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Abstract 
 
Since the crack generation and its propagation caused by welding defects is one of the main hull damage pat-

terns, the simulation of crack propagation process has an important significance for ship safety. Based on inter-
face element method, a finite element model to simulate crack propagation is studied in the paper. A Lennard-
Jones type potential function is employed to define potential energy of the interface element. Tensile tests of steel 
flat plates with initial central crack are carried out. Surface energy density and spring critical stress that are suita-
ble for the simulation of crack propagation are determined by comparing numerical calculation and tests results. 
Based on a large number of simulation results, the curve of simulation correction parameter plotted against the 
crack length is calculated. 
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1. Introduction  

Crack generation and propagation caused by welding defects is one of the main hull damage patterns. For ex-

ample, of more than 2700 liberty ships made by the United States during World War II, 10 were fractured; near-

ly 90 ships had serious structural failures; and nearly 400 ships suffered from structural damages [1]. It is of 

great practical significance for the safety of ship structure to simulate crack generation and propagation numeri-

cally and to study the rules of crack propagation so as to lay down protective measures. At present, the numerical 

methods for the simulation of crack generation and propagation mainly include: mesh-less method, extended 

finite element method and numerical manifold method [2]. 

In order to study crack propagation of ship and its simulation, tensile tests on plates with initial central cracks of 

different length are conducted in this paper to obtain the stress-displacement curves for the plat tope. Meanwhile 

tensile test is also conducted to acquire the attributes of the experimental material. Based on the interface ele-

ment method, JRCM software jointly developed by Shanghai Jiao Tong University and Osaka University is used 

to simulate crack propagation in plate tensile test; the appropriate values of surface energy density and spring 

critical stress are obtained by comparing numerical simulation and tests results. Based on a large number of sim-

ulation results, simulation correction parameters of surface energy density and spring critical stress are intro-

duced. The curve of simulation correction parameter plotted against the crack length is calculated. 

The results show that the finite element model can quantitatively simulate the crack propagation process, and 

provide a powerful tool for study of the structural strength and reliability of hull with welding defects. 
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Fig. 1. Interface element scheme  Fig. 2. Stress-Displacement relations

  

2. Interface Element  

According to the interface element method, crack generation and propagation is the process in which new 

boundary surface is formed. The condition for the generation and propagation of new boundary surfaces is 

the externally provided energy equaling the sum of surface energy of the boundary surface and plastic strain 

energy generated from plastic strain. The so-called interface element is the "nonlinear spring" prefabricated 

between the nodes on crack path. As shown in Fig. 1 [3]. A, B, C, D is prefabricated crack path. Nonlinear 

springs are arranged between the nodes of crack path, i.e. A-A，B-B，C-C and D-D nodes; d represents 

the displacement between the upper and lower surfaces of crack. Other elements are ordinary quadrilateral 

finite elements. 

The stiffness of nonlinear spring depends on spring potential function, which represents the relation of the 

distance between two nodes and spring potential energy. Many choices are available for spring potential 

function and a suitable potential function is essential for a reasonable simulation result. In this paper, Len-

nard-Jones potential energy formula is modified to get the potential function [4](Eq. (1)), based on the fol-

lowing four reasons: 1 the expression explicitly involves the effect of surface energy density; 2 the expres-

sion is a continuous function of the distance between crack nodes; 3 the expression is not only simple in 

form but also guarantees the calculation precision, and thus widely used in numerical calculation[5]; 4 L-J 

potential can basically represent the interaction between metal atoms [6].   
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Where:f is the spring potential energy;g is the surface energy density; 0r is the size parameter;d is the dis-

placement between the upper and lower surfaces of crack; N is the shape parameter; The critical displace-

ment (Eq. (2)) and critical stress of spring (Eq. (3)) can be calculated by taking the derivative of Eq. 1 with 

respect to d .Fig. 2 can be obtained through nondimensionalization of the expression of spring stress and 

displacement. 
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3. Experiment  

In order to determine the material attributes of the specimen, tensile tests are conducted in this paper. The 

materials of different parts of the same steel plate are made into two specimens of the same dimension, 

which are subjected to static tensile test, respectively. Fig. 3 shows the dimension of specimens used for 

tensile test (unit: mm). 

Boundary conditions for the test: CD ends fixed and clamped; apply a constant displacement load on AB 

ends, while AC sides and BD sides are free. The output of the test is the stress-displacement relation of CD 

ends, as shown in Fig. 4. The material elastic modulus E = 1.58 E+11 Pa, derived from the fitting of curve at 

the elastic stage in Fig. 4; the Poisson’s ratio 
m

=0.3, derived by measuring the extension of the specimens; 

strain hardening exponent n = 0.33, derived by the fitting of curve at the plastic stage; the strain hardening 

coefficient C = 565 MPa, the ultimate strength of the material bs = 299.5 MPa, yield strength ys
= 172 MPa 

and the engineering strain ye = 0.33 when fracture occurs [7]. Fig. 5 and Fig. 6 illustrate the processes of ten-

sile test. 

Plates which are made of the same material and have initial central crack of three different lengths (20 mm 

/ 30 mm / 40 mm) are used for tensile test.  

The plate with a 40mm initial crack is shown in Fig. 7, in which ABEF and GHCD are the steel plates de-

signed for the convenience of clamping by tools and EFGH is the specimen with a crack. The dimension of 

specimens with 20 mm/30 mm initial crack is same with the specimen with a 40 mm initial crack except the 

crack length. 

 

     
Fig. 3. Dimension of the specimens in tensile test Fig. 4. Results of tensile test 
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Fig. 5. Process 1 of tensile test  Fig. 6. Process 2 of tensile test 

 

The boundary conditions for the test: CD ends fixed and clamped; apply a constant displacement load on 

AB ends; and AC sides and BD sides are free. The output of the test is the stress-displacement relation of 

AB ends, as shown in Fig. 8. Fig. 9 and Fig. 10 illustrate the processes of tensile test. 

4. Calculation 

Interface element method is used for numerical simulation of tensile test using plates with different 

lengths of initial crack. Given the symmetry of the plate, the calculation model of half crack length is estab-

lished. There are 80 interface elements and 81 nodes along the prefabricate crack path. The mesh size near 

the crack is 0.5 mm * 0.5mm as shown in Fig. 11 below. 

 

 
Fig. 7. Dimension of plate with 40 mm initial crack  Fig. 8. Tensile test results for initial crack of different lengths 
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Fig. 9. Tensile test processes 12 for 40 mm initial crack  Fig. 10. Tensile test process for 40 mm initial crack 

 

Systematical numerical calculation with different parameter values of the spring potential function (Eq. 1) 

indicate that at 350 MPa critical stress of spring and 5000N/mm surface energy density, the simulated larg-

est tensile stress and the corresponding displacement for the plates with crack are best consistent with the 

test results. Fig. 12 to Fig. 14 present the comparison of the simulated results with the test results. 

 

      
Fig. 11. Mesh near crack  Fig. 12. Comparison between simulated results and test results 

(initial crack 20mm) (1) 
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For the largest tensile stress and its corresponding displacement of tensile test are two of the important 

factors evaluating the hull static load strength, this paper will compare values of these two factors between 

simulation results and test results below. From Fig. 12 to Fig. 14 it can be found that the simulated largest 

tensile stress and its corresponding displacement for the 20 mm initial crack are smaller than the test values; 

those for the 40 mm initial crack are larger than the test values; the simulated largest tensile stress and its 

corresponding displacement are most consistent with test values for the 30 mm initial crack. Based on a 

large number of simulation results, simulation correction parameters of surface energy density and spring 

critical stress are introduced. The results in Fig. 15 and 16 are obtained by multiplying the surface energy 

density and critical stress of spring for 20 mm and 40 mm initial cracks by the simulation correction parame-

ters. 

Table 1 is the comparison of the simulated results and the test results of largest tensile stress in Fig. 13, 15 

and 16. Table 2 is the comparison of the simulated results and the test results of the displacement corre-

sponding to the largest tensile stress in Fig. 13, 15 and 16. 

Fig. 17 and 18 respectively show the relationship between initial crack length and simulation correction 

parameters for critical stress of spring and between initial crack length and simulation correction parameters 

for surface energy density. Through the two relational curves the simulation correction parameters used to 

simulate the propagation of cracks with different initial length can be determined preliminarily. 

 

Fig. 13. Comparison between simulated results and test results 

(initial crack 30mm)  

Fig. 14. Comparison between simulated results and test results 

(initial crack 40mm) (1) 

Fig. 15. Comparison between simulated results and test results 

(initial crack 20mm)(2)  

Fig. 16. Comparison between simulated results and test results 

(initial crack 40mm) (2) 
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Table 1 Comparison of largest tensile stress  

 

Length of initial 

crack(mm) 

Test 

(MPa) 

Simulation 

(MPa) 

Absolute 

error (%) 

20 220.38 222.04 0.75 

30 192.11 191.79 0.17 

40 170.07 170.31 0.14 

 

  
Fig. 17 Correction parameter for critical stress of spring  Fig. 18 Correction parameter for surface energy density 

 

5. Conclusions 

From above discussion, the finite element model based on interface elements can quantitatively simulate 

the crack propagation process, and provide a powerful tool for study of the structural strength and reliability 

of hull with welding defects. The conclusion can be summarized as follows. 

The stress-displacement curves during crack propagation are obtained through tensile test over plates with 

initial central cracks of different lengths. 

The appropriate surface energy density and critical stress of spring are obtained by the simulation of the 

tensile tests over plates with initial central cracks of different lengths. At these values, the largest simulated 

tensile stress and the corresponding displacement are most consistent with the test results. The simulation 

correction parameters for spring stress and surface energy density are respectively introduced. Thus, we 

obtain the curve of simulation correction parameters plotted against the length of initial central crack, at 

which the simulated results are most consistent with the test results. 
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