SIFs for parallel cracks under torsion mode II, a/b=0.4 and a/D=0.1 (a), 

a/D=0.2(b), a/D=0.3(c), a/D=0.4(d), α=15O 
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The Ftor-II exhibited mostly an opening mode. It also shows amplifying effect at x/h=0 for all 

points except at a/D=0.4. The interaction between cracks were more significant at a/D=0.1 and a/D=0.4. 

Most of the cracks at a/D=0.1 and 0.4 were showing the effects of shielding at point x/h=0.93. At 

a/D=0.2 and 0.3 however, the opposite happens where at x/h=0.93 show amplification effects. 

Table 8: Interaction factor for parallel external cracks under torsion mode II when a/b=0.4, α=15O 

a/b = 0.4 

a/D = 0.1 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 1.10 1.21 1.40 1.40 1.68 0.34 1.69 

0.50 0.93 1.08 1.38 1.38 1.91 0.35 1.92 

0.93 0.57 0.65 0.83 0.83 1.22 0.10 1.22 

a/D = 0.2 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 2.30 1.51 1.71 1.71 2.33 0.70 2.43 

0.50 2.08 1.99 2.39 2.39 3.64 0.98 3.91 

0.93 7.97 5.86 7.26 7.26 11.47 1.42 12.56 

a/D = 0.3 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 1.23 1.27 1.56 1.56 2.06 0.77 2.23 

0.50 1.73 2.21 2.76 2.76 4.10 1.41 4.59 

0.93 7.23 7.78 4.72 4.72 14.16 2.36 15.89 

a/D = 0.4 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.87 0.83 0.95 0.95 1.42 0.63 1.56 

0.50 1.07 1.15 1.37 1.37 2.07 0.84 2.35 

0.93 0.78 0.84 0.93 0.93 1.45 0.31 1.65 
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Figure 14: The normalized SIFs for parallel cracks under torsion mode III, a/b=0.4 and a/D=0.1 

(a), a/D=0.2(b), a/D=0.3(c), a/D=0.4(d), α=15O 

The Ftor-III shows amplifying effect at for all points of a/D, except at c/l=0.16, where the cracks 

exhibit shielding effect. The interaction between cracks were more significant as the a/D increase. 

This indicates that as the distance between cracks increase, the larger the effect of the neighbouring 

crack impacting the targeted crack. 

Table 9: Interaction factor for parallel external cracks under torsion mode III when a/b=0.4, α=15O 

a/b = 0.4 

a/D = 0.1 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 3.34 1.68 1.86 1.86 2.17 0.44 2.18 

0.50 2.87 1.30 1.41 1.41 1.53 0.27 1.51 

0.93 2.55 0.53 0.59 0.59 0.63 0.05 0.62 

a/D = 0.2 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 2.77 1.89 2.02 2.02 2.55 0.75 2.62 

0.50 2.34 1.48 1.60 1.60 1.83 0.46 1.81 

0.93 2.13 0.61 0.67 0.67 0.77 0.09 0.75 

a/D = 0.3 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 2.11 1.74 1.82 1.82 2.34 0.86 2.44 

0.50 2.04 1.64 1.84 1.84 2.08 0.64 2.02 

0.93 1.99 0.76 0.84 0.84 0.97 0.14 0.93 

a/D = 0.4 

Ѱ 
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x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 1.68 1.59 1.66 1.66 2.13 0.90 2.20 

0.50 1.76 1.61 1.78 1.78 2.08 0.73 1.94 

0.93 1.74 0.84 0.94 0.94 1.11 0.20 1.00 

 

Figure 15: The normalized SIFs for parallel cracks under torsion mixed-mode, a/b=0.4 and 

a/D=0.1 (a), a/D=0.2(b), a/D=0.3(c), a/D=0.4(d), α=15O 

FEQV shows a concave pattern for all a/D. Lower crack depth values, a/D=0.005, 0.01, 0.02 

and 0.04 shows an increase graph while the values of higher crack depth ratio, a/D=0.08, 0.16 and 

0.32 have decreasing values. The interaction of cracks is more visible as the value of x/h increase. All 

of the cracks show shielding effect, except at point x/h=0 at a/D=0.2. 

Table 10: Interaction factor for parallel external cracks under mixed-mode when a/b=0.4, α=15O 

a/b = 0.4 

a/D = 0.1 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.38 0.38 0.65 0.58 0.71 0.59 0.51 

0.50 0.29 0.29 0.34 0.31 0.34 0.28 0.24 

0.93 0.16 0.16 0.17 0.16 0.15 0.12 0.10 

a/D = 0.2 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 1.83 1.83 1.54 2.11 2.44 1.01 2.40 

0.50 0.27 0.27 0.26 0.37 0.42 0.32 0.36 

0.93 0.16 0.16 0.19 0.20 0.19 0.13 0.13 

a/D = 0.3 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.81 0.81 0.48 0.49 0.67 0.45 0.69 
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0.50 0.48 0.48 0.33 0.34 0.40 0.26 0.39 

0.93 0.23 0.23 0.20 0.20 0.21 0.12 0.14 

a/D = 0.4 

Ѱ 

x/h c/l = 0.005 c/l = 0.01 c/l = 0.02 c/l = 0.04 c/l = 0.08 c/l=0.16 c/l=0.32 

0.00 0.17 0.17 0.18 0.23 0.33 0.25 0.32 

0.50 0.19 0.19 0.23 0.19 0.23 0.16 0.20 

0.93 0.12 0.12 0.14 0.12 0.12 0.08 0.10 

 

5.     Conclusion 

The finite element analysis to determine the SIFs for semi elliptical parallel surface cracks has 

been conducted on a solid cylinder. There were various range of crack geometrical parameters such as 

crack depth ratio and crack aspect ratio, as well as crack separation ratio that ranges from close distance 

to long distance. The SIFs results for the parallel cracks configuration were obtained first. The result 

from the SIFs were normalized for generalisation to determine the interaction factor to outline the 

relationship between two cracks and single crack. The results of the tension, bending, torsion and 

mixed-mode SIFs were obtained and then normalized to generalize the results presented in the graphs. 

However, the findings were contradictory and the graphs obtained were not of the same pattern as the 

previous studies. Almost all the findings have shown that the double cracks are inversely proportional 

to the single crack. For torsion and bending loads, double cracks appear to have a similar pattern to a 

single crack as the ratio of crack distance increases. However, in the case of torsion, the results were 

random, especially in the crack depth ratio of a/D=0.3 in Mode II and III. In comparison to previous 

research, cracks appear to interact more in the outermost area than at the deepest point of the crack. In 

addition, much of the shielding effects often occur in the outermost regions due to cracks instead of the 

deepest point. For non-coplanar configuration, the tension and bending graphs were identical to the 

parallel configuration. In the case of torsional load, the graph pattern is becoming increasingly 

inconsistent, particularly in mode III. Thus, the relationship between parallel crack and non-coplanar 

torsional configuration cannot be defined. 
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