


























































































































































































































































































All aspects of the model were examined and experimented with to try to 

eliminate the problem. 
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Firstly, adaptive meshing of the explosive was included in the analysis of the 

models. Adaptive meshing seemed to be the ideal solution as it repeatedly 

moves the node positions slightly after a speci"fied number of time increments 

so that the nodes roughly remain evenly distributed throughout the deforming 

object. The adaptive meshing option is actually described in the ABAQUS 

manual [37] as a method for avoiding element distortion. Surprisingly, 

adaptive meshing caused poorer results as the analysis runs terminated at 

even earlier times. 

The second attempt at solving the problem involved altering the aspect ratios 

of the elements of the explosive to try and extend the time before the 

distortion limit was reached. It was found that changing the aspect ratios only 

made a minimal difference to the run time before termination, and therefore 

was not a solution. 

The third option explored was to alter the mesh density of the explosive. 
, 

Surprisingly, it was found that the more coarse the mesh (the fewer the 

elements), the longer the analysis would run before termination. The 

coarsest mesh that could be considered acceptable still did not allow the 

analysis to run the full time required. The full time of the analysis is set to be 

as long as it takes for the explosive and V-plate interaction to be completed 

and for the motion of the deforming plate to reduce to an insignificant amount. 

It was noticed, however, that even though the coarsest mesh did not allow the 

analysis to run the full time, the time the analysis did run was enough to allow 

the V-plate and explosive to complete their interaction. Once the explosive 

and V-plate have completed their interaction, the explosive no longer affects 

the V-plate and is no longer needed in the models. This means that the 

explosive can be deleted from the models shortly after its interaction with the 



V-plate is complete and before one of the explosive elements could distort 

excessively causing the analysis to terminate. 
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Through trial and error for each of the models, the meshes were individually 

re'fined as much as possible to the point where the analysis would terminate 

due to distortion just after the explosive/V-plate interaction was complete. 

The average size of the elements in the explosives varied slightly from model 

to model, but was on average about 1 mm X 1 rnm X 1 mm. The explosive/V­

plate interaction was considered to be complete when the contact pressure 

between the two became zero. Just after the explosive/V-plate interaction 

and just before the analysis termination due to distortion, the explosive would 

be deleted from the model so that the analysis would run to completion. 

To delete the explosive from the model during the analysis, the analysis had 

to be imported to ABAOUS/Standard from ABAOUS/Explicit. ABAOUS input 

decks created by ABAOUS/CAE cannot be imported, so the model was then 

recreated manually by the investigator. Further complications arose and this 

option was abandoned. A useful observation from this line of investigation, 

though, was that the model with the explosive disc ran for a longer time when 

it was meshed by ABAOUS/CAE than when it was meshed manually by the 

investigator. Figure 4.15 shows the two different types of meshes. 

\ 

(a) (b) 

Figure 4.15: An explosive disc meshed; (a) manually; (b) with ABAOUS/CAE. 
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The manually created mesh resembles a spider web with elements radiating 

from the centre of the disc. The elements near the centre of the spider web 

mesh are excessively slender with large aspect ratios while the elements near 

the circumference have normal aspect ratios . It is thought that these 

excessively slender elements quickly reach the distortion limit and are the 

reason for the early termination of the analysis . The ABAQUS/CAE created 

mesh is of a different form where most of the elements are of roughly similar 

size and have normal aspect ratios and therefore the analysis progresses 

further for this mesh. 

Another method of effectively removing the explosive from the models during 

the analysis, was then attempted. Instead of deleting the explosives from the 

models after the explosive/V-plate interaction was completed, all the degrees 

of freedom of the nodes of the explosive were constrained, and the 

explosives were "frozen . This method was successful and allowed all the 

analyses to run to completion for both the rod and disc versions of the model. 

4.4 Duration of Model Analysis and Time Steps 

The selection of the time over which the model is analysed is important. 

This duration has to be as long as it takes for the explosive/V-plate interaction 

to be completed and for the motion of the deforming plate to reduce to an 

insignificant amount, but it must also be short enough to avoid unnecessary 

computational time. The duration selected for the various models ranges 

around 550 j.1S. 

The analysis duration of a model can be considered as one long time step, 

but if any alterations need to be made to the model during the analysis, the 

analysis duration can be broken up into further steps. In the case of the 

models in this study, the explosive nodes have to be frozen during the 

analysis to effectively remove the explosive from the model , so the analysis 

duration is broken into two time steps. The end of the first time step, involving 

the reacting explosive, is determined to be when the contact pressure 

between the V-plate and explosive becomes zero as previously discussed. 
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The duration of the first time step is determined to be in a range of 30-60 Jis 

for the different models. The explosive is then frozen at the beginning, and 

for the duration of, the second time step. Together the two steps make up 

550 JiS. The timeline of the analysis indicating the time steps can be seen in 

Figure 4.16. 

Step 1 S , e p 2 
(Expl osi v e ,eoct i ng) (Expl o si v e t, o ze n) 

~ 3 0- 60 /\)5 1-1 .. --------490-520 /J S ------~ 

o -----------------------.............. ~ t l Me 

r--.----------550 ~ s ------------~~ 

Iv,l \ ch".lro i on cf o no i y S I S 

Figure 4.16: Diagram of timeline showing the model analysis duration and its 

subdivision into steps. 

4.5 Boundary Conditions 

Boundary conditions are usually applied to a model for two different reasons: 

• to allow a model that has been reduced owing to planes of 

symmetry to produce the same results as that of a complete model. 

• to apply the physical constraints present in the actual system. 

The first reason for applying boundary conditions - allowing a reduced model 

to simulate a complete model - is only possible when a plane of symmetry 

exists in a system. A model need only contain the contents of one side of the 

plane of symmetry and the contents of the other side can be omitted. For this 

simplified model to produce the same results as a complete system, suitable 

boundary conditions have to be applied to the nodes falling on the planes of 

symmetry. 
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There are two planes of symmetry in both the rod and disc versions of the 

system to be modelled . Because of this, a quarter model of the system is 

created . The boundary conditions applied to the explosive and V-plate nodes 

falling on the planes of symmetry consist of constraining the translational 

degree of freedom of the nodes in the direction of the normal of the plane of 

symmetry. An example of these boundary conditions is demonstrated in 

Figure 4.17 for the quarter model of a disc explosive. 

-.--
/ . ~-.-

---
-------- --....... 

---.... 

-----.. ------------
----------

Figure 4.17: A diagram indicating the translational degrees of "freedom which 

are constrained on the axes of symmetry of a quarter model of a disc. The 

translational degrees of freedom are constrained in the directions of the 

arrows for the entire su rface which the arrows are touching. 

The second reason for applying boundary conditions - physical constraint 

application - is applied to the V-plate in all of the models. All the nodes in 

the top and bottom surfaces of both flanges of the V-plates have all their 

degrees of freedom constrained to simulate the flanges being clamped. 

Figure 4.18 shows these top and bottom surfaces. 
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, 
' - '"'----

Figure 4.18 : Diagrams indicating, with arrows, the top and bottom surfaces of 

the V-plate flange which have all their degrees of freedom constrained to 

simulate clamping. 

It was thought that perhaps this method of simulation would not accurately 

represent the clamped conditions . A more realistic representation would be in 

the form of two rigid bodies on either side of the flange applying a contact 

pressure to the flange with a friction coefficient between the rigid body and 

flange surfaces. This method would be computationally slightly more 

expensive as none of the nodes of the V-plate flanges would be totally 

constrained and therefore the motion of all the nodes would have to be 

calculated. 

Gelman [30] conducted a study on the different types of boundary conditions 

that can be applied to simulate the constraint of exploded plates, and it was 

concluded that the results of the analysis were not significantly dependent on 

the type of boundary condition applied . Because of this , constraining all the 

degrees of freedom of the nodes in the top and bottom surfaces of the V­

plate flanges, is thought to be an adequate method of simulating clamping . 
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In this study, boundary conditions are applied to the models for a third 

unorthodox reason which has been discussed previously. Because the 

explosive elements distort during the model analysis and cause the run to 

terminate, the explosive has to be removed from the model. Deleting the 

explosive during the analysis is not possible so boundary conditions are 

applied to the nodes of the explosive after its interaction with the V-plate is 

complete. All the degrees of freedom of the explosive nodes are constrained 

so that the explosive is frozen and effectively removed from the model. 

4.6 The Mechanical and Material Properties 

4.6.1 The V-Plate 

The material model of the V-plates incorporates yield hardening, strain rate 

sensitivity, and temperature dependence. A description of these phenomena 

and their effects can be found in the previous chapter in the "Modelling of 

Mechanical Properties" section of the "ABAQUS Overview" chapter. The 

known material properties of the V-plate steel can be seen in Table 4.1. 

Young's modulus, Poisson's ratio and the uniaxial tensile yield strength of the 

steel were obtained from quasi-static uniaxial tensile tests, and were also 

obtained, along with the density, at room temperature. 

Young's modulus, E 200 GPa 

Poisson's ratio, v 0.3 

Uniaxial Tensile Yield Strength, 0'0 250 MPa 

Density, p 7850 kg/mJ 

Table 4.1: General material properties for steel V-plates 
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4.6.1.1 Yield Hardening 

The material model being used inc:>rporates the von Mises yield criterion with 

. t . h d ' ..r. 1 1' . 1_, '..I' \~..J , _ -- f':Y'Jr -~---I f> J,!.,J. 
ISO roplc ar enlng. -L 'I- ~ ':Y' '-

~ 1"," Y'()~'~+ 

Isotropic hardening is the type of hardening selected as the steel displays 

significant yield hardening and therefore cannot be considered to be petiectly 

Rlastic. 'Johnson-Cook hardening cannot be used as this approach requires 

the yield stress to be defined analytically as a function of equivalent plastic 

strain, strain rate , and temperature and this relationship for the steel of the V­

plate is not known . 

ABAQUS can provide a model fo r the isotropic hardening or the user can 

provide a stress versus strain curve of the plastic region of the steel obtained 

from a quasi-static tensile test. The stress versus strain material curve of the 

V-plate steel is not available as the report documenting this curve has been 

lost. A material curve of a steel similar to the V-plate steel is available though 

and would provide more accurate results than the model provided by 

ABAQUS , so the option of a user-defined curve was selected. 

To define the material curve in ABAQUS, suitable points along this curve are 

entered in tabular form . Suitable points are selected on the basis that 

ABAQUS linearly interpolates between given values so appropriate points are 

selected which would describe the stress versus plastic strain curve to an 

acceptable level of accuracy. Figure 4.19 shows the plot of stress versus 

plastic strain for the steel . 



116 

6.E+08 .,--------------------------~ 

5.E+08 -j-_____ ~------------:=--".-----.-O!!E:----------.--

~~E+08~~--~---~~-------------------~1 

~ 3.E+08 +~-~-.------------------------~ 

Q) 

>= 2.E+08 ~----------------------------

1.E+08 -i------- - - - ---- ---------------; 

O.E+OO -i-------,-----,--------,----..,----------,---------, 

o 0.05 0.1 0.15 0.2 0.25 

% Plastic Strain 

Figure 4.19: The yield stress versus plastic strain curve of the steel used for 

the V-plate, at room temperature. 

4.6.1.2 Strain Rate Sensitivity 

Data defining the strain rate sensitivity of the V-plate steel could not be 

entered in tabular form as the stress vs. strain material curves of the steel at 

different strain rates required for this are not available. To experimentally 

obtain these curves would be difficult and would have to be done using 

apparatus such as the Split Hopkinson Pressure Bar. This means that the 

methods involving yield stress ratios, ~, have to be used. Once again, the 
0"0 

tabular method where the yield stress ratios are entered into ABAQUS with 

the corresponding plastic strain rates, temperature and other field variables, 

cannot be used as the yield stress ratios at different strain rates are not 

known. The Johnson-Cook rate dependence method cannot be used to 

0.3 
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determine the yield stress ratios as it must be used in conjunction with 

Johnson-Cook hardening and this hardening model has not been selected. 

This means that the Overstress Power Law, also known as the Cowper­

Symonds equation, has to be used. This relationship can be seen in the 

"Modelling of Mechanical Properties" section in the "ABAQUS Overview" 

chapter. The material parameters of this equation, D and n , are considered 

to not be significantly dependent on temperature or any other field variables , 

so these parameters remain constant throughout the analysis. The commonly 

accepted values for steel of D=40.4s-1 and n=5 are used in the models [4]. 

Figure 4.20 demonstrates how the strain rate affects the yield stress of the 

steel . 

Ii 
Q. 

4.E+OO .,-------------------------, 

3.E+OO f---- --- --- --- - -= ____ e:::::..- - - - ---j 

3.E+OO -t--- --- -yC-.- --- --------- ---j 

-; 2.E+OO +-----:.~-------~--==-----------j 
III 

E -en 
~ 2.E+OO .v~--;,~=--------__=::::_-========~~ 
CIJ 

>= 

1.E+OO ~-""""7"'~----=~~==========~~===-l 

O.E+OO r-----r----.-----.-------.-----.----i 
o 0.05 0.1 0.15 0.2 0.25 0.3 

% Plastic Strain 

- Strain rate = O/see 

- Strain rate = 1/see 

- Strain rate = 10/sec 

Strain rate = 100/sse 

- Strain rate = 1000/see 

- Strain rate = 10000/see 

- Strain rate = 100000/sec 

Figure 4.20: A graph of the yield stress versus the plastic strain percentage of 

the V-plate steel at different strain rates according to the Cowper-Symonds 

relationship with D=40.4 S-1 and n =5. 
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From studying the deforming model of the V-plate, it is seen that the V-plates 

can undergo strain rates in the order of 10 OOO/second . From the graph in 

Figure 4 .20 it can be seen that the yield stress of the steel will be significantly 

affected at this high strain rate. 

4.6.1.3 Temperature Dependence 

The work done on the V-plates causing plastic deformation is dissipated in 

the form of heat energy which wil.1 affect the material properties of the steel. 

Almost none of the previous numerical studies on exploded plates 

incorporated temperature dependency of the material properties, except for 

Wiehahn [34] and Chung [42] . This is because there is usually a lack of 

experimental results documenting material temperature dependency as 

suitable experiments are difficult to perform [30] . 

To ove rcome this problem, general equations obtained from Masui [39] for 

Young's modulus and for the yield stress of steel were used ~41 

an in this study. The equation for the Young's 

modulus of a steel is a function of temperature . The equation for the yield 

stress of a steel is a function of both temperature and the static yield stress of 

the steel at the reference temperature which is usually room temperature. 

Because the static yield stress is required for the yield stress equation, the 

static stress versus strain material curve of the steel at the reference 

temperature is required. These equations obtained from Masui [39] are: 

E = 2 10':7109 -58.34.106
. T for T S 600°C 

E= 3.1i!O'(T-l100)2+97.9 . 109 for 600°C < T S I 100°C 
(4.1 ) 

C5 rI C5 ,o = 1 fo r T S 200° C 

C5 j C5 yO = 1-0.00178(T-200) jor 200°C < T< 700°C 
(4.2) 

C5,/ C5, o = 0.1 33 - 0.000388/ T - 700) jor 700° CST S 1000° C 

4-



where 

O"y = temperature dependent static yield stress 

O"yO = static yield stress at reference temperature of tensile test 

T = temperature of steel 

E = Young's modulus 
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The temperature dependency of the Young's modulus and the yield stress of 

the V-plate steel can be seen in Figure 4.21 and Figure 4.22. 

Ii' 
Q.. 

", 

2.5E+11 

2E+11 ~=-------------------------------------------

~1.5E+11 +-----------------------~~----------------~ 
:::J 
'0 o 
:i!: 

-~ 1E+11 t---------------------------------~~~==~-­
c 
:::J 
o 
>-

5E+10 +-------------------------------------------~ 

o +------,~----_.------_r------~------._----~ 
o 200 400 600 800 1000 1200 

Temperature (Celsius) 

Figure 4.21: A graph showing the relationship between the Young's modulus 

and the temperature of the V-plate steel according to equation 4.1. 
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Figure 4.22: A graph showing the relationship between the yield stress and 

the temperature of the V-plate steel according to equation 4.2. 

It can be seen that both the Young's modulus and the yield stress of the V­

plate steel are significantly affected by the temperature. 

ABAQUS requires stress/strain curves of the steel at different temperatures to 

incorporate temperature dependency, so stress/strain curves at suitable 

temperature intervals, determined from equations 4.1 and 4.2, were entered 

into the input deck in tabular form. As with defining the stress/strain curve of 

the steel, suitable intervals were selected on the basis that ABAQUS linearly 

interpolates between given values. This means that only the beginning and 

end points of the linear relationship are required while the quadratic 

relationship requires more points to clearly define the relationship. 














































































































































































































































































































































































































































































































































