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Appendix D: FEM model 
 

 

Structure 

 
Figure 1.1: Beam geometry 

 
Figure 1.2: Coordinate system 

Material 

To describe the elastic-plastic deformation material card 003, *MAT_PLASTIC_KINEMATIC,  in LS-

Dyna has been chosen. The following parameters have been used: 

Young’s modulus 2.1E11 Pa 

Tangent modulus 0 

Poisson’s ratio 0.0  

Beta (0-1) 0 (=kinematic hardening) 

Mass density 7850 kg/m3 

Yield strength different values 

Natural period 76.7 ms 
Table 1.1: material properties 

 
Figure 1.3: bilinear material deformation in LS-Dyna 
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Mesh 

- 1280 elements in x direction and 1 element in y direction makes a total of 1280 elements. 

 

Element properties 

Fully integrated shell elements: 

- Based on Reissner-Mindlin kinematic assumption  

- 5 DOF in local coordinate system 

- 2x2 integration in the shell plane 

- 5 integration points through shell thickness 

 

 
Figure 1.4: Fully integrated shell element 

 

Boundary conditions 

- x=0: wx=wy=0 

- x=l: wy=0 

 

Loading 

The pressure load has been applied in two different ways: 

1. Blast load: by defining mass in TNT equivalent and of the explosion (x;y;z): 

2. Segment load: the equivalent uniform load applied as function of time 

 

 

 



 Appendix E1

Analytical Calculation of the Weightfactors of a Plate 

In this chapter the weightfactors have been determined for a simply supported linear-elastic plate. 

Using the weightfactors makes it possible to translate a non-uniform static load to an equivalent 

uniform static load and approximate the deflection at the centre of the plate. Linear-elastic 

deformation is assumed and all calculations are done analytically. 

 

 

 

 

 

 

analytical calculations

static response of a 
linear-elastic plate

uniform load

determine weightfactors



 

1.1 Weightfactors 
To calculate the deflection of a partially loaded simply supported plate the Navier solution can be 

used [10]. This is a rapidly converging series. To ensure that almost no errors are made in the 

analytical calculations 10 (uneven) terms of the solution have been used to determine the deflection 

at the middle of the plate. When the deflection due to a partially loaded plate is divided by the 

deflection due to an entirely uniform loaded plate, the weightfactor for the loaded part is obtained. 

Navier solution to calculate the deflection of the plate: 

 

 

Where: 

q = value of the uniform distributed load [N/m2] 
ζ = distance of the centre of the load to the upper left corner in x-direction [m] 
η = distance of the centre of the load to the upper left corner in y-direction [m] 
u = width in x-direction of the loaded part[m] 
v = width in y-direction of the loaded part[m] 
a = width of the plate in x-direction [m] 
b = width of the plate in y-direction [m] 
D = flexural rigidity Et3*[12*(1-ν2)]-1  [N/m2]  (where ν is the poisson ratio) 
t = thickness of the plate [m] 

 
Figure 1.1: Rectangle plate 

 

 

 



 

1.2 Conclusion 
The weightfactors are independent of the material properties, but are dependent on the ratio 

between the length and width of the plate. In figure 6.2 the weightfactors are given for a square 

plate which is divided into 10x10 parts. 

 
Figure 1.2: Weightfactors for a square plate which is divided into 10x10 parts 

 

 

 

 

 

  



 

 Appendix E2

Accuracy of the Static Response of a Linear-Elastic Plate 

When a non-uniform load is translated to a uniform load an approximation is made. The accuracy of 

the obtained deflection depends on in how many parts the plate has been split to determine the 

equivalent uniform load. In this chapter it has been investigated how accurate the weightfactors can 

estimate the deflection due to different fictive non-uniform static load distributions and in how 

many parts the plate needs to be split to obtain accurate results.  
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weightfactors
plate
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2.1 Equivalent uniform load 
The load has been simplified the same way as for a beam. See figure 8.1.  

 
Figure 2.1: Simplification of a non-uniformly distributed load 

 

2.2 Accuracy of the deflection of different load types 
For different load distributions in the form of a fraction of a sine period the deflection at the centre 

has been approximated. For each load distribution the approximated value is compared to the exact 

deflection. The following loads have been investigated:  

Load in the form of a half of a sine period: 

 

Load in the form of a fourth of a sine period: 

 

Load in the form of a sixth of a sine period:

  

 

Load in the form of a twelfth of a sine period: 

 

A triangular load distribution: 

 

The load is spread over a square part of the plate between (0,0) and (x1,y1). 



 

 
Figure 2.2: Different load scenarios 

In table 7.1 an overview of the relative error is given for different ways of spreading the load. The 

size of x1 is equal to y1. The plate is divided into 4 parts. The colour of each cell indicates the 

accuracy respectively to the other estimations of the corresponding row. Red being less accurate 

and green the most accurate. No useful conclusions can be made from these results. It can’t be said 

that one load is approximated more accurate than the other, since no colour pattern can be found 

x1*l 
(=y1*l) 

Rel. error [%] for 
sine T/2 

Rel. error [%] for 
sine T/4 

Rel. error [%] 
for sine T/6 

Rel. error [%] 
for sine T/12 

Rel. error [%] 
for triangle 

1 -5.059 -1.227 -0.899 -0.687 0.000 

0.9 -6.961 -1.950 -1.528 -1.256 -0.377 

0.8 -2.758 1.420 1.807 2.059 2.884 

0.7 -3.766 1.954 2.466 2.798 3.880 

0.6 -12.813 -2.432 -1.566 -1.009 0.780 

0.5 14.982 18.775 19.217 19.509 20.483 

0.4 -28.564 -4.474 -2.610 -1.427 2.290 

0.3 12.002 41.109 42.712 43.675 46.405 

0.2 397.153 238.324 226.714 219.376 196.455 

0.1 -100.000 -100.000 -100.000 -100.000 -100.000 
Table 2.1: Relative error obtained by splitting a simply supported plate into 4x4 parts 

To obtain a clearer overview of the accuracies of the different load types, instead of dividing the 

plate into 4 parts, the load has been divided into a certain amount of parts. In tables 8.2, 8.3 and 8.4 

the accuracy of the deflection at the centre of the plates is gives for dividing the load into 2x2, 3x3 

and 4x4 parts. It can be seen that if the load is divided in 4x4 parts it becomes clear which load 

distributions are more accurate. 



 

x1*l Rel. error [%] for 
sine T/2 

Rel. error [%] for 
sine T/4 

Rel. error [%] 
for sine T/6 

Rel. error [%] 
for sine T/12 

Rel. error [%] 
for triangle 

1 -20.852 -4.481 -3.246 -2.462 0.000 

0.9 -11.422 -2.977 -2.276 -1.825 -0.377 

0.8 -11.036 -1.633 -0.836 -0.323 1.328 

0.7 2.237 8.902 9.539 9.953 11.306 

0.6 -12.813 -2.432 -1.566 -1.009 0.780 

0.5 14.982 18.775 19.217 19.509 20.483 

0.4 18.456 21.468 21.852 22.107 22.966 

0.3 14.489 18.345 18.776 19.059 20.006 

0.2 22.226 24.447 24.772 24.989 25.733 

0.1 23.080 25.112 25.423 25.632 26.349 
Table 2.2: Relative error obtained by splitting a simply supported plate such that the load is covered by 2x2 parts 

x1*l Rel. error [%] for 
sine T/2 

Rel. error [%] for 
sine T/4 

Rel. error [%] 
for sine T/6 

Rel. error [%] 
for sine T/12 

Rel. error [%] 
for triangle 

1 -8.629 -2.057 -1.505 -1.149 0.000 

0.9 -6.961 -1.950 -1.528 -1.256 -0.377 

0.8 -2.758 1.420 1.807 2.059 2.884 

0.7 -9.861 -3.795 -3.291 -2.966 -1.920 

0.6 3.287 6.008 6.305 6.502 7.161 

0.5 5.878 7.814 8.056 8.218 8.771 

0.4 2.435 5.179 5.464 5.651 6.278 

0.3 8.503 9.808 10.003 10.134 10.590 

0.2 9.160 10.319 10.502 10.626 11.059 

0.1 9.532 10.607 10.783 10.903 11.323 
Table 2.3: Relative error obtained by splitting a simply supported plate such that the load is covered by 3x3 parts 

x1*l Rel. error [%] for 
sine T/2 

Rel. error [%] for 
sine T/4 

Rel. error [%] 
for sine T/6 

Rel. error [%] 
for sine T/12 

Rel. error [%] 
for triangle 

1 -5.059 -1.227 -0.899 -0.687 0.000 

0.9 -4.683 -1.415 -1.137 -0.958 -0.377 

0.8 -1.601 0.988 1.235 1.397 1.931 

0.7 -0.745 1.416 1.627 1.765 2.224 

0.6 0.253 2.110 2.300 2.425 2.841 

0.5 3.173 4.296 4.440 4.536 4.867 

0.4 4.071 4.965 5.092 5.177 5.473 

0.3 1.742 3.238 3.400 3.507 3.868 

0.2 5.020 5.698 5.807 5.882 6.143 

0.1 5.227 5.858 5.964 6.036 6.290 
Table 2.4: Relative error obtained by splitting a simply supported plate such that the load is covered by 4x4 parts 

2.2.1 Conclusion 

When the load is divided into more parts it becomes clear how the course from less accurate to 

more accurate is divided over the load types. It can be seen that if the load is distributed over 70% of 

the plate or less the, deflection due to a half period of a sinusoidal load is more accurate than the 

deflection due to a triangle load (with a transition for the load distributions in between). However, 

when the load is distributed over a larger part, it is the contrary. 

 



 

2.3 Summary 
In this chapter it has been determined how accurate the weightfactors are for different fictive non-

uniform static loads and in how many parts the plate needs to be split to obtain an accurate result. 

Calculations have been done for different types of load distributions When the loading is distributed 

over a small part of the plate it is hard to catch the load correctly. The plate needs to be divided into 

a large enough amount of parts to obtain an accurate estimation of the deflection at the centre. For 

the investigated load cases it holds that when the plate is divided in an amount of parts such that 

the load is covered by 4x4 parts, a maximum relative error of the estimation of the deflection at the 

centre of the plate of 6.3% is obtained. 

If the relative errors for a plate are compared to the relative errors for a simply supported beam it is 

notable that the relative errors obtained for a four sided simply supported plate are approximate 

twice as large as that for a beam.  


