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1 INTRODUCTION

The simulations in this report wete part of the HPC-project in which the following Swedish and
Norwegian organisations co-operated during the years 1997 — 2000 to build up their competence
in high strength concrete (HPC):

Sweden

- Armed Forces Headquarter (HKV), http:/ /www.mil.se/

- Defence Research Establishment (FOA), http:/ /www.foa.se/

- Fortification Administration (FortV), http:/ /www.fortv.se/
Norway

- Headquarters Defence Command (FO), http://www.fo.mil.no/
- Defence Research Establishment (FFI), http://www.ffino/

- Defence Construction Service (FBT), http://www.mil.no/fbt

‘The penetration and perforation test, upon which the simulations presented in this report are
based on, were performed in Karlskoga at the Bofors Testng Centre
(http:/ /www.bofors.se/testcenter) 1999-10-05—07 comprising nine tests at three types of
cylindrical concrete targets.



2 TESTS

A 6.3kg armour piercing steel projectile with an ogival nose radius of 127mm, a length of 225mm
and diameter of 75mm was fired at the targets, see Figure 1. The projectile impacted with
approximately zero angle of atrack and a velocity of about 620m/s {(cf. Figure 2 and Figure 3).
Targets 1-3 were penetration tests (projectile comes to rest in the target) and targets 4-9 were

perforation tests (projectile passes through target). In Table 1 the target specifications and global
test results are presented.

~100m

Doppler radar

Figure 1. Experimental set up

Table 1. Target specifications and test results

High-speed
camera

Target | Diameter | Length |Remnforcement| Projectile Depth of Projectile
number [mm] [mm] mass ratio | impact velocity | penetration | residual velocity
[m/s] fram] [m/]
1 1400 800 0.00 617 450 -
2 1400 800 0.00 612 540 -
3 1400 800 0.00 619 510 -
4 1400 400 0.00 616 - 276"
5 1400 400 0.00 616 - 303
6 1400 400 0.00 618 - 293
7 1 400 400 0.06 617 - Not measured
8 1400 400 0.06 616 - Not measured
9 1400 400 0.06 616 - 260
" Data from FFI




Figure 2. Photo from high-speed camera before Figure 3. Photo from high-speed camera after
impact (target 5 with projectile to the left) perforation (target 5 with projectile to the right)

Figure 4. Post-test condition for projectile used Figure 5. Reinforcement in targets 7-9
for target number 8

[nspection of the projectiles after the tests showed that no or neghgible erosion and plastic
deformation had occurred (cf. Figure 4) neither in the penetration or perforation case.

‘Three different types of targets and three targets for each type were tested, 1.e. nine targets in
total. During and after the tests the following registrations were made:

- Doppler radar giving the time-velocity relation for the projectile.
- High-speed camera giving the projectile residual velocity for perforation tests.
- Depth of penetration.

Targets 7-9 were renforced with cages as the one shown in Figure 5. These cages were
constructed in a three dimensional grnid with 100mm spacing between rebars (D=12mm) and
stirrups (D=10mm). Both the rebars and the stirrups were of steel quality Ks 500 ST.

In Figure 6 to Figure 9 data from the Doppler radar 1s plotted for each type of target. When
comparisons with results from simulations are made, these curves are integrated and combined
with the residual velocities taken from the high-speed photos.
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Figure 6. Projectile velocity versus time for targets 1-3.

PR = e e —— —r

— == B 4‘:— 'l‘argctilw}i*

Target 2

600

500 49— _ _ _[==e--Target 3]

400 ‘ = -

Projectile velocity [m/s]
Target back face

100 —

0.0 0.1 0.2 0.3 0.4 .5 0.6 0.7 0.8

Projectile displacement after impact [m]

Figure 7. Projectile velocity versus displacement for targets 1-3 (including three points for the
post-test measured depth of penetration).
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Figure 8. Projectile velocity versus time for targets 4-6 (including three data points from the high-
speed camera).
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Figure 9. Projectile velocity versus displacement for targets 4-6 (including three data points from
the high-speed camera).
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Figure 10. Projectile velocity versus time for targets 7-9 (including one data point from the high-
speed camera).
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Figure 11. Projectile velocity versus displacement for targets 7-9 (including one data points from
the high-speed camera).
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When using only one Doppler radar it 1s not possible to distinguish signals from objects moving
towards the radar from objects moving away from the radar. Therefor the data in the above
figures should only be used as guidance.

11



3 MATERIAL CHARACTERISATION

31 Target

Standard matenal testing was performed on 150x150mm cubes for the unconfined uniaxial
compresstve strength, 100x200mm cylinders for the splitting tensile strength and the modulus of
elasticity. Determination of the fracture energy was done according to RILEM “Determination of
the fracture energy of mortar and concrete”. The results are presented in Table 2.

Table 2. Concrete material test data

Mass density Uniaxial Splitting tensile Modulus of Fracture energy
COMPIessive strength elasticity
strength
2 770kg/m’ 153MPa 9.1MPa 58GPa 162N/m

By default the Poisson’s constant is taken as (.16 and the uniaxial tensile strength 1s taken as 90%
of the split strength according to The Swedish Concrete Handbook [4].

For the reinforcement the parameters in Table 3 were taken from earlier tests performed on the
same type of reinforcement, 12mm rebars with quality KS500ST. The strain at maximum force
(peak strain) was determined according to ISO 10606:1995(E).

Table 3. Reinforcement material test data.

Mass density | Yield stress | Potsson’s ratio | Modulus of Hardening Peak strain
elasticity modulus
7 800kgm’ 586MPa 0.3 207GPa 1.1GPa 0.092

3.2 Projectile
The Vicker’s test (HV10) was performed on one of the projectiles after the tests and the yield
limut was calculated according to the following relationship.

~100-10°
32

The results from the Vicker’s test together with the calculated yield imut is presented 1n Figure 12
and the parameters in Table 4 were chosen from standard steel data.

fs\ HI/I()
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Figure 12. Results from the Vicker’s test (HV10) performed on a projectile after tests.

Table 4. Projectile elastic material parameters.

Mass density

Modulus of elasticity

Poisson’s ratio

7 800kg/m’

200GPa

0.3

13




4 NUMERICAL SIMULATIONS
The tools used for the simulations are specified in Table 5.

The geometry was modelled with two symmetry planes and both the target and the projectile
were described in material or Lagrangian co-ordinates. All nodes on the target’s perimeter were
constrained to no displacement in the direction of the projectiles path. For the contact between
target and projectile, the standard LS-DYNA algorithm “eroding surface to surface” was used.
This 1s the only available contact algorithm that can be used together with numerical erosion, 1.e.
that updates the contact surfaces after each computational time step to account for eroded
elements.

The target was modelled using 8-node solid elements and an crosion criterion based on shear
strain. The numerical erosion can only be used with solid elements and 1-point integration. The
critical erosion value had to be determined through an 1terative procedure, which is presented in
chapter 4.2. For the target elements, hourglass control of the type Flanagan-Belytschko stiffness
form with exact volume integration were used. For the target the LS-DYNA material type 72
“Concrete Damage” was used, see Appendix B for a detailed presentation of the material model.
Since neither the material type number 72 or the numerical crosion option is available in the pre-
processor LS-INGRID changes had to be done in the LS-DYNA input file.

The projectile was modelled using 8-node solid elements with 8-points integration and an elastic
material model, LS-DYNA material type 2. The same mesh was used for all simulations and
specifications are given in Table 6.

The reinforcement was modelled using 2-node truss elements and the LS-DYNA elastic material
type 2 together with the material parameters given in Table 3.

Table 5. System specifications.

Compaq Workstation XP1000

667 MHz DEC/Alpha 21264A processor with 1024 MB main memory

Digital UNIX version 4.0d

LS-INGRID versions 3.5a and 3.5b [6]

LS-DYNA version 950c |1]

LS-TAURUS version 940.3 [3]

Table 6. Mesh data for projectile

Nodes 484
Solid elements 252
Characteristic element size 7.5 mm

14




Now follows a detailed explanation of the chosen input data for the target. The maximum
compression meridian was fitted to the one given by the CEB-FIP Model Code 1990 [5] and the
initial compression yield mendian and the residual compression mendian were constructed
according to the instructions in [2]. In Figure 13 three different stress-paths are drawn together
with the maximum compression mendian. In Figure 14 both the compression and tension
meridians are shown for pressure up to 1.7GPa.

180 7
L2176
- f"'
160 A Lo
\ L
t”‘
140 o
’f
120 - g -
/"’ """"" Compression meridian,
= _° CEB-FIP Model Code 1990
& 100 g o :
E‘ L =& Triaxial tension
2 ‘,/' —¥— Biaxial tension
f"
//' —— Uniaxial tension
—#— Uniaxial compression

--©-- Biaxial compression

-10 10 30 50 70 90 110 130
Pressure [MPa]

Figure 13. Compressive meridian and test stress paths.
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Figure 14. Compressive and tensile meridian used for the simulations.
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1a(V/V,)

Figure 15. Equation of state used for the simulations.

For the equation of state, a combination of test data from FFI on concrete with cube strength of
90MPa and the data given in table 1 on the modulus of elasticity was used. The slope of the
elastic-porous part was calculated as:

K= g = i =28.43GPa

3(1-2v) 3(1-2-0.16)

The curve was then connected to the FFI-curve. 'The difference m inclination for the elastic part
15 due to the GREAC-cell method used for the FFI-tests. It has been shown that this testing
method gives a weaker response than that of a stabilised HOEK-cell [7]. The last point on the
curve was extrapolated and the resulting equation of state 1s shown in Figure 15.

In the model, there are three parameters which controls the shape of the response curves, bl for
uniaxial compression, b2 for uniaxial tension and b3 for tri-axial tension. The value for bl was
taken according to the recommendations in [1]. To regularise the fracture energy release these
parameters has to be determined for each element size to be used so that

G, =h|o(e)de =162Nm™
where

st 3 ‘ 71.’[67}1;17
h=3V;

16



The damage parameters were determined by simulations of a direct tension test. The softening
part of the response was fitted to the following analytical expression using a bilinear softening
curve.

@,

s gl )

The resulting damage curve 1s shown 1n Figure 16.

For the two element sizes that were to be used in the simulations, 5 and 7.5mm, the damage
parameters were tuned to get the right fracture energy. The resulting response curves for uniaxial
compression, uniaxial tension and triaxial tension are shown in Figure 17 to Figure 19. The LS-
Ingrid mnput file, valid for uniaxial and triaxial tension test and umaxial compression test
depending on which command lines that are commented out, 1s found 1n Appendix B. According
to [2] this tuning of damage parameters is enough to avoid mesh dependency.

To assure that the input curve for strain rate dependency covered the whole range of strain rates
occurring 1n the simulations, registrations of the effective strain rates (upon which the strength
enhancement i the model 1s based) were made for three elements 1n the impact area, see (Figure
20). At time 0.022ms the first element, element 1 1s eroded.

The suggested bilinear relationship for the dynamic increase factor (DIF) in [5] 1s valid for strain
rates up to 300/s. In Figure 21 this relationship s plotted up to the observed strain-rate values.
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Figure 16. Damage curve used in the simulations.
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4.1 Target 1-3

The LS-INGRID mput file and changes made to the created LS-DYNA keyword format input
file 1s found 1n Appendix D. The mesh used for this target type 1s shown in Figure 22 and Figure
23. A mesh specification 1s given in Table 7.

The effects of dynamic strength increase of strain rate were investigated. Three curves for
compressive strength enhancement were used (cf. Figure 21); no strength enhancement, linear
strength enhancement and bilinear strength enhancement. The Doppler radar curves were
integrated and plotted together with the measured penetration depths and the three resulting
projectile velocity-displacement curves from the simulations, see Figure 24 to Figure 25. Only
data up to 0.5ms was used from the Doppler radar according to discussion in chapter 2.

Target 1-3 (SI-Units) Target 1-3 (SI-Units)

iy

\\:::\\Q\\‘\\\\s{&x‘\%‘:m\l
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R

R
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L5-TAURGS v T |

TAURUS )03 Febiy |

Figure 22. Mesh A in elevation view. Figure 23. Mesh A in plan view.

Table 7. Mesh data for target 1-3.

Mesh A
Characterisuc element size 5mm
Nodes 419 800
Solid elements 403 200
Approx. CPU time 12h
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Compared to data from the Doppler radar, the simulations show a higher retardation of the
projectile in the beginning of the penetration phase. At a projectile displacement of about 0.25m
(or 0.5ms), the retardation decreases and the decrease is more pronounced when using the
bilinear DIF relation. Post-processing of the simulations show that at this moment a plug 1s
formed in the target, see Figure 26, due to great amount of shear damage in the element size
transition zone.

To mvestigate if the plug and thus the sudden decrease in retardation was caused by the models
inability to handle different element sizes, i.e. different fracture energies, a new geometry model
was constructed consisting of 5mm elements all through the target. Due to lack of memory,
modelling of the whole target geometry could not be carried out. However, a smaller model with
square geometry 330x330x800mm (1/4 model) and boundaries with fixed displacement and
rotational constraints was created, see Figure 27 to Figure 28 and Appendix E for the LS-
INGRID mput file, with the specifications given in Table 8.

S5iE

BOFORS-99, TARGET 1-3 (SI-UNITS)

time = 1.99977E-03 fringe levels

fringes of z-displacement 0.000E+00

2.000E-03
4.000E-03
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8.000E-03
1.000E-02

min=-1.032E-01 at node 159
max= 5.765E-01 at node 424434

LS-TAURUS 940.3 Feb%?

Figure 26. Formation of a plug in the target due to great amount of shear damage
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Figure 27. Mesh C in elevation view

Table 8. Mesh data for square geometry target 1-3

BOFORS-99, TARGET 1-3_5Q (SI-UNITS)

iTarapmsvan |

Figure 28. Mesh C in plan view

Mesh C
Characteristic element size 5mm
Nodes 723125
Solid elements 697 212
Approx. CPU time 35h

In Figure 29 and Figure 30 it 1s shown that when

using the same element size in the whole target

no plug 1s formed, but the sudden decrease in retardation 1s still there. Nevertheless, the
formation of a plug leading to lower structural bearing capacity shows that there is 2 need to

improve the model in order to make the fracture

energy release objective, 1.e. mesh independent.

An explanation for the sudden decrease in retardation has not been found nor has been possible

to conclude that this 1s not a real phenomenon.
measured penetration depths indicates that this 1s

But, the data from the Doppler radar and the
not the case.
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depths of penetration measured after test.
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Returming now to the previous geometry model for targets 1-3, mesh A with a bilinear DIF. In
Figure 31 and Figure 34 comparisons of damage are made with photos taken after the tests.
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Figure 31. Post condition for front face of target Figure 32. Damage on front face from
3 (shot 6). simulation.
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Figure 33. Post condition for back face of target Figure 34. Damage on back face from
3 (shot 6). simulation.

In Figure 35 the damage variable lambda 1s plotted on the symmetry plane. According to this
figure the target 1s almost completely damaged, which 1s not consistent with the test results.
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Figure 35. Damage in target, side view.
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4.2 Target 4-6

The LS-INGRID mput file and changes made to the created LS-DYNA keyword format input
file 1s found in Appendix C. The mesh used for this target is shown in Figure 36 and Figure 37
and in Table 9 mesh specifications are given.

First, the element size dependency was investigated using no DIF rclationship. The results are
presented in Figure 38 where it is obvious that the fracture cnergy release 1s not objective, i.e.
adjusting the parameters bl, b2, and b3 does not eliminate mesh dependency. ‘The elements
outside the impacting area that are bigger than 5mm and 7.5mm respectively might also influence
the result. For larger elements, the energy release 1s lower giving a higher residual velocity. This s
consistent with the observed results. For erosion shear strain values over 0.9 the mesh becomes
heavily distorted, why this value is taken as maximum.

The influence of dynamic friction (no DIF) was also mvestigated, see Figure 39. Obviously, the
friction has none or little effect on the result. This 1s due to the small arca of contact between the
projectile and the target, see Figure 40. At the nose, the elements are deleted according to the
eroston criteria and towards the rear of the projectile, the whole 1n the target has a conical shape
leaving a void between projectile and target.
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Figure 36. Mesh A in elevation view. Figure 37. Mesh A in plan view.

Table 9. Mesh data for targets 4-6.

Mesh A B

Characteristic element size 5mm 7.5mm
Nodes 211 160 51 212
Solid elements 201 600 47 488
Approx. CPU time 3 hours 1 hour
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Figure 38. Influence of mesh element size and erosion shear strain on residual velocity (no DIF).
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Figure 40. Contact between projectile and target

The strain rate dependency was investigated using two curves, see Figure 41, for dynamic
increase of the target’s compressive strength. The computations were carried out with an erosion
shear strain of 0.9.

Integrating the Doppler radar curve and plotting 1t against the projectile velocity shows the
projectile trajectory through the target, see Figure 42.
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Figure 41. Comparison between numerical simulations and test data.
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Figure 42. Comparison between numerical simulations and test data. Data points with values are
taken from high-speed videos.

In this simulation, as for targets 1-3, a plug is formed in the transition zone between different
element sizes, decreasing the structural bearing capacity, see Figure 43. However, the effect of
this phenomenon seems less important because of the smooth retardation.
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Figure 43. Longitudinal displacement for target 4-6, element size 5mm and no DIF.

Comparisons of photos from the tests with plots of the damage parameter lambda from the
stmulation (bilincar DIF), see Figure 44 to Figure 47, reveals almost the same damage pattern as
for target 1-3.

Figure 44. Post condition for front face of target Figure 45.

5 (shot 2).
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Figure 46. Post condition for back face of target
5 (shot 2),
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Figure 47. Damage
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Figure 48. Damage in target, side view.
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4.3 Target 7-9

The LS-INGRID 1nput file and changes made to the created LS-DYNA keyword format input
file 1s found in Appendix C. Due to difficulties with connecting the reinforcement to the target
mesh these tests were modelled using square geometry, see Figure 49 to Figure 52. The
reinforcement was modelled using truss elements and the nodes were tied to the corresponding
nodes for the target brick elements. In table Table 10 mesh specifications are given.
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Figure 49. Mesh A in elevation view. Figure 50. Mesh A in plan view.
ER S
BOFORS-99, TARGET 7-9 (SI-UNITS) S| boFORS-99, TARGET 7-9 (SI-UNITS) B

lime - 0.00008E-+00 time = 0.00000E+00

|

p sh | | 8

s I TACEO N j LS-TAURTS 3483 Ted%3

Figure 51. Elevation view of reinforcement cage. Figure 52. Plan view of reinforcement cage.
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Table 10. Mesh data for targets 7-9.

Mesh A
Characteristic element size 5mm
Nodes 392792
Solid elements 369 920
Truss elements 7092
Approx. CPU time 7h

The strain rate dependency was investigated with an erosion shear strain of 0.9. Integrating the
curves in Figure 53 and plotting 1t against the projectile velocity shows the projectile trajectory
through the target, see Figure 54. In Figure 55, a damage plot is given showing the formation of a

plug .
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Figure 53. Influence of dynamic increase factor (DIF) on projectile retardation.
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Figure 54. Influence of dynamic increase factor (DIF) on projectile retardation.
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Figure 55. Longitudinal displacement for target 7-9, element size 5mm and no DIF.
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In Figure 56 to Figure 59 comparisons of the damage parameter lambda are made with photos
taken after the tests. In Iigure 61 to Figure 62 a comparison s made for reinforcement

displacement at the target back face after perforation.

o,

Figure 56. Post condition for front face of target
7 (shot 7).

Figure 58. Post condition for back face of target
9 (shot 9).

'R

BOFORS-99, TARGET 7-9 (SI-UNITS) b
fringe levols

0.000E-00
5.200E-03
LG4DE-02
2.460E-02

212BOE-02
4100502

time « 199981 E-03
element histary variahle ¢ ¢

min- 0.000E+00 In elemsent 369920
max= L166E+01 in eloment 7203

Figure 57. Damage on front face from
simulation (bilinear DIF).
BOFORS-99, TARGET 7-9 (SI-UNITS) =l
time - 1.99981E-03 fringe levels

element histary varishle # 6

0.000E+00
min 0.000E+00 in element 369920 :.z:i.g:
max- L166E+01 In element 7203 e
l 3.280E-02

4100E-02

— e TAVDeITe® |

Figure 59. Damage on back face from
simulation (bilinear DIF).
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5 SUMMARY

Numerical simulations of penetration and perforation tests of high strength concrete have been
carried out. The problem was modelled in LS-DYNA and solved using Lagrangian technique.
Influence of strength enhancement based on strain rate, numerical erosion criteria, friction
between target and projectile and mesh dependency has been investigated.

Results from the computations were compared to test data on the projectile trajectory and photos
showing the damaged targets. For perforation, the projectile’s trajectory was derived from
Doppler radar and high-speed photos. In the case of penetration, the projectile’s trajectory was
derived from Doppler radar and measurements on depth of penetration.

The simulations show good agreement with test data for perforation. For penetration, the results
are not satisfying since in the simulations the projectile perforates the target, which was not the
case for the tests, see Table 11.

Table 11. Comparison of results from test and numerical simulations.

Test Numerical simulation
Target | Projectile impact | Depth of Projectile Depth of Projectile
number | velocity [m/s] penetration | residual velocity | penetration | residual velocity
[mm] [m/s] [mm] [m/s]
1-3 616 500 = = 200
4-6 617 - 291 - 320
7-9 616 - 260 - 330

During the work with the simulations, problems have been encountered in the following areas.
- Material type 72

The target material model does not allow different element sizes to be used in one material
definition. The damage curve is fitted to one specific element size and when using different sizes
of elements one do not get the right energy release. Future improvements of the model should
include regularisation of the fracture so that the fracture energy relcase becomes objective, t.e.
mesh mndependent. This problem with the fracture energy release seems to be a possible
explanation for the great amounts of shear damage 1n the element transition zones. The authors
of the material model have improved the model since the first release, which 1s the one
implemented in LS-DYNA. In Appendix B improvements made in a more recent release, release
I1, of the model are listed.

- Numerical erosion

In LS-DYNA, there are six different types of erosion criteria, which can be used, with all material
types and one-point integrated solid elements. The value on the erosion criteria has great
influence on the results but the determination of the erosion criteria parameters 1s difficult, as the
mesh becomes much distorted at large values. This problem suggests that another solution
techmque should be used, for example Fuler or smooth particle hydrodynamic (SPH). A new
erosion criterion should also be added to this particular material type, based on the modified
effective plastic strain parameter lambda. This would give the possibility to ensure on self that all
fracture energy had been released before eroding, or deleting, the element.
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- Interaction between concrete and reinforcement

With concrete to reinforcement mass ratio of 6%, one cannot use a smeared approach to model
the rebars and stirrups. In this report, truss-elements were used, but this 1s not sufficient to take
into account the confinement contributed by the reinforcement. The rebars should be modelled
as either solid elements with a concrete-rebar interface or using beam elements and a slip model.
For beam eclements there is a possibility to model slip 1n LS-DYNA with an option called 1-d
shde line, which haven’t been applied to this problem.

- Dynamuc increase factor (DIF)

When enhancing the matenal strength using a DIF relation the structural response changes in the
beginning of the penetration phase, the retardation of the projectile increases. However, for all
the cases considered here this effect seems to last only to half the targets depth and we almost get
a convergmng residual velocity for all three DIF relations. For targets 1-3, where the projectile
should come to rest 1n the target according to the test, a extrapolation of the mitial retardation
phase pomts to the measured depths of penetration. An explanation for what causes the
pronounced bend on the projectiles penetration path, see for example Figure 25, has not been
found 1in this report.
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APPENDICES

Appendix A

The following plots show the frequency intensity from the Doppler radar and a predicted
projectile path. For each target two plots are presented, the first showing all data and the second
only for the penetration phase.
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Figure 64. Doppler radar data for target 2
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Figure 71. Doppler radar data for target 9
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Appendix B

With the material model "Pseudo Tensor” (LS-DYNA material type 16) as a basts the American
company Karagozian & Case released mn 1994 a constitutive concrete model for the Defence
Nuclear Agency (DNA) Conventional Weapons Effects program. This model 1s part of the LS-
DYNA standard maternal library since 1996 (version 940) where it 1s referred to as material type
72 ”Concrete Damage”. This version of the material model is called release 1.

Strength surfaces

The strength surfaces limits the deviatoric stress at the corresponding pressure and in the model
the construction of the strength surface in stress space 1s based on:

- User mput of the uniaxial tensile strength

- User input of a curve for the compression meridian valid for pressures above one third of the
uniaxial compression strength, 1.e. including the unconfined uniaxial compression test.

a, +a,p
- the assumption that the tri-axial tensile strength s equal to the uniaxial tensile test

- the assumption (based on studies of experimental data) that the bi-axial compressive strength 1s
equal to 1.15 times the uniaxial compressive strength

- the assumption (based on studies of experimental data) that the ratio between the compressive
and extension meridian at a pressure of three times the uniaxial compressive strength is 0.753.

- the assumption (based on studies of experimental data) that the ratio between the compressive
and extension meridian at pressures higher than 8.45 times the uniaxial compressive strength 1s 1.

- the 3D-shape proposed by Willilam and Warnke for the strength surface leading to the following
expression for the distance from the hydro static pressure axis to an arbitrary point in stress space
lying on the strength surface.

r_ &—w")cose +(2y - 1) mr-wr)cos:(? +5y’ -4y
r 4';.’-!}7:)00520 -f-(]—ZIII)2

w(p)="" =relative distance between compression and tension meridian
=

€

cos 30 =33;{§
2J,

- User mnput of a curve describing the migration between yield, maximum and residual strength

surfaces, A = A(n)

The compression and extension meridians with stress paths for some tests are schematically

shown 1n Figure B-1 and a schematically strength surface in 3D-stress space 1s shown in Figure
B-2.
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Strength enhancement due to strain rates

The strength enhancement due to strain rates 1s done along radial stress paths in the stress space.
This 1s in accordance with data from unconfined compressive and tensile tests, but since the
enhancement 1s based on effective strain, the model does not differentiate between compressive
and tensile stress paths.

Ao = rfAO'kp/rf)
r e

The strength enhancement factor is given by the user as a piecewise linear curve, see Figure B-3
for an example.
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Figure B-3. Example of an strength enhancement function

Damage accumulation

In order to incorporate yield strength and residual strength two additional surfaces are defined,
see Figure B-4 for a schematically representation.
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Figure B-4. Yield (red), max. (blue) and residual (green) strength surfaces in stress space

During loading the strength surface has to migrate between the three strength surfaces and this is
done using the following relations.

AG = n(Ao-max T AO-mm )Ao-mm

p ={_L”
‘ _n(l)f‘m
n=n(d)

Pc 1s the pressure cut-off, 1.e. the maximum tensile that can be reached, N is the migration

function and A is called the modified effective plastic strain measure and is calculated according
to:
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_— 2 )
de” = /—g.’,’g.’,
\, 3 iy

- _p Ib] for p>0
b, = scalar multiplier for uniaxial stress states =
|b2 for p<0
b, = scalar multiplier for triaxial stress states
p 37, S
-5l for0< p'[3/,/<0.1
= 1
0 for p™'./3J, >0.1

v

k , = internal scalar multiplier = -
ct
v 3 i

The function M(A) is given by the user as a piecewise linear curve and the b-parameters are
determined through iterative calculations to get the fracture energy right for different stress

paths. The parameter T ranges from some start value <1 representing the yield strength surface,
up to 1 for the maximum strength surface and down to 0 for the residual strength surface. An
example is given mn Figure B-5.
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Figure B-5. Example of a damage function
In a situation with negative pressure and softening a modified maximum strength surface is used
to avoid a vertical pressure cut-off plane 1n stress space:

A —modified [nAc ., + (1 -n)Ac,, for p>0
Ag oV =

e 13(p+7f.,) for p=20
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Plastic flow

The model uses the volume-preserving Prandtl-Reuss flow rule, i.e. the plastic flow has a radial
direction from the hydrostatic pressure axis.

flpm)= V3, =Y

where Y is the current position of the strength surface in stress space. The update to the strength
surface (after the elastic trial step) becomes

v oy = Y. n'(Ah(c) f(c%)
e 3G 1+Y,n"(A)h(c)/3G

where
Y* = Updated strength surface due to increment pressure
v {r_;-[adm (p/r)-Ac,(p-r)pzp,,

7 3r, [ pP<p,.

h(c):,a.f(l+‘—n;_/:.,j’
rf

The mncrement for the modified effective plastic stramn measure Als:

dA = h(O')ds”—h(o') Jsz _ho)ly35,* - Y(p*.n,)]
3gl Lt Qoo

3G

Calculation of shear modulus

The Poisson’s ratio 1s constant and given by the user and the shear modulus is calculated using
this value and the bulk modulus from the given equation of state.

Ge (1.5-3v )K"
l+v
=(K, - K, )™ +K,
~Ae

—A£+(p—p_,)/KU
Ag :8v.mm _gv
where

K, = Loading bulk modulus
K, = Unloading bulk modulus

Release 11

A second release of the material model was presented in February 1996, but the model is not
implemented in the LS-DYNA material library. The main new capabilities in the model are:
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(1) mcorporation of shear dilatancy

Using a flow rule that increments the plastic strain normal to the strength surface, associative
flow rule, yields excessive dilatancy (change in volume) in shear. The Prandtl-Reuss flow rule is a
special case of a non-associative flow rule that yields no dilatancy at all. From shear tests on
concrete it 1s found that dilatancy occurs, to a certain degree. In release II the introduction of
general non-associative flow rule controlled by a input parameter ® gives the possibility to handle
shear dilatancy.

(2) different rate enhancement in tension and comptession

Tests show that strength enhancement due to strain rate are different in tension than in
compression. In release II the possibility is given to account for this via a user defined curve
ranging from negative (tensile enhancement) to positive (compressive enhancement) strain rates.

(3) variable strain enhancement with strain rate

In addition, strain rate dependency on the peak strain has been added which the user controls by
entering a scalar representing how large a fraction of the strength enhancement curve to be used
for strain enhancement.

Release II1

In release III beta 20 of the material model, the generation of input matetial parameters has been
automated. The parameter generation is based on the concrete compressive strength, the system
of units, and the element size (or relative element size). In addition, release III beta 21 is on the
way and will be able to handle different element sizes using a unit length conversion factor (a
characteristic length).
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Appendix C

Bofors-99, Constitutive model behaviour (SI-units)

dn3d kw93
batch

term 1. plti 1.
gmprt elout 1.E-10 nodout 1.E-10;

C IR R R R E R E R RS E SR EREEREE SRR R RS S LR E R R SRR R EEEEEREEEESEREEEEEE S PARAMETERS * k%

c Load rate
[lr=1.E-4]

c Element size
[lch=5.E-3]
¢ {lch=7.5E-3]

@ RS A S S SR REES SRS S S EESEEEREEEE LSS SRS R A S SR EEEEEEEEEEESEEREERSE ] SMETRY PLANES * x %

plane 3

0. 0. ©O0. -1. 0. 0. l1.E-6 symm
0. 0. 0. 0. -1. 0. 1.E-6 symm
0. 0. 0. 0. 0. -1. 1.E-6 symm

C LA RS RS SRS R RS SRS SR RS SRS EEEE RS SRS EEEEEEEERESEESESEEREREEEEEREEE SRS LOAD CUR\/‘E * ok Xk

¢ Deformation load curve

led 1 2
0. il
1000. 1.

c I E AR SRS SR E RS SRR A SR RS S ER SRS EEEERERSEEESE S EEEESSEEE SR TS MATERIAL DEFINITIONS * %k %
mat 1
type 12 brfo 1 hggt 5

ro 2770 g [50.E+9/(2*(1+.2))] sigy 50.E+6 eh [100.E+6/0.0025] bulk 2.843E+10
endmat

eos 8
npts 7 gamma 0.0 €0 0.0 vO 1.0
lnv 0.000000 -0.007034 -0.028960 -0.050979
-0.062837 -0.072613 -0.144392
pc 0. 2.E+08 2.4E+08 3.9E+08
5.65E+08 7.37E+08 2.E+09

ku 2.843E+10 2.843E+10 2.843E+10 2.843E+10
2.843E+10 2.843E+10 2.843E+10
endeos

G R R R R R R R R S R EE R AR EEEE R RS RERESEEE SRR R R R R E RS SPECIMEN PART DEFINITION * %k
Start

il 12

12;

1 2;
0. [.5*1ch]
0. [.5*1ch]
0. [.5*1ch]

c Uniaxial compression - bl
fv 1122221 [{lr] 0. 0. -1. 0. 1000.
b11222 2 000111

¢ Uniaxial tension - b2
c fv1122221 I {lrl 0. 0. 1. 0. 1000.
cb112 22 2000112

¢ Triaxial tension - b3

cfvl1122221 {ir] 0. 0. 1. 0. 1000.
c fv 1212 22 1 [1r] 1000.
o 212
c

o
=
o
o

fv 211 21 {1x] 1. 0. 0. 0. 1000.
b1122 22000111

52



cb12122 2 000111
cb211222 000111
npb 1 1 2;

epb 1 1 1;

mat 1

end

(c} LRSS A SRR SRR SR ES RS RS EXEEEEERERAE R RS R ERRRRR RS R EE R EERERE R E R EREE RS EEREEEEEE RS END * k%

end
continue

C IR AR RS L AR RS RS RS E SRS SR RS EEEEESEEER RS Y REREREES LSS R EREREEEREREEEEEEEEEEEEEEYS KEYWORD * kK

Cc Smm mesh
*MAT_CONCRETE_DAMAGE

1 2770 0.16
8.0E+6 50.643E+6 0.465 0.657E-9
22.789E+6 1.033 1.460E-9 0.465 0.657E-9 1.0 1.0 .023
0 0 0 0 0 0 0
0. .02E-3 2.8E-3 41.E-3
0. 1. .15 .0

c 7.5mm mesh
*MAT_CONCRETE_DAMAGE

1 2770 0.16
8.0E+6 50.643E+6 0.465 0.657E-9
22.789E+6 1.033 1.460E-9 0.465 0.657E-9 0.682 6.46 .035
0 0 0 0 0 0 0
0. 1.5E-4 9.E-4 35.E-4
0. 1. .2 .0
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Appendix D

Bofors-99, Target 1-3 (SI-units)

dn3d kw93
batch

term 5.0E-3 plti 1.E-1
gmprt nodout 1.E-10 elout 1.E-10 matsum 1.E-10;
taurus int8 8;

c LA E R E AR S NSRS ERE R SRR RN R R R R R R R SRR R R EEEEREEEEEREE RS E RS PARAMETERS * %k %
c Projectile
[v = 616] [r = 0.075 / 2] [nose = 0.090] [length = 0.225]

[rc = (r*r+nose*nose)/2/r] [a = asin(nose/rc)]

C I EE R R R ERE R EE R R R RS R RS R R R E R R R R R EEEEEREEEREEEEEE R E SR LOAD CUR\]ES * Kk k
¢ Dynamic increase factor (DIF) in compression according to

c CEB-FIP Model Code 1990

¢ Linear function.

lced 1 65

3.00E-05 1.000 3.00E-04 1.017 3.00E-03 1.034 3.00E-02 1.051 3.00E-01 1.069
3.00E+00 1.086 3.00E+01 1.105 4.00E+01 1.107 5.00E+01 1.109 6.00E+01 1.110
7.00E+01 1.111 8.00E+01 1.112 9.00E+01 1.113 1.00E+02 1.114 2.00E+02 1.120
3.00E+02 1.123 4.00E+02 1.125 5.00E+02 1.127 6.00E+02 1.129 7.00E+02 1.130
8.00E+02 1.131 9.00E+02 1.132 1.00E+03 1.133 2.00E+03 1.138 3.00E+03 1.142
4.00E+03 1.144 5.00E+03 1.146 6.00E+03 1.147 7.00E+03 1.149 8.00E+03 1.150
9.00E+03 1.151 1.00E+04 1.152 1.10E+04 1.152 1.20E+04 1.153 1.30E+04 1.154
1.40E+04 1.154 1.50E+04 1.155 1.60E+04 1.156 1.70E+04 1.156 1.80E+04 1.157
1.90E+04 1.157 2.00E+04 1.157 3.00E+04 1.161 4.00E+04 1.163 5.00E+04 1.165
6.00E+04 1.167 7.00E+04 1.168 8.00E+04 1.169 9.00E+04 1.170 1.00E+05 1.171
1.10E+05 1.172 1.20E+05 1.172 1.30E+05 1.173 1.40E+05 1.174 1.50E+05 1.174
1.60E+05 1.175 1.70E+05 1.175 1.80E+05 1.176 1.90E+05 1.176 2.00E+05 1.177
2.10E+05 1.177 2.20E+05 1.178 2.30E+05 1.178 2.40E+05 1.178 2.50E+05 1.179

¢ Bilinear function.

lcd 2 65

3.00E-05 1.000 3.00E-04 1.017 3.00E-03 1.034 3.00E-02 1.051 3.00E-01 1.069
3.00E+00 1.086 3.00E+01 1.105 4.00E+01 1.216 5.00E+01 1.310 6.00E+01 1.392
7.00E+01 1.465 8.00E+01 1.532 9.00E+01 1.593 1.00E+02 1.650 2.00E+02 2.079
3.00E+02 2.380 4.00E+02 2.619 5.00E+02 2.821 6.00E+02 2.998 7.00E+02 3.156
8.00E+02 3.300 9.00E+02 3.432 1.00E+03 3.555 2.00E+03 4.479 3.00E+03 5.127
4.00E+03 5.643 5.00E+03 6.078 6.00E+03 6.459 7.00E+03 6.800 8.00E+03 7.109
9.00E+03 7.394 1.00E+04 7.658 1.10E+04 7.906 1.20E+04 8.138 1.30E+04 8.358
1.40E+04 8.567 1.50E+04 8.767 1.60E+04 8.957 1.70E+04 9.140 1.30E+04 9.316
1.90E+04 9.485 2.00E+04 9.649 3.00E+04 11.045 4.00E+04 12.157 5.00E+04 13.096
6.00E+04 13.916 7.00E+04 14.650 8.00E+04 15.317 9.00E+04 15.930 1.00E+05 16.499
1.10E+05 17.032 1.20E+05 17.533 1.30E+05 18.007 1.40E+05 18.453 1.50E+05 18.887
1.60E+05 19.298 1.70E+05 19.692 1.80E+05 20.071 1.90E+05 20.436 2.00E+05 20.788
2.10E+05 21.129 2.20E+05 21.459 2.30E+05 21.779 2.40E+05 22.091 2.50E+05 22.393

c IR SRR RS EE SRS SRR SRR RS SN SRR S EEEEEREESSEE RS SRR R RE SRS EEEEEEESE,] SMETRY PLANES * x %
plane 2
0. 0. 0. -1. 0. 0. 1.E
0. 0. 0. 0. -1. 0. 1.E

S

-6 symm

-6 symm

@ R R R R R F E R R E R R R R R R R R R EEEEEEEE R R R R R EEE RS EREERE R RS SRR S S SN SR INTERFACES * Kk *
si 1 t14 fd 0.0 material master 1; material slave 2;

‘

o] LR R SR EEE R ESEEE S SRR EEE RS SRR EREEEE SRS ERESEX] LINES AND SURFACES DEFINITIONS * Xk %
13d 1 1p 1 [-r] 0.000 [-nose] lrot [rc-r] 0.000 [-nose] 0 1 0 [-90]
sd 11380000011

sd 2 cyli 0 0 0 0 0 1. [rx]
sd 3 cyl1 0 0 000 1. 0.700
sd 4 cyli 0 0 000 1. 0.150

C LR R SRS IR EEEEREEREER RN R R EE EREEEES R RS RS R SR RS SEEER SRS EESS] MATERIAL DEFINITIONS * k *

¢ Target dummy material
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mat 1

type 12

ro 2770 g [50.E+9/(2*(1+.2))] sigy [0.3*150.E+6] eh [100.E+6/0.0025]
bulk 17.E+9 hggt 5 brfo 1

endmat

eos 8
npts 7 gamma 0.0 e0 0.0 vO 1.0
Inv 0.000000 -0.007034 -0.028960 -0.050979
-0.062837 -0.072613 -0.144392
pc 0. 2.E+08 2.4E+08 3.9E+08
5.65E+08 7.37E+08 2.E+09
ku 2.843E+10 2.843E+10 2.843E+10 2.843E+10
2.843E+10 2.843E+10 2.843E+10
endeos

¢ Projectile
mat 2

type 1

ro 7800 e 200.E+9 pr 0.3 hggt 5 brfo 2
endmat

c *hkhkkkhkhkkhkkhkhkhkhkhhkhhkhkhhkhkhkdhhhkhkhkhohkhkhkhhdkhhkdhhkhkkdkhixkkxkxk CONCRETE PART DEFINITION * k ok
start

¢ 5Smm

1 31 58;

1 31 58;

1 161;

a0 0

¢ 7.5mm
1 21 44,
1 21 44;
1 108;

0.000 0.010 0.010
0.000 0.010 0.010
0.000 0.800

di 2 3; 2 3; 0;

sfi -3; 1 2; ; sd 3
sfi 1 2; -3; ; sd 3
sfvi -2; 1 2; ; sd 4
sfvi 1 2; -2; ; sd 4

res 2 1 2211.1
res 1 1 3231.1

N W

1
2
b 311322 001000
b13 1232 001000
¢ Elements in impact area

epb 1 1 1;

epb 1 1 1 po 0 0 1;

c Element in exiting area

epb 1 1 2;
c Nodes in impact area to calculate model's maximum strain rates
npb 1 1 1;

npb 1 1 1 po 0
npb 1 1 1 po 0

0 1;
0 2;
mat 1

end

c dhkhkhkhkkhkhkhkhkhhhkhdkhkrhhkbkhkhkrhhkrhkdbdhrhhkhrrhkdrdhhkrdhirhixk PROJECTILE PART DEFINITION * k%
start

146 8 11;

146 8 11;
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149 19;

[-x/3} [-x/31 O [r/3] [x/3]

[-r/3]1 [-x/31 0 [r/3] [x/3]
[-nose/3] [-nose/3] [-nose] [-length]

di12045;1204S5;

di 12 045; ; 12;

di ; 1204 5; 1 2;

pa 331z 00

sfi -1 -5; -1 -5; -1 3; spD 1
sfi -1 -5; -1 -5; 3 4; SD 2
di 1 3; :

di ; 3 5; ;

coor 1 mx -1.E-4 rz [90];
lrep 1;

b 310330 110111

b33 0530 110111

c Projectile rear node
npb 3 3 4;

c Nose top element

epb 3 3 1;

mat 2
velocity 0 0 [v]
end

@ LR EEEREEEERS RS SRS SRR SR EREEEEEEEE SRR R R R R RN EEEREEE R R R R R R R end E

end

@ LR R AR EEEEEEEEER R AR R SRR EERE R R EEEEEEREEEEEE XS] LS_INGRID INTERACTIVE COMMANDS * k&
tp 1.E-5

cont

stop

C LR AR S AR R RS ER AR EERE SR LSRR RE AR SRS SRR E R EREETERESSEEERESESEXN? KEYWORD FORMAT * k%

*MAT_ADD_EROSION

1
0.9
¢ 5mm mesh
*MAT_CONCRETE_DAMAGE
1 2770 0.16
8.0E+6 50.643E+6 0.465 0.657E-9
22.789E+6 1.033 1.460E-9 0.465 0.657E-9 1.0 1.0 .023
0 0 0 0 0 0 0
0. .02E-3 2.8E-3 41 .E-3
0. 1. .15 .0
c 7.5mm mesh
*MAT_CONCRETE_DAMAGE
1 2770 0.16
8.0E+6 50.643E+6 0.465 0.657E-9
22 .789E+6 1.033 1.460E-9 0.465 0.657E-9 0.682 6.46 .035
0 0 0 0 0 0 0
0. 1.5E-4 9.E-4 35.E-4
0. 1. .2 .0

56



Appendix E

Bofors-99, Target 1-3_sg (SI-units)

dn3d kw93
batch

term 5.0E-3 plti 1.E-1
gmprt nodout 1.E-10 elout 1.E-10 matsum 1.E-10;
taurus int8 8§;

c IR AR RS SR EREREEEEESESEREEEEEEEEREEEEEEEESERERESEEEESEESERERES EEEERESESE] PARAMETERS * Kk ok
c Projectile
[v = 616] [r = 0.075 / 2] [nose = 0.090] [length = 0.225]

{rc = (r*r+nose*nose)/2/r] [a = asin(nose/rc)]

C IR SR SRR E SRS EEEEEEE R ES R RSP EEEEER SRR EEEEEERERESER S EEEEEEREESEESEREE NN LOAD CUR\TES * ok k
c Dynamic increase factor (DIF) in compression according to

c CEB-FIP Model Code 1990

¢ Linear function.

led 1 65

3.00E-05 1.000 3.00E-04 1.017 3.00E-03 1.034 3.00E-02 1.051 3.00E-01 1.069
3.00E+00 1.086 3.00E+01 1.105 4.00E+01 1.107 5.00E+01 1.109 6.00E+01 1.110
7.00E+01 1.111 8.00E+01 1.112 9.00E+01 1.113 1.00E+02 1.114 2.00E+02 1.120
3.00E+02 1.123 4.00E+02 1.125 5.00E+02 1.127 6.00E+02 1.129 7.00E+02 1.130
8.00E+02 1.131 9.00E+02 1.132 1.00E+03 1.133 2.00E+03 1.138 3.00E+03 1.142
4.00E+03 1.144 5.00E+03 1.146 6.00E+03 1.147 7.00E+03 1.149 8.00E+03 1.150
9.00E+03 1.151 1.00E+04 1.152 1.10E+04 1.152 1.20E+04 1.153 1.30E+04 1.154
1.40E+04 1.154 1.50E+04 1.155 1.60E+04 1.156 1.70E+04 1.156 1.80E+04 1.157
1.90E+04 1.157 2.00E+04 1.157 3.00E+04 1.161 4.00E+04 1.163 5.00E+04 1.165
6.00E+04 1.167 7.00E+04 1.168 8.00E+04 1.169 9.00E+04 1.170 1.00E+05 1.171
1.10E+05 1.172 1.20E+05 1.172 1.30E+05 1.173 1.40E+05 1.174 1.50E+05 1.174
1.60E+05 1.175 1.70E+405 1.175 1.80E+05 1.176 1.90E+05 1.176 2.00E+05 1.177
2.10E+05 1.177 2.20E+05 1.178 2.30E+05 1.178 2.40E+05 1.178 2.50E+05 1.179

c Bilinear function.

lcd 2 65

3.00E-05 1.000 3.00E-04 1.017 3.00E-03 1.034 3.00E-02 1.051 3.00E-01 1.069
3.00E+00 1.086 3.00E+01 1.105 4.00E+01 1.216 5.00E+01 1.310 6.00E+01 1.392
7.00E+01 1.465 8.00E+01 1.532 9.00E+01 1.593 1.00E+02 1.650 2.00E+02 2.079
3.00E+02 2.380 4.00E+02 2.619 5.00E+02 2.821 6.00E+02 2.998 7.00E+02 3.156
8.00E+02 3.300 9.00E+02 3.432 1.00E+03 3.555 2.00E+03 4.479 3.00E+03 5.127

4 _00E+03 5.643 5.00E+03 6.078 6.00E+03 6.459 7.00E+03 6.800 8.00E+03 7.109
9.00E+03 7.394 1.00E+04 7.658 1.10E+04 7.906 1.20E+04 8.138 1.30E+04 8.358
1.40E+04 8.567 1.50E+04 8.767 1.60E+04 8.957 1.70E+04 9.140 1.80E+04 9.316
1.90E+04 9.485 2.00E+04 9.649 3.00E+04 11.045 4.00E+04 12.157 5.00E+04 13.096
6.00E+04 13.916 7.00E+04 14.650 8.00E+04 15.317 9.00E+04 15.930 1.00E+05 16.499
1.10E+05 17.032 1.20E+05 17.533 1.30E+05 18.007 1.40E+05 18.458 1.50E+05 18.887
1.60E+05 19.298 1.70E+05 19.692 1.80E+05 20.071 1.90E+05 20.436 2.00E+05 20.788
2.10E+05 21.129 2.20E+05 21.459 2.30E+05 21.779 2.40E+05 22.091 2.50E+05 22.393

c IR B R A SRS S S ERSEREREREELREREEREEEESERASEERERERREEEEEERERSEREEES] SWETRY PLANES * kK
plane 2

0. 0. 0. -1. 0. 0. 1.E-6 symm

0. 0. 0. 0. -1. 0. 1.E-6 symm
c IR R R AR R RS S SR AR R EEEE SRR R RS R SRR RS R LR R R R R R LR R R R EE RS R INTERFACES * k Kk

si 1 tl1l4 £fd 0.0 material master 1; material slave 2; ;

(e LA RS S S AR AR SRR SRR RN SESS R R R EEEEESERESSEEENEEES LINES AND SURFACES DEFINITIONS * ok Kk
13d 1 1p 1 [-r] 0.000 [-nose] lrot [rc-r] 0.000 {-nose] 0 1 0 [-90]
sd 1 L35 0000011
sd 2 cyli 0 0 00 0 1. [r]

C LR E SR AR RS S SRR AR R RS SRS R EEERESEERS SR EEREEEEREESEERSESSE.S MATERIAL DEFINITIONS * ok ok

c Target dummy material
mat 1
type 12
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ro 2770 g [50.E+9/(2*(1+.2))] sigy [0.3*150.E+6] eh [100.E+6/0.0025]
bulk 17.E+9 hggt 5 brfo 1
endmat

eos 8
npts 7 gamma 0.0 e0 0.0 v0 1.0
lnv 0.000000 -0.007034 -0.028960 -0.050979
-0.062837 -0.072613 -0.144392
pc 0. 2.E+08 2.4E+08 3.9E+08
5.65E+08 7.37E+08 2.E+09
ku 2.843E+10 2.843E+10 2.843E+10 2.843E+10
2.843E+10 2.843E+10 2.843E+10
endeos

c Projectile
mat 2

type 1

ro 7800 e 200.E+9 pr 0.2 hggt 5 brfo 2
endmat

© LER S S A S AR RS SRR RS S SRR EREEEREEEREEE S EEEREEEREEXEEEEESEE] CONCRETE PART DEFINITION **k
start

c Smm square

67;

67;
161;
0.330
0.330
0.800
2122
1222

g0 oCcCoor e

2 2 001000
2 2 001000
¢ Elements in impact area

epb 1 1 1;

epb 1 1 1 po 00 1;

c Element in exiting area

epb 1 1 2;
¢ Nodes in impact area to calculate model's maximum strain rates
npb 1 1 1;

npb 1 1 1 po 0 0 1;
npb 1 1 1 po 0 0 2;

mat 1
end

C (R EEE RS EEEREREEEEE R RS R RN R R EREE R R EEEREE R EFEEEEEEXLEX.] PROJECTILE PART DEFINITION * %k
start

146 8 11;

146 8 11;

149 19;

[-r/3] [-x/3]1 0 [xr/31 [x/3]

[-x/3] [-x/3]1 0 [x/3] [x/3]

[-nose/3] [-nose/3] [-nose] [-length]

dil2045;1204%5; ;
di12045; ;12;

di ; 12 045;12;

pa 3312z20

sfi -1 -5; -1 -5; -1 3; sD 1

sfi -1 -5; ~1 -5; 3 4; SD 2

di 1l 33 ; ;

dai ; 3 5; ;

coor 1 mx -1.E-4 rz [90];
lrep 1;

b310330 110111
330530 110111

¢ Projectile rear node

58



npb 3 3 4;
c Nose top element

epb 3 3 1;

mat 2

velocity 0 0 [v]
end

c LR R R R R e R AR R SRR AR R R R E R R AR EEEEEREEE end * ok ok

end

e} LR SR AR SRR RS S S SRR R R LSRR ESEEEEERESESEREESEEERE] LS—INGRID INTERACTIVE COWANDS * k%
tp 1.E-5

cont

stop

Cc LEREE SRS EEEEEEEEEEEEEE R RS R EEEEEEESE RS SERER S EEEEEEEEEESESES] KEYWORD FORMAT * k%

*MAT_ADD_EROSION

1
0.9

¢ 5mm mesh

*MAT_CONCRETE_DAMAGE
1 2770 0.16

8.0E+6 50.643E+6 0.465 0.657E-9

22.789E+6 1.033 1.460E-9 0.465 0.657E-9 1.0 1.0 .023
0 0 0 0 0 0 0
0. .02E-3 2.8E-3 41 .E-3
0. 1. .15 .0
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Appendix F

Bofors-99, Target 4-6 (SI-units)

dn3d kw93
batch

term 2.0E-3 plti 1.E-4
gmprt nodout 1.E-10 elout 1.E-10 matsum 1.E-10;
taurus int8 8;

[} AR R AR RS E R R SRS E SRR SRR R R AR R SRR RS EERE R R EREE SR EREEEEREREEERREEEEE SRR PARAMETERS * k%
c Projectile
[v = 617] [r = 0.075 / 2] [nose = 0.090] [length = 0.225]

[rc = (r*r+nose*nose)/2/r] [a = asin(nose/rc)]

© RS S S AR EEEEEEEERE SRR EEEE R R E R AR EEEEERE R R R R R R R R R R R R R LOAD CURVES * k%
c Dynamic increase factor (DIF) in compression according to

c CEB-FIP Model Code 1990

¢ Linear function.

lcd 1 65

3.00E-05 1.000 3.00E-04 1.017 3.00E-03 1.034 3.00E-02 1.051 3.00E-01 1.069
3.00E+00 1.086 3.00E+01 1.105 4.00E+01 1.107 5.00E+01 1.109 6.00E+01 1.110
7.00E+01 1.111 8.00E+01 1.112 9.00E+01 1.113 1.00E+02 1.114 2.00E+02 1.120
3.00E+02 1.123 4.00E+02 1.125 5.00E+02 1.127 6.00E+02 1.129 7.00E+02 1.130
8.00E+02 1.131 9.00E+02 1.132 1.00E+03 1.133 2.00E+03 1.138 3.00E+03 1.142
4.00E+03 1.144 5.00E+03 1.146 6.00E+03 1.147 7.00E+03 1.149 8.00E+03 1.150
9.00E+03 1.151 1.00E+04 1.152 1.10E+04 1.152 1.20E+04 1.153 1_.30E+04 1.154
1.40E+04 1.154 1.50E+04 1.155 1.60E+04 1.156 1.70E+04 1.156 i.80E+04 1.157
1.90E+04 1.157 2.00E+04 1.157 3.00E+04 1.161 4.00E+04 1.163 5.00E+04 1.165
6.00E+04 1.167 7.00E+04 1.168 8.00E+04 1.169 9.00E+04 1.170 1.00E+05 1.171
1.10E+05 1.172 1.20E+05 1.172 1.30E+05 1.173 1.40E+05 1.174 1.50E+05 1.174
1.60E+05 1.175 1.70E+05 1.175 1.80E+05 1.176 1.90E+05 1.176 Z2.00E+05 1.177
2.10E+05 1.177 2.20E+05 1.178 2.30E+05 1.178 2.40E+05 1.178 2.50E+05 1.179

¢ Bilinear function.

lcd 2 65

3.00E-05 1.000 3.00E-04 1.017 3.00E-03 1.034 3.00E-02 1.051 3.00E-01 1.069
3.00E+00 1.086 3.00E+01 1.105 4.00E+01 1.216 5.00E+01 1.310 6.00E+01 1.392
7.00E+01 1.465 8.00E+01 1.532 9.00E+01 1.593 1.00E+02 1.650 2.00E+02 2.079
3.00E+02 2.380 4.00E+02 2.619 5.00E+02 2.821 6.00E+02 2.998 7.00E+02 3.156
8.00E+02 3.300 9.00E+02 3.432 1.00E+03 3.555 2.00E+03 4.479 3.00E+03 5.127

4 .00E+03 5.643 5.00E+03 6.078 6.00E+03 6.459 7.00E+03 6.800 &8.00E+03 7.109
9.00E+03 7.394 1.00E+04 7.658 1.10E+04 7.906 1.20E+04 8.138 1.30E+04 8.358
1.40E+04 8.567 1.50E+04 8.767 1.60E+04 8.957 1.70E+04 9.140 1.80E+04 9.316
1.90E+04 9.485 2.00E+04 9.649 3.00E+04 11.045 4.00E+04 12.157 5.00E+04 13.096
6.00E+04 13.916 7.00E+04 14.650 8.00E+04 15.317 9.00E+04 15.930 1.00E+05 16.499
1.10E+05 17.032 1.20E+05 17.533 1.30E+05 18.007 1.40E+05 18.458 1.50E+05 18.887
1.60E+05 19.298 1.70E+05 19.692 1.80E+05 20.071 1.90E+05 20.436 2.00E+05 20.788
2.10E+05 21.129 2.20E+05 21.459 2.30E+05 21.779 2.40E+05 22.091 2.50E+05 22.393

C IR R SR SRS SRS AR AR R R R R R R R R R R R R R RS ER R R R R Rl RR AR SRR RERE R EE SRR, SMETRY PLANES % ok
plane 2

0. 0. 0. -1. 0. 0. 1.E-6 symm

0. 0. 0. 0. -1. 0. 1.E-6 symm

c LAR SRR A AR RS SRR RS EEEER SRS REEEEREREESEREEERSEREESEEEREREEEEESEESEESS INTERFACES * % %

si 1 tl14 f£f4 0.0 material master 1; material slave 2; ;

C kA khk kA hkrkrA I IR A I A XA AL TR A X LT A AT A A TR R TAAAd*h %k LINES AND SURFACES DEFINITIONS * Kk
13d 1 1p 1 [-r] 0.000 [-nose] lrot [rc-r] 0.000 [-nose] 0 1 C [-90]
sd 1 L3S 0000011

sd 2 ¢cyli 00000 1. [r]
sd 3 cyli 00 00 0 1. 0.700
sd 4 cyli 00 0 0 0 1. 0.150

c AR R R SR E R RS SRS AR AR ERSERERERAEERRS AR EREEEEEESEREELESSE] MATERIP‘ DEFINITIONS * Kk

c Dummy material - replace in LS-DYNA keyword file with card at end.
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mat 1

type 12

ro 2770 g [50.E+9/(2*(1+.2))] sigy [0.3*150.E+6] eh [100.E+6/0.0025]
bulk 17.E+9 hggt 5 brfo 1
endmat

eos 8
npts 7 gamma 0.0 €0 0.0 vO0 1.0
Inv 0.000000 -0.007034 -0.028960 -0.050979
-0.062837 -0.072613 -0.144392
jole 0. 2.E+08 2.4E+08 3.9E+08
5.65E+08 7.37E+08 2.E+09
ku 2.843E+10 2.843E+10 2.843E+10 2.843E+10
2.843E+10 2.843E+10 2.843E+10
endeos

mat 2

type 1

ro 7800 e 200.E+9 pr 0.3 brfo 2
endmat

AR AL EEEEEREEEREERERERREELEEEEREEREREEEEEEEEE] CONCRETE PART DEFINITION ***
start

c 5mm
1 31 58;
1 31 58;
1 81;

7 . Smm
1 21 44;
1 21 44;
1 54;

aOaaa

0.000 0.010 0.010
0.000 0.010 0.010
0.000 0.400

di 2 3; 2 3; 0;

sfi -3; 1 2; ; sd 3
sfi 1 2; -3; ; sd 3
sfvi -2; 1 2; ; sd 4
sfvi 1 2; -2; ; sd 4

res 2 11
res 1 21

N W

221i1.1
32311

b31
b 13

W N

13 2 001000
12 2 001000

c Elements in impact area

epb 1 1 1;

epb 11 1 po 00 1;
¢ Element in exiting area

epb 1 1 2;

¢ Nodes in impact area to calculate model's maximum strain rates
npb 1 1 1;
npb 1 1 1 po 00 1;
npb 1 1 1 po 0 0 2

i

mat 1
end

o] A S S AR LSRR E RS SRS SR RS SRS EREEEESEES SRR SRR EEREESS PROJECTILE PART DEFINITION * Kk
start

’

11
11;

ok

o s ot
SN N
o oo
- ® ©
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[-r/3] [-x/3]1 0 [xr/3] [r/3]
[-x/3] [-x/3]1 0 [x/3] I[x/3]
[-nose/3] [-nose/3] [-nosel [-length]

di 12045; 12045; ;
di 12045; ;12;

di ; 1204 5;12;

pa 331z0

sfi -1 -5; -1 -5; -1 3; sp 1
sfi -1 -5; -1 -5; 3 4; SD 2

di 1 3; ; ;

dilsv:l 13} 551 5

coor 1 mx -1.E-4 rz [901];
lrep 1;

b3103 30 110111
b33 0530 110111

¢ Projectile rear node
npb 3 3 4;
¢ Nose top element

epb 3 3 1;

mat 2
velocity 0 0 [v]
end

C tE AR E RS E R RS S RS EESE SRR R LSRR ESS SRS ERERRERREREEREEEREEESERESERESESSRESEZSS end * k Kk

end

c LR RS SRR S SRR R R RS RS SRS R SRR RS SR LR LS~-INGRID INTERACTIVE COMMANDS ¥* Kk %k
tp 1.E-5

cont

stop

c tE s s S S SRS SRR AR SRR SRR RSl RS EE RS E R RS RS R EEEREER SRS SRS RS S KEYWORD FORMAT * Kk %

*MAT_ADD_EROSION

1
0.8
¢ 5mm mesh
*MAT_CONCRETE_DAMAGE
1 2770 0.16
8.0E+6 50.643E+6 0.465 0.657E-9
22.789E+6 1.033 1.460E-9 0.465 0.657E-9 1.0 1.0 .023
0 0 0 0 0 0 0
0. .02E-3 2.8E-3 41 .E-3
0. 1. .15 .0
¢ 7.5mm mesh
*MAT_CONCRETE_DAMAGE
1 2770 0.16
8.0E+6 50.643E+6 0.465 0.657E-9
22.789E+6 1.033 1.460E-9 0.465 0.657E-9 0.682 6.46 .035
0 0 0 0 0 0 0
0. 1.5E-4 9.E-4 35.E-4
0. 1. .2 .0
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Appendix G

Bofors-99, Target 7-9 (SI-units)

dn3d kw93

batch

term 2.0E-3 plti 1.E-4

gmprt nodout 1.E-10 elout 1.E-10 matsum 1.E-10;

taurus int8 8;

& LEE SRR E RS ER RS EEEEEEEE R AR EEE R RS SRS AR RS SRS ERERERREREREEEERE RS PARAMETERS * kK

c Projectile

[v = 616]
[rc =

cd 1 65
.00E-05
.00E+00
.00E+01
.00E+02
.00E+02
.00E+03
.00E+03
.40E+04
.90E+04
.00E+04
.10E+05
.60E+05
.10E+05

NMHFREPARPRRPOMOWIWWHEODNOODON

PR REPRREBRRHEPR R

¢ Bilinear

lcd 2 65
.00E-05
.00E+00
.00E+01
.00E+02
.00E+02
.00E+03
.00E+03
.40E+04
.90E+04
.00E+04
.10E+05
.60E+05
.10E+05

N RFROR WS 0OWIWww

C *hExkkxkkkkhkhkkddkhkdhdhhkkkhhhhkdhkr kb hhhkkkhkdhkkkkkkkkkddkdhodhx SYMMETRY PLANES

plane 2
0. 0. 0.
0. 0. 0.

c AR SRR SEE RS SRS SRS R SRR R RS RS EERRESRAREREEEREEEEERESEEEEESEES] INTERFACES

si 1 tl4 £f4 0.0 material master 1;

] LRSS RS R EEEEEEEE S S S SRR RS EEEEEEEESE SRR RS EESE] LINES AND SURFACES DEFINITIONS

0~ U WP

9

[r =
(r*r+nose*nose) /2/r]

0.075 / 2]

.000 3.00E-04
.086 3.00E+01
.111 8.00E+01
.123 4.00E+02
.131 S9.00E+02
.144 5.00E+03
.151 1.00E+04
.154 1.50E+04
.157 2.00E+04
.167 7.00E+04
.172 1.20E+405
.175 1.70E+05
.177 2.20E+05
function.

.000 3.00E-04
.086 3.00E+01
.465 8.00E+01
.380 4.00E+02
.300 9.00E+02
.643 5.00E+03
.394 1.00E+04
.567 1.50E+04
.485 2.00E+04

PR RRPRRPRRRPRRPRPRER

[VoTiNe SJNENS e W UV I OO BN Sy o

[nose

[a

(DIF)

.017
.105
.112
.125
.132
.146
.152
.155
.157
.168
.172
.175
.178

.017
.105
.532
.619
.432
.078
.658
.767
.649

MNP R OWRRPORE WU WO W

R oy U W

13.916 7.00E+04 14.650
17.032 1.20E+05 17.533
19.298 1.70E+05 19.692
21.129 2.20E+05 21.459

-1.

13d 1 1p 1 [-r]
sd 1 L3S 0000011
sd 2 cyli 00000 1.

c khkhkkhkrkhkkkhkhkhkhrhhhhdkdrhkhhkhkhrrhhkhhkrkrdhxhkdhhrrdbhrrhdrkhkdxhx MATERIAL DEFINITIONS

0.

0.000

c Target dummy material

mat 1
type 12

1.E-
0. 1.E-

6
6

symm

symm

[r]

= 0.090]
asin(nose/rc)]

[length = 0.225]

in compression according to

.00E-03
.00E+01
.00E+01
.00E+02
.00E+03
.00E+03
.10E+04
.60E+04
.00E+04
.00E+04
.30E+05
.80E+05
.30E+05

.00E-03
.00E+01
.00E+01
.00E+02
.00E+03
.00E+03
.10E+04
.60E+04
3

00E+04

PR R RREREPEPRPRREPRERERE

NOOWN R P

.034
.107
.113
.127
.133
.147
.152
.156
.161
.169
.173
.176
.178

.034
.216
.593
.821
.555
.459
.906
8.
11.045 4.
8.00E+04 15.317
1.30E+05 18.007
1.80E+05 20.071
2.30E+05 21.779

957
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N e o R N s R S 2o B U B VS

R JaNho U W

.00E-02
.00E+01
.00E+02
.00E+02
.00E+03
.00E+03
.20E+04
.70E+04
.00E+04
.00E+04
.40E+05
.90E+05
.40E+05

.00E-02
.00E+01
.00E+02
.00E+02
.00E+03
.00E+03
.20E+04
.70E+04

F R PR HERRPRRP PP PR

W oo NRE PP

.051
.109
.114
.129
.138
.149
.153
.156
.163
.170
.174
.176
.178

.051
.310
.650
.998
.479
.800
.138
.140
00E+04 12.157

NNERERPRPUOHRPOW-INDOW

H oo WO Ww

.00E-01
.00E+01
.00E+02
.00E+02
.00E+03
.00E+03
.30E+04
.80E+04
.00E+04
.00E+05
.50E+05
.00E+05
.50E+05

.00E-01
.00E+01
.00E+02
.00E+02
.00E+03
.00E+03
.30E+04
1.

PRRRPEERPRPRPRRRRPEE

o -JuUwhpRk P

80E+04
5.00E+04

.069
.110
.120
.130
.142
.150
.154
.157
.165
.171
.174
177
.179

.069
.392
.079
.156
.127
.109
.358
.316

13.096

AR R R R E R RS SR SR LSRR R SRR R R R R R R R RS SRR EEEREESEEEEEEERESEEEEEESEESESRSE.] LOAD CURVES * * %k
Dynamic increase factor
CEB-FIP Model Code 1990
Linear function.

9.00E+04 15.930 1.00E+05 16.499
1.40E+05 18.458 1.50E+05 18.887
1.90E+05 20.436 2.00E+05 20.788
2.40E+05 22.091 2.50E+05 22.393

material slave 2;

’

[-nose] lrot [rc-r] 0.000 [-nose] 0 1 0

[-90]

* * %k

* k&

* ok Kk

* % Kk



ro 2770 g [50.E+9/(2*(1+.2))] sigy [0.3*150.E+6] eh [100.E+6/0.0025]
bulk 17.E+9 hggt 5 brfo 1
endmat

eos 8
npts 7 gamma 0.0 €0 0.0 v0 1.0
lnv 0.000000 -0.007034 -0.028960 -0.050979
-0.062837 -0.072613 -0.144392
pc 0. 2.E+08 2.4E+08 3.9E+08
5.65E+08 7.37E+08 2.E+09
ku 2.843E+10 2.843E+10 2.843E+10 2.843E+10
2.843E+10 2.843E+10 2.843E+10
endeos

¢ Projectile
mat 2

type 1

ro 7800 e 200.E+9 pr 0.2 hggt 5 brfo 2
endmat

c Rebars
mat 3
type 3
ro 7800 e 207.E+9 pr 0.3 sigy 586.E+6 etan 623.E+6 beta 0.5 fs 0.16
beam bform truss care 491.E-6
endmat

¢ Stirrups
mat 4
type 3
ro 7800 e 207.E+9 pr 0.3 sigy 586.E+6 etan 623.E+6 beta 0.5 fs 0.16
beam bform truss care 113.E-6
endmat

© IR E RS A S AR RS RS R R LSRR R RS R R EEEESSEEE LSS N RSN REREES] CONCRETE PART DEFINITION * %k %
start

¢ Smm

13 37 49 57 63 67 69;

13 37 49 57 63 67 69;

9 14 39 44 69 74 81;

o e

o

0.060 0.180 0.300 0.420 0.540 0.660 0.700
0.060 0.180 0.300 0.420 0.540 0.660 0.700
0.0375 0.0625 0.1875 0.2125 0.3375 0.3625 0.400

(@ o]

b 8
1

1 8 8 001000
b 8 8 8

18
18 001000

c Elements in impact area

epb 1 1 1;

epb 1 1 1 po 0 0 1;

c Element in exiting area

epb 1 1 8;

c Nodes in impact area to calculate model's maximum strain rates
npb 1 1 1;

npb 1 1 1 po 00
npb 1 1 1 po 00

1;
2;
mat 1

end

c hhkkkhkhkhkhkhkhkhkkhkhkhkhhrdhkhkrxhhkddrhhdhhkhkdrrrrdhxdrdthhdhhkhkk PROJECTILE PART DEFINITION * * Kk
start

146 8 11;

146 8 11;

149 19;

[-x/3) [-x/3] 0 [xr/3] [x/3]

[-x/3) [-x/3) 0 [x/3] [x/3]
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[-nose/3] [-nose/3] [-nose] [-length]

di
di
di ;

[

0
0
2
1

N O &

sfi -1 -5; -1 -5; -1 3; sD 1
sfi -1 -5; -1 -5; 3 4; sSD 2

di 1 3; 3 3

di ; 3 5; ;

coor 1 mx -1.E-4 rz [90];
lrep 1;

b3103 3 0 1101112
b33 0530 110111

¢ Projectile rear node
npb 3 3 4;
c Nose top element

epb 3 3 1;

mat 2
velocity 0 0 [v]
end

[} khkhk*khkhkhkhkhkhkhkhkhkddhrkdhkrxhkhkhbdddhkhhhhkhkhkhkdhkhhhkhhrhrhkihkkhxkhhk REINFORCEMNT DEFINITION * % Kk
beam

rt 000000 0.000 0.000 0.000
rt 000000 0.060 0.000 0.000
rt 000000 0.180 0.000 0.000
rt 000000 0.300 0.000 0.000
rt 000000 0.420 0.000 0.000
rt 000000 0.540 0.000 0.000
rt 000000 0.660 0.000 0.000

rt 111111 0.000 0.000 1.000

0
c Smm
1212318
2324318
3424318
4 524318
56 24 318
6 724 31 8
0
coor 36
my 0.060 mz 0.0375;
my 0.180 mz 0.0375;
my 0.300 mz 0.0375;
my 0.420 mz 0.0375;
my 0.540 mz 0.0375;
my 0.660 mz 0.0375;
my -0.060 mz 0.0625 rz 90;
my -0.180 mz 0.0625 rz 90;
my -0.300 mz 0.0625 rz 90;
my -0.420 mz 0.0625 rz 90;
my -0.540 mz 0.0625 rz 90;
my -0.660 mz 0.0625 rz 90;
my 0.060 mz 0.1875;
my 0.180 mz 0.1875;
my 0.300 mz 0.1875;
my 0.420 mz 0.1875;
my 0.540 mz 0.1875;
my 0.660 mz 0.1875;

my -0.060 mz 0.2125 rz 90;
my -0.180 mz 0.2125 rz 90;
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my -0.300 mz 0.2125 rz 90;
my -0.420 mz 0.2125 rz 90;
my -0.540 mz 0.2125 rz 90;
my -0.660 mz 0.2125 rz 90;
my -0.060 mz 0.3375 rz 90;
my -0.180 mz 0.3375 rz 90;
my -0.300 mz 0.3375 rz 90;
my -0.420 mz 0.3375 rz 90;
my -0.540 mz 0.3375 rz 90;
my -0.660 mz 0.3375 rz 90;
my 0.060 mz 0.3625;
my 0.180 mz 0.3625;
my 0.300 mz 0.3625;
my 0.420 mz 0.3625;
my 0.540 mz 0.3625;
my 0.660 mz 0.3625;

lrep 1 2 3456 789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
28 29 30 31 32 33 34 35 36

end

fo] EER R R SRS EEEREEEREREEEEREESEEEEEEEEEE SR EE R I IR e STIRRUPS DEFINITION * Kk

beam

rt 000000 0.000 0.000 0.0375
rt 000000 0.000 0.000 0.0625
rt 000000 0.000 0.000 0.1875
rt 000000 0.000 0.000 0.2125
rt 00000C 0.000 0.000 0.3375
rt 000000 0.000 0.000 0.3625
rt 111111 1.000 0.000 0.000
0

125 417

2325417

345 417

4525 417

565 417

0
coor 36

mx 0.060 my 0.060;

mx 0.060 my 0.180;

mx 0.060 my 0.300;

mx 0.060 my 0.420;

mx 0.060 my 0.540;

mx 0.060 my 0.660;

mx 0.180 my 0.060;

mx 0.180 my 0.180;

mx 0.180 my 0.300;

mx 0.180 my 0.420;

mx 0.180 my 0.540;

mx 0.180 my 0.660;

mx 0.300 my 0.060;

mx 0.300 my 0.180;

mx 0.300 my 0.300;

mx 0.300 my 0.420;

mx 0.300 my 0.540;

mx 0.300 my 0.660;

mx 0.420 my 0.060;

mx 0.420 my 0.180;

mx 0.420 my 0.300;

mx 0.420 my 0.420;

mx 0.420 my 0.540;

mx 0.420 my 0.660;
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mx 0.540 my 0.060;
mx 0.540 my 0.180;
mx 0.540 my 0.300;
mx 0.540 my 0.420;
mx 0.540 my 0.540;
mx 0.540 my 0.660;
mx 0.660 my 0.060;
mx 0.660 my 0.180;
mx 0.660 my 0.300;
mx 0.660 my 0.420;
mx 0.660 my 0.540;
mx 0.660 my 0.660;

lrep 1 2 3456 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
28 29 30 31 32 33 34 35 36
end

C LEE R LA RS SR SRR RS SRR SRR E R EE SRS RS RS EEEEEE R R R R R R R R R R R R end * %k ok

end

c Fhkkkhkkkhkhkhkhkdhhkhkhhhdhkhhdhhhhkhkhkhxdhkhkhkhhkdxxkhkdhkdkkhkhk LS_INGRID INTERACTIVE COM{ANDS * k%
tp 1.E-5

cont

stop

o] LR R E R RS RS RS E R RS AR SRR SRR R R R SRR R EEREEEREEE TR X R KEY‘V\]ORD FORMAT * ok

*MAT_ADD_ EROSION

1
0.9
¢ 5mm mesh
*MAT CONCRETE_DAMAGE
1 2770 0.16
8.0E+6 50.643E+6 0.465 0.657E-9
22 _.789E+6 1.033 1.460E-9 0.465 0.657E-9 1.0 1.0 .023
0 0 0 0 0 0 0
0. .02E-3 2.8E-3 41.E-3
0. 1. .15 .0
c 7.5mm mesh
*MAT_CONCRETE_DAMAGE
1 2770 0.16
8.0E+6 50.643E+6 0.465 0.657E-9
22.789E+6 1.033 1.460E-9 0.465 0.657E-9 0.682 6.46 .035
0 0 0 0 0 0 0
0. 1.5E-4 9.E-4 35.E-4
0 1 4] 0
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