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해석적 방법을 통한 크랙에서 나타나는 SM45C, Short Fiber GFRP 및

Woven Type CFRP의 J-Integral들에 대한 비교 연구
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Transportation machine manufacturers are putting in efforts on research based on weight reduction. One of the

representative materials for weight reduction is Fiber Reinforced Plastic (FRP). Increased used of FRP, glass fiber and

carbon fiber could be a way of weight reduction. It is almost unavoidable to generate holes or notches during structural

design. Little research have been carried out based on cracks with respect to materials used for design. The utilization of

finite element analysis and the reliability of the analysis methods are increasing in order to promptly cope with the

damages in materials. In this study, Compact Tension (CT) model based on ASTM E647 was designed using SM45C, steel

for structural use, short fiber Glass Fiber Reinforced Plastic (GFRP), and woven type Carbon Fiber Reinforced Plastic

(CFRP). In addition, J-Integral, which is a factor for determination of growth of crack that appears in cracks, was applied to

general structure analysis. J-Integral is an equation of the body force of the material and strain energy in accordance with

the loading force, and illustrates the crack growth using energy release rate. J-Integral values of SM45C, short fiber GFRP

and woven type CFRP were found to be approximately 74,978 mJ/mm2, 7492.3 mJ/mm2 and 6222.4 mJ/mm2, respectively.
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NOMENCLATURE

u = Displacement vector within each mesh at the terminal end of the

crack

NI = Conventional nodal shape function

 = Displacement vector in subelement 1

 = Displacement vector in subelement 2

f(x) = Crack surface definition (f(x)=0)

H(f(±x)) = the Heaviside step function (defined as H(x) = 1(x > 0),

H(x) = 0(x ≤ 0))

uI
1

uI
2

J = J-Integral value

σij = Stress tensor

uj = Displacement vector

w = Strain energy density

δ1j = Kronecker delta

Xi = Coordinate axis

q = Crack-extension vector

A = Area
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1. Introduction

Transportation machine manufacturers throughout the world are

actively pursuing research on weight reduction. The most effective

method of weight reduction is the reduction in the weight of the

materials used. However, in execution of material weight reduction,

it is necessary to conduct the extensive range of research to secure

appropriate design method and reliability for the corresponding

material.1-5 Fiber-Reinforced plastic is one of such future lightweight

materials. In the case of Fiber-Reinforced plastic, it employs the

principle similar to the construction of strong structures by mixing

rebar with concrete. That is, they are mixed without altering the

respective mechanical characteristics of the fiber and matrix to

show the mechanical characteristics that are greater than when they

are used separately as individual materials.6-11 Therefore, in this

study, the Glass Fiber Reinforced Plastic (GFRP) in short fiber

structure and the woven type Carbon Fiber Reinforced Plastic

(CFRP), which are being used increasingly more frequently, are

used as research materials. SM45C metal was selected as the basic

material in order to compare with the aforementioned two types of

Fiber-Reinforced plastic.

It is unavoidable to make holes or notches in the material when

designing mechanical structures. This, from the perspective of the

material, becomes the crack within material. Crack generates stress

intensity in and weakens the overall strength of the material.

Therefore, when it becomes necessary to rely on the strength in

accordance with the material property test in designing the

mechanical structure, such cracks can induce accident arising from

the structural fracture.12 As such, it is possible to evaluate the stress

intensity and strength due to the crack in accordance with the

Compact Tension (CT) experiment stipulated under the industrial

specifications of the USA. This method has been formalized

through the experiment based on ASTM E647. In this study, the

finite element analysis description based on experiment in

accordance with ASTM E647 was used.13 In the finite element

analysis, the method of analyzing the stress intensity of the part at

which fracture occurs with J-Integral has been employed by

grafting the fracture mode at the cracked area. Since the fracture of

element is determined to be an error in the general finite element

analysis, it is possible to substantially improve the similarity with

the actual experiment by adding mathematical techniques on

fractures. Accordingly, it is possible to provide the basic data of

mechanical design by evaluating the intensity of cracked area in all

the materials in this study and by assessing the reliability of the

materials through comparison of the ensuing results. 

Structural analysis by using finite element method is currently

used by an extensive range of companies and research institutes.

This not only reduces time and cost of researcher but also has the

advantage of being able to confirm the fractures that appear inside

the material from microscopic perspective. However, since the

finite element analysis method is progressed with mathematical

technique as the foundation, the technique to improve reliability

and accuracy is being researched continuously. Currently, the

general structural analysis has accuracy of approximately 80%.

Similar to this study, although much research has been done in the

format of general structure analysis regarding the finite element

analysis of strength characteristics shown in the cracked area, there

has not been much research that has grafted use of mathematical

fracture mode onto analysis. In this study, the method of improving

the reliability and accuracy of analysis results by grafting the

fracture mode onto the general structure analysis is used with

ANSYS as the finite element analysis program.

2. Analysis Model and Constraint Conditions

2.1 Analysis Model

The specifications of analysis method used in this study are

given in the Fig. 1, which is the design model based on ASTM

E647.14 The analysis was carried out by using the same

specifications of 5 mm, 62.5 mm and 60 mm for thickness, length

and width, respectively, for all the materials, namely, SM45C, short

fiber GFRP and woven type CFRP. The specifications of analysis

model were set the same to compare each material.

Fig. 2 illustrates the mesh configuration of the research model

used in this study. The triangular mesh was used to minimize the

distortion in the curve.15 Moreover, the use of triangular mesh

enables unconstrained confirmation of the direction of progress of

the crack. Since computation is executed in the unit of each node in

accordance with the characteristics of finite element analysis

method, the node arrangement is important. In this study, the end

Fig. 1 Specifications for analysis model
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portion and hole portion of crack is configured relatively densely in

the triangular mesh in order to enable anticipate the unconstrained

results on the progress of crack. The meshes in other section were

configured relatively large to increase the efficiency of analysis.

The number of meshes in this study model is 192,867. The element

size and shape has best convergence through the grid independent

procedure operated manually.

2.2 Constraint Conditions

Fig. 3 illustrates the constraint conditions. The unconstrained

conditions were granted to rotation as in the case of the actual CT

experiment by granting the cylindrical support to the bottom hole

of analysis model. In addition, the displacement is granted to the

top and as the condition for the movement to the maximum of

10 mm statically, as in the case of CT experiment.

The basic property values of SM45C, short fiber GFRP and

woven type CFRP used in this study are given in the Table 1 Since

short fiber GFRP is a material with large brittleness and, as such,

has very small yield strength sector, it is possible to illustrate the

material property by means of the ultimate strength. Since woven

type CFRP has the bilinear material property due to the fiber

structure, the tangent modulus is necessary. On the other hand, the

tangent modulus is not necessary since SM45C is an isotropic

elasticity material and the small fiber GFRP has more pronounced

properties of reinforced plastic than bilinear properties.

2.3 Mathematical Computation Method of J-Integral

J-Integral method is used very frequently to confirm the stress

intensity factor, which is a factor on the crack fracture in the finite

element analysis method. However, prior to using J-Integral, it is

necessary to check the displacement that appears in each of the

elements inside the mesh. The equation used for this purpose is

given as Eq. (1). As the crack appears, it may pass through the

middle of the element or the crack that does not pass the node

designated by the user can occur, and, in such case, computation on

them is necessary. In order to cope with such phenomenon, the

displacement computation equation on the imaginary node as

illustrated in Eq. (2) is necessary.

(1)

(2)

J-Integral equation is given as Eq. (3). The displacement is

illustrated by using Eqs. (1) and (2) show above, and stress and

strain energies comply with the results of the basic structural

analysis.

(3)

As Eqs. (1)-(3) have been used as numerical expressions

verified mathematically widely, the reliability in this paper can be

guaranteed by utilizing the correct material property.

3. Analysis Results

3.1 Equivalent Stress

Fig. 4 shows the results of equivalent stress on CT analysis
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Fig. 2 Mesh structure of analysis model

Fig. 3 Constraint conditions

Table 1 Material properties

SM45C
Short fiber 

GFRP

Woven type 

CFRP

Young’s modulus 

[MPa]
2.05 × 105 1.97 × 104 7 × 104

Poisson’s ratio 0.29 0.03 0.03

Yield strength [MPa] 343 - 960

Ultimate strength 

[MPa]
569 24.51 -

Tangent modulus 

[MPa]
- - 2×103
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research of each material. The maximum equivalent stresses of

SM45C, short fiber GFRP and woven type CFRP were found to be

approximately 123.18 GPa, 16.32 GPa, and 2.95 GPa, respectively.

SM45C showed the highest equivalent stress while woven type

CFRP showed the lowest equivalent stress. In addition, all the

materials showed the maximum equivalent stress at the crack. The

woven type CFRP, unlike other materials, showed relatively evenly

distributed equivalent stress throughout the entire model. Although

the woven type CFRP showed the highest strength on the basis of

the property values, it was confirmed that SM45C had the highest

stress in the results of equivalent stress analysis. That is, SM45C

has stress intensity that is greater than that of woven type CFRP. In

addition, as it can be confirmed in the property values, short fiber

GFRP has the lowest strength among three materials. But the

maximum equivalent stress higher than woven type CFRP was

shown at short fiber GFRP.

At the analysis of composite material, the material fracture can

be evaluated by the criteria of Tsai-Hill, Tsai-Wu, maximum stress

and strain, etc. Various criteria become different according to view

points. In this study, the analysis of solid type is carried out by

being based on the material property data of CFRP with woven

type and short fiber GFRP. That is, the fiber composite material is

considered by not being divided with each layer. As the analysis is

performed with the material property data as one solid, Von-Mises

equivalent stress can be effectively used in this study.16

3.2 Total Deformation

Fig. 5 illustrates the results of the total deformation analysis of

each of the materials of this study. The maximum total

deformations of SM45C, short fiber GFRP, and woven type CFRP

were found to be approximately 10.92 mm, 10.88 mm and

11.48 mm. The difference in the displacement, which is 10 mm at

the maximum, and the total deformation analysis under constraint

condition is the deformation of material. Woven CFRP is the

material that shows the largest total deformation while short fiber

GFRP shows the smallest total deformation. Woven CFRP, with

fiber structure, has the large deformation due to the combination of

fibers. In addition, the curvature at the top of the research model,

which occurred only in short fiber GFRP, is a phenomenon that

appeared due to the low strength of material. Short fiber GFRP

shows the lowest total deformation value because the times of

deformation and fracture of material, as a plastic-based material,

are similar.

3.3 J-Integral

J-Integral value is related to the stress intensity and strain energy

shown in the infinitesimal deformation field that appears in the

crack. That is, if the scale of the crack increases due to the body

force and loading force of the material, J-Integral value also

increases. On the other hand, if there is a balance between body

force and loading force, J-Integral becomes zero. If J-Integral is

seen from such fundamental viewpoint, it would be possible to

easily understand the J-Integral value manifested through this

study, as illustrated in Fig. 6.

Fig. 6 shows J-Integral manifested in the crack of each material

used in this study. The maximum J-Integral values of SM45C,

short fiber GFRP and woven type CFRP were found to be

74978 mJ/mm2, 7492.3 mJ/mm2 and 6222.4 mJ/mm2, respectively.

Fig. 4 Contours of equivalent stress analysis of each material
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SM45C is the material with the highest maximum J-Integral value

while woven type CFRP is the material with the lowest maximum

J-Integral value. Since woven type CFRP shows relatively quicker

plasticity at low force, it can be seen easily that the growth of crack

that manifests in the infinitesimal deformation field easily.

However, in the case of woven type CFRP for which the

manifestation of strength and stress intensity due to property values

is low, it has lower J-Integral value than SM45C. This is because

woven type CFRP also has plastic properties. SM45C is a

representative plastic material with relatively small difference

between the maximum and the minimum J-Integral values at

approximately 13,066 mJ/mm2(17%). Moreover, it shows changes

in values that are symmetric around the center of the material.

However, woven type CFRP has relatively large difference

between the maximum and the minimum J-Integral values at

approximately 2510.4 mJ/mm2(40%). In addition, it is possible to

confirm J-Integral values that are asymmetric around the center of

materials, in the cases of woven type CFRP and short fiber GFRP.

4. Conclusions

In this study, the dynamic finite element analysis research on

fracture due to crack was carried out by comparing those of GFRP

and CFRP, which are lightweight materials at the next-generation

with metallic material. The characteristics of cracks inside material

and the microscopic fracture characteristics were evaluated by

using mathematical grounds and analysis techniques at designing

the mechanical structure. The CT experimental model and method

designed on the basis of ASTM E647 were applied to this analysis.

It is possible to analyze the fracture characteristics on crack growth

by applying the J-Integral verified mathematically to the general

structural analysis. The results of this study are as follows:

(1) Based on the results of equivalent stress analysis, although

SM45C is the material happening with the largest stress, it can be

disadvantageous when viewed from the special aspect of stress

intensity. In case of woven type CFRP, the stress is relatively

Fig. 5 Contours of total deformation analysis of each material

Fig. 6 Contours of J-Integral analysis of each material
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evenly distributed in the overall areas of model. That is, woven

type CFRP can be deemed to have lower stress intensity and has

high strength in the cracked area in comparison with ordinary

metal. This is the characteristic of composite fiber material, which

evenly distributes the loading force by delivering it in the fiber

direction. However, in case of short fiber GFRP, the loading force

is not delivered in the fiber direction due to the effect of short fiber

that has been cut.

(2) Based on the results of total deformation analysis, the woven

type CFRP is the material with the highest value while short fiber

GFRP has the lowest value. In case of short fiber GFRP, it has the

low total deformation due to the occurrence of fracture along with

the deformation simultaneously because of the effect of plastic

material. It is possible to predict this trend by confirming that there

is curved shape at the top of model, and by checking the property

values. In addition, the woven type CFRP has higher total

deformation than SM45C. This reason is because this analysis

considers the breaking up of the binding between the woven fibers

due to the lower binding force between the fibers of woven carbon

fiber than the binding force between metallic molecules of SM45C

as much as the deformation.

(3) As the results of J-Integral analysis, when the cracked area

of each material is checked, it can be assesses as two types of

materials with plastic properties and one type of material with

elastic properties from wider perspectives. Materials such as

SM45C with elastic properties show J-Integral values, which are

symmetric around the center in the cracked area. However, in the

cases of short fiber GFRP and woven type CFRP, it can be

confirmed that the J-Integral values are asymmetric around the

center in the cracked area and that the line of crack growth is

curved inconsistently. In particular, woven type CFRP shows the

relatively severe flexure and this is the aspect that confirms the

irregular occurrence of fracture in the fiber structure.

(4) In the results of J-Integral analysis, the resultant line of

woven type CFRP appears to be relatively shorter than those of

other materials. This can be understood easily when the

manufacturing of woven type CFRP is checked. The composite

fiber structured material is completed through the mixing of fiber

and matrix. At this time, the fiber illustrates a diverse range of

structures within the matrix. That is, although the matrix has lower

strength than fiber, it can produce the desired configurations. On

the other hand, although the fiber has strength that is greater than

matrix, it cannot produce the desired configuration. The fracture of

matrix occurs more easily and quicker and the fracture of fiber also

occurs because these two materials are mixed. That is, the resultant

line of woven type CFRP is short as the result of J-Integral analysis

because of the occurrence of fracture of matrix and compression

of fiber.

(5) Based on the analysis data, SM45C is the most trusted

structural metal. However, it has very high stress intensity and

more disadvantaged than woven type CFRP in terms of crack

fracture. On the other hand, woven type CFRP shows advantages

in terms of strength, and stress intensity and crack fracture.

However, once the fracture of matrix occurs, the deformation

enlarges and it loses much of its innate characteristics. In the case

of short fiber GFRP, although it is a plastic material, it is a

reinforced plastic with short fiber. Therefore, it does not show

characteristics of fiber structure to the extent of woven type CFRP.

As such, it allows the high level of weight reduction at low

strength and has the advantage at designing structure freely.
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