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Concrete Cylinder Test Model ) .

| N -
COde' LS DYNA Radial Constraints Cylinder Length = 140 mm

= Mesh: Qua rter Sym (Top and Botiom Surfaces) Cylinder Diameter = 70 mm
= 1536 Hex
= Element Size ~4.375 mm

= Boundary Conditions

= Quarter Symmetry
= Radial at Ends

" Pressure

Pressure (All
Exterior
Surfaces,
Including Top
and Bottom)

Symmetry Plane
Symmetry BCs

Triaxial Compression (TXC)

= Axial Displacement

= Material Model

= Karagozian & Case (K&C) Axial Load Applied Through

Enforced Axial Displacements
(Top and Bottom Surfaces)

Typical Concrete Cylinder specimen:
Specimen Diameter=D
Length, L =2*D

L/D=2

g, = Confinement Pressure = P,
o, = 0, and then increase g,




Concrete Constitutive Model ) e,

* K&C Model (MAT_072R3) i p— _
= Three Invariant Model

= Deviatoric Response ~
= Strength vs. Pressure 2
= Yijeld, Ultimate, Residual o ﬁ ,

= Volumetric Response

> | ‘ﬁ\
\

05 0.10 0.15
Mean Pressure, P (GPa)

= \olumetric Strain vs. Pressure 5 /

= Damage

Pressure, P (GPa)

= Tensile, Compressive, Volumetric

/

= Strain Rate Dependence

= Material Erosion

.1 ..
Volumetric Strain, g,




Simulation Results and Conclusions @&z.

IRSN Testdata and LS-DYNA simulations using MAT 072R3 Model, FEM = 1536 Hex8, 1/4 QS geometery
450

= Model does reasonable job = RS R

of recreating concrete
cylinder test. : |
= Non-smooth yield to wol /i

UCtest +

TXC Pc=15.5test %

TXC Pc=26test 0

TXC Pc=47test © ]

TXC Pc=100 test A

UC LVDT model

TXC Pc=15.5 LVDT model -------
TXC Pe=26 LVDT model ------- ]
TXC Pe=47 LVDT model ---------
TXC Pcr=100 LVDT m?del -----------------

10 12

150

ultimate transition at
higher confining pressures. . i

= Cracking?

= Loading Rate (~0.1 s1)?

= Overestimation of ultimate == =
strength for mid-confining ot
pressures. /

= Poor Failure Surface Fit. o

> | ‘R\
\




Detailed Missile Impact Mode|

Sandia
m National
Laboratories

Code: LS-DYNA

o Models i v
] | E“ fii HI"]
= VTT Flexural gl
= VTT Punching

Mesh: Quarter Sym.

il

Reinforcing Steel: Embedded

B d C d .. Attribute’ VTT Flexural VTT Punching
Complete Model
O u n a ry O n It I O n S Number of Elements 180,632 290,085
Target — Concrete
u Qua rter Sym metry Number of Elements 162,000 267,300
Characteristic Element Dimension (mm) 8 8
[ | Target — Steel Reinforcing
Ta rget Edges Number of Element 3,112 1,104
. Characteristic Element Dimension (mm) 30 43
Material Models issl
Number of Shell Elements 12,256 N/A
Characteristic Shell Element Dimension (mm); 6 N/A
u 3 Concrete MOdElS Number of Hexahedral Elements 3,264 21,681
Characteristic Hexahedral Element Dimension (mm 6 8

'Numbers of elements listed are for the quarter symmetric model.
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etailed Model Materials ) i,

= Concrete (3 Models) o [ o w ] o A
T s | Sl o ¢ —
= K&C (MAT_072R3) P
* w/Rate Dependence | by

. . -50
= Winfrith (MAT_085 ) W wmem w w w e em e me e
Mean Stress [MPa]

- . f Material/Property VTT Flexural VTT Punching
Continuous Surface Cap
A A Modulus of Elasticity [GPa] 39.3 39.3
( M AT 1 5 9 ) —A-Compression / Poisson’s Ratio 0.22 0.22
- -B-Tension Density [kg/m’] 2260 2260
[} R H nf r M n St | % Compressive Strength [MPa] 69.0 69.0
e I O C I e e E] Tensile Strength [MPa] 4.0 4.0
]
E Target Reinforcing Steel
. .
[} Elastlc Plastlc (MAT 024 )@ Designation AS00HW — 6 mm AS00HW — 10 mm
— @ Modulus of Elasticity [GPa] 219 210
Poisson’s Ratio 0.29 0.29
u R D d L
W/ a te e p enaence ¢ Density [kg/m’] 7843 7843
. . 1 Yield Strength [MPa] 600" 535°
[ I I 00001 0.001 001 01 ! 10 100 Ultimate Strength [MPa] 715 605°
Strain Rate (1/msec) N N
Elongation to Failure, [%] 12 12
- . Rate Multiplier Constant C [1/sec] 40 40
= Elastic Plastic (MAT 024 ) « : :
- 800 Missile Steel
"W R D d Designation EN1.4432 S355)2H S355J2Hand Fe52°
/ ate e p e n e n Ce 700 et g Modulus of Elasticity [GPa) 200 200 200
_—____”,‘sﬁ----—- .
- aps F 600 T == Poisson’s Ratio 0.29 0.29 0.29
Blllnear (MAT 003) %500 === SOV FPPITPIYY FOPPITPIVE OPIRPIT SRPORPIT Density [kg/m’] 7850 7738 7850
4 100 Yield Strength [MPa] 231° 500 231°
| R D d o Ultimate Strength [MP; 484° 1940 484°
W/ ate epen ence g SN (N PO AS00HW — 6 mm imate Strengt (MPa) b b
= 300 Elongation to Failure [%] N/A 120 N/A
=== A500HW - 10 mm -
m . . 200 Rate Multiplier Constant C [1/sec] 100 40 100
Missile Concrete 500 T I e Las22 o s 1
T S355H ?Value given is engineering stress or engineering strain.

b . . . . .
Failure criterion not included for this material.
u IVI AT O 1 6 P S e u d o Te n S 0 r 0.00 0.02 0.04 0.06 0.08 010 012 014 ‘Even though the steel portion of the missile iscomposed of these materials, EN1.4432

Logarithmic Strain properties were assumed.




VTT Flexural Results

MAT 072R3 Model

- Rein. Steel Rate: Yes
- Concrete Rate: Yes
MAT 085 Model

- Rein. Steel Rate: Yes
- Concrete Rate: No
MAT 159 Model

*MAT 159

MAT_072R3

- Rein. Steel Rate: Yes
- Concrete Rate: No

Sandia
m National
Laboratories
Experiment
Response B1 B2 | *MAT 072R3 | *MAT 085 | *MAT 159
Rebound Velocity (m/sec) N/A | N/A 6.5 7.1 6.9
tshock = Bounce/Shock Duration (msec) | N/A | N/A 15.75 17.00 14.75
Lt of Missile (mm) 955 | 930 1122 1116 1286
Hr of Missile (mm) 185 | 190 191 190 225
Lr+ Hr (mm) 1140 | 1120 1313 1306 1511
Shortening of Missile (mm) 971 | 991 798 805 600
iy
MAT_159

MAT_085




VTT Flexural — Target Disp. T .

" MAT_072R3and MAT_159doa .| )\
good job of matching amplitude :*f 2
and frequency.

= MAT_O085 under predicts
amplitude.

W1 (mm)
&
g
g

20

Target Displacemen

= MAT_159 over predicts residual
displacement.

= MAT_072R3 does best over all
job. |

nt, W3 (mm)

Target Displaceme

@

®f

J 7 g

&0 ®06
1250
385
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VTT Flexural — Concrete Strains ) oo,

0.002 -

= Concrete strain predictions
generally consistent
between models.

Strain, SG1

= All of the models under
predict concrete strains on
target surface. o

= Measurement Details?

I 0.002 -

‘ \
| {iqsa@l\
‘ = o
Tzzgi@lg 3 3
L@y €
Ge—
&

-0.003 L L
0 10 20 30 40

Time (msec)




VTT Flexural — Rebar Strains ) e,

= Rebar strain predictions
generally consistent between

models.

= Degree of correlation with
test measure values is
variable . \ —

= Within range of data measure
from two tests. o




VTT Punching Results @) &,

MAT_072R3

MAT 072R3 Model : _
= Rein. Steel Rate: No | | Experiment | Simulations

- Concrete Rate: No P1 P2 P3 | *MAT_072R3 | *MAT_085 *MAT_159
MAT 085 Model Response Baseline P1 Baseline P2 Baseline P3

- Rein. Steel Rate: Yes
Lanooe Rate:No [ Missile Nose Bulging | YES [ YES[VES|  vES | NO | YES |

MAT 159 Model
- Rein. Steel Rate: No
- Concrete Rate: No




VTT Punching — Target Disp. )

TestP1 —
Test P3
Baseline P1

= All of the baseline models under |
predict the displacements. s
= They also over predict missile exit ™
velocity.
= |ncluding some strain rate effects in
the concrete material response

improves the model predictions. ° :

+Ax X OO

Target Displacement, Sensor #2 (mm)
ro

-8 L L Il
Target Concrete Model | Target Target Concrete | Reinforcing Steel | S-Lambda (Stretch 0 5 10 15 20
*MAT_072R3 (K & C) Concrete Dynamic Increase | Bar Strain Rate | Parameter on DIF of Time (msec)
Erosion Factor (DIF) Cowper-Symons MAT_72R3, %) .
(epssh) TestPT —— '
Baseline P1 0.60 1.0 OFF N/A Test P3
Sensitivity P1.1 0.60 Strain Rate Dependent | OFF 100 Senasﬁf\ﬁg‘gﬁ 5
Sensitivity P1.2 0.60 Strain Rate Dependent | OFF 75 2 Sensitivity P1.2 A .
Sensitivity P1.3 0.60 Strain Rate Dependent | OFF 50 Sensitivity P1.3 - x
— Sensitivity P1.4
Sensitivity P1.4 0.60 1.0 ON N/A = Sensitivity P1.5 1
Sensitivity P1.5 0.61 1.0 OFF N/A E Sensitivity P16+
Sensitivity P1.6 0.62 1.0 OFF N/A 2 on
2 2
5
5]
4 Symmetry Model E 2
2 E
E 8
= a
3 OB A 7 X
§ g e 4 - & X 1
g J, - - o O a
2 300 300 2 oA
% 460 '[_ﬂ ol
E 600 A
i o
| or 0 '
1
1050 | 1050 -8 - L -
Time (msec) | 0 5 10 15 20

Time (msec)




Strain SG1 (%)

VTT Punching — Rebar Strains i

= Rebar strain predictions generally
consistent between models.

= Degree of correlation with test

measure values is “o.k.”

405

45

7 Symmetry Model

*MAT 072R3 (t =7 msec)

h— %
z|'|'5 '|'s

"~ TestP1 45
Test P3
*MAT 072R3 P1) O
*MAT 085 (F2) O e
"MAT 159 (P3) A
35 Test P1
TestP3 -------
"MAT 072R3 (P1)  ©)
30 | *MAT 085 (P2) ©
: *MAT 159 (P3) &
g =0
~ :
% 20|
c :
< i
@ 15} ;
10 :
5 :z A A & A A A A A A A A A & A a
-
g 0 © 0 0 © o
o o o {o] Q e} O o =] {3
1 5

Time (msec)

7 0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10 *MAT 159 (t:7msec)

Time (msec)




VTT Punching - Sensitivity 1.

140
B Model
Target Concrete Model | Target Target Concrete | Reinforcing Steel | S-Lambda (Stretch P1
*MAT_072R3 (K & C) Concrete Dynamic Increase | Bar Strain Rate | Parameter on DIF of —&( 1
120 Erosion Factor (DIF) Cowper-Symons MAT _72R3, %) | B {P1.1)
: (epssh) § {P1.2}
Baseline P1 0.60 1.0 OFF N/A P1.3
L Sensitivity P1.1 0.60 Strain Rate Dependent | OFF 100 ﬂ—{ . }
Sensitivity P1.2 0.60 Strain Rate Dependent | OFF 75 E (P 1. 4}
- Sensitivity P1.3 0.60 Strain Rate Dependent | OFF 50 F {p 1. 5}
v 100 Sensitivity P1.4 0.60 1.0 ON N/A —
g Sensitivity P1.5 0.61 1.0 OFF N/A G (P1.6)
E Sensitivity P1.6 0.62 1.0 OFF N/A
L
3&
S 20
o
] L
-
60
40
O 6 a8
Time {msec)
15




Sandia

Detailed Model Conclusions h) e,

" |n many instances, detailed response parameters were not
precisely reproduced by the analytical models.

= However, general response characteristics (max target
displacements and target response frequency, fail/no-fail,
missile response) were predicted relatively accurately.

= Without having full knowledge of all required input parameter sets.

= Areas of Uncertainty
= Material Degradation and Failure
= Material Response Characterization
= Full Coverage of Applicable Regimes of Material Response.
= Conclusion: Method does seem able to produce reasonably
accurate and useful predictions despite input uncertainties.

16




Simplified Methodology 1) .

= Simplified Methodology is Required
= Complex Structures
= Sensitivity Studies
= Proposed Methodology
= Determine moment-curvature (M-C) relationship.
= Establish bi-linear M-C material parameters for target.
= Create a simplified model of target (shell elements & bi-linear material).
= Define bending failure criteria.

= (Calculate punching failure load and force versus missile penetration
depth.

= Empirical equations of Li and Tong (1994) and Forrestal et. al. (2003).
= Define shear failure criteria.
= Create an analytical representation of the impacting missile.
= Run the analysis.

17
-



Simple Missile Impact Model ) 5.

Code

= ABAQUS (VTT Flexural)
= SIERRA/SM (VTT Punching)
= Elements

= VTT Flexural
= 6184 Shell

= VTT Punching
= 3300 Shell & Hex

= Mesh: Quarter Sym.
= Boundary Conditions

= Quarter Symmetry
= Target Edges

= Material Models
= Bi-Linear Based on M-C Relationship




Behavior of Concrete Damage Plasticity Model
With and Without Damage

Sandia
m National
Laboratories

Simple Model - Materials

Stress

Without
Damage

Strain

VTT Flexural Test
Reinforcing Steel Stress-Strain Curve
Lagsos VTT Flexural Test VTT Flexural Test
1.2E+09 . .
Fioron e tTEEE Target Moment-Curvature Relationships Target Material Stress-Strain Response
Eanao& | 9.0E+04
-; 6.0E+08 8.0E+04 /ﬁ 1.4E+07 E—
2 a.0e+08 |-+—Baseline | N | 1.2E+07 —
2.0E+08 —m-High Strength 7.0E+04 )
D.Damooo 002 004 006 008 010 0.12 Z? 6.0E+04 — = 1.0E+07 / ____________—*
tosstain < 5.0E+04 ¢ £ 8.0E+06 r_ —
o (%]
VTT Flexural Test E 4.0E+04 - - § 6.0E+06
Concrete Stress-Strain Curve S 3 0E+04 —+—Test Article - Baseline || & l
1.6E+08 . i
=B-FEM - Baseline 4.0E+06 / ——Baseline
1.4E+08 -
. DU 2.0E+04 ~#Test Article - High Strength 2.06406 B High Strength |
oo g S 1.0E+04 —<FEM- High Strenth - CoEeoo i : ‘
feoco 0.08+00 | | . 0 0005 001 0015 0.02 0.025 0.03
= a0e07 0 10 20 30 40 50 ‘ ) ) ) ) i
2.0E+07 i
4 Curvature (degrees) Strain
0 0.002 0.004 0.006 0.008 0.01
Log Strain
VTT Punching Test
Reinforcing Steel Stress-Strain Curve .
e VTT Punching Test VTT Punching Test
1.0E+10 0 . - .
£ nosecs Target Moment-Curvature Relationship Target Material Stress-Strain Response
g 6.0E409 re—" 2.0E+06 1.2E+08
§ 4.0E+09 = High 1.8E+06
208208 —— 1.6E406 1.0E+08 T —
. DE+ T T T — x.)é'*‘ !!
0.0E- 000 00 0.02 0.04 o.lusg o !):!)8 0.10 012 014 Z; 1.25"‘82 f / Tu. 8.0E+07
og strain Z 1.2+ T I
2 1.0E+06 */ //- —+—Test Article - Baseline H ®  6.0E4+07 —+—Baseline 1
VTT Punching Test 2 —-FEM - Baseli L 2 , . .
Concrete Stress-Strain Curve g 8.0E+05 l / aseline & 4.0E4+07 ~-High Strength/Stiffness | |
L6E+09 o " S 6.0E+05 i /. —A—Test Article - High Strength/Stiffness | I
1.4E+09 aseline
g1 i".‘-\-\-.-mh Strength/stifness 4.0E+05 l / —<—FEM - High Strength/Stiffness H 2.0E+07
g 2.0E+05 — *‘ d
2 cocvan / RN 0.0E+00 PR ! 0.0E+00
g ;:Z?z ¥ 0 10 20 30 40 0 0.02 0.04 0.06 0.08 0.1
OE+ - .
borico 4t — Curvature (degrees) Strain
0 0.002 0.004 0.006 0.008 0.01
Log Strain




Simple Model - Punching Failure @&

VTT Flexural Test VTT Punching Test
Missile Penetration Depth vs. Time Missile Penetration Depth vs. Time

= Assume rigid missile. o

= Calculate penetration depth

versus resisting load.

" EquationS: Li and Tong (1994) and VTT Flexural Test VTT Punching Test

F O r re Sta | et ) a | . ( 2 OO 3 ) . . Missile Velocity vs. Time - Missile Velocity vs. Time

100 140
- - 120
= Calcul h h thick fail e
alculate through thickness taillure ;. 3
k] 3 60
. . . R 3 .
criteria for punching. : .
0.0 05 10 15 20 25 0.0 05 10 15 20 25
. . . Time (sec) Time (sec)
Create energy absorbing material
VTT Flexural Test IRSN VTT Punching Test
fo r rig i d m iSSi I e Missile Axial Force vs. Time Missile Axial Force vs. Time
. 9000 14000
8000 12000
7000
= 6000 o 1000
£ £ s000
, =
VTT Punching Test 3000 £ 000 /
. 2000
Crushable Volume Material Response 1000 2000
0 0
1.E+09 0.0 05 10 15 20 25 0.0 05 1.0 15 20 25
_ Time (sec) Time (sec)
-~ 1.E+09
© ~
— K
R"E'é = 8608 / VTT Flexural Test VTT Punching Test
Missile = . / Missile Axial Force vs. Penetration Depth Missile Axial Force vs. Penetration Depth
3 6.6408 7 9000 14000
_— o
< 4.E+08 — 6000 / _. 10000
E / é 5000 / iz‘, 8000 /
O 2 E+08 ~1 § 4000 / g 6000 //
& 3000 o
0.E+00 wm | o =7
: 1000 / 2000
Crushable 0.00 0.20 0.40 0.60 0.80 1.00 0 0 /
Volume . 0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 015 0.20
Compaction (AVI") Displacement (m) Displacement (m)




VTT Flexural Results (BL)

Sandia
m National

Laboratories

_— Missile Results Baseline Model Test Measured Value
FK&'S,“’%?;;W abs) Shock Duration 21 ms Not Reported
ig{ggggg Peak Load 842 kN Not Reported
Total Impulse 5.59 kN-s Not Reported
Missile Residual Velocity -6.0 m/s (Rebound) Rebound
e = LT at Shock Termination 671 mm 955 mm
“0000enee HT at Shock Termination 250 mm 185 mm
Lr J Hy !
Target Results Baseline Model Test Measured Value

PEEQT
SPOS, (fraction = 1.0)
(Avg: 75%)

+1.296e-03
+1.235e-03

Initial Max W1 Displacement

38.6 mm at 14.0 ms

28.9 mm at 13.5 ms

Initial Max W2 Displacement

29.9 mm at 14.5 ms

20.4 mm at 13.3 ms

Initial Max W3 Displacement

33.2 mm at 14.0 ms

22.0 mm at 12.9 ms

Initial Max W4 Displacement

19.9 mm at 15.0 ms

15.3 mm at 12.0 ms

Initial Max W5 Displacement

25.6 mm at 14.5 ms

19.5 mm at 13.1 ms

$11174e-03
N losecion Total Max Support Force 1,783 kN at 9.0 ms 862 kN at 13.7 ms
- 0e-04 b
1888 é% Total Max Support Impulse ~12.0% kN-s ~6.5" kN-s
16:0006-+00 Target Failure (Yes/No)? No No

Target Failure Mode N/A N/A

* Approximate average of min and max value in 50 to 100 ms range.
b Approximate average of min and max value in 20 to 40 ms range.

PEEQT VTT Flexural Baseline Model
SNEG, (fraction = -1.

(Avg: 75%) = Missile Velocity

VTT Flexural Baseline Model
Missile Impulse Applied to Target

2 6.0
[ [ . C . E/‘ Co C 5.0 /
20 © 10 P 30 40 Tao
£ & 830 /
= E
g 60 g20
] E
» >
! -80
LI +8l0g0e-04 e
LT +0!000e+00 -100 0.0 . T
120 0 10 20 30 40

Time (ms) Time (ms)




VTT Flexural — Target Disp. (BL) 1) .

VTT Flexural Baseline Model VTT Flexural Baseline Model

u BL Simple mOdeI does . W1 Displacement S ‘WZDispIacement

d iob of predicti A PN we | | A e

good job of predicting —=— 11} Afe——
general response. MLy

= Missile Rebound g ol T

b
h
<

L —
—
L
—
[
m
N
[T

—
~—
e ——

Disp
<<

u NO Bending Failure VTTFIexuraII;::e:;eModel VTT Flexural ;::e:;EMOdd
= Amplitude of target AR B e e |tk A A
displacementsare over -} [MIf| VT
predicted, but frequency i V) = = _
gAY = =

of response is about right. |

= Missile crush-up is |
significantly over e

predicted. @ Ry

VTT Flexural Baseline Model
WS5 Displacement

v o v
1%
5>
=
=
o
.
o
.
o

Displacement (mm)

-30

Missile Model?

= No Strain Rate Effects in | PRy, —=
|




VTT Flexural Results (

PEEQT

SPOS, (fraction = 1.0)

(Avg: 75%)
+9.152e-04
+9.063e-04
+8.973e-04
+8.884e-04
+8.795e-04
+8.705e-04
+8.616e-04
+8.527e-04
+8.437e-04
+8.348e-04

— +8.259e-04
+8.169e-04

— +8.080e-04

L +0.000e+00

PEEQT

SNEG, (fraction = -1.

(Avg: 75%)
+1.350e-02
+1.244e-02
+1.138e-02
+1.033e-02
+9.269e-03
+8.211e-03
+7.154e-03
+6.096e-03
+5.038e-03
+3.981e-03
+2.923e-03
+1.866e-03
+8.080e-04
+0.000e+00

HS)

Sandia
m National

Laboratories

Missile Results Baseline Model Test Measured Value
Shock Duration 22 ms Not Reported
Peak Load 822 kN Not Reported
Total Impulse 5.29 kN-s Not Reported
Missile Residual Velocity -4.0 m/s (Rebound) Rebound
LT at Shock Termination 679 mm 955 mm
HT at Shock Termination 237 mm 185 mm
Lr J Hy !
Target Results Baseline Model Test Measured Value

Initial Max W1 Displacement

26.5 mm at 11.5 ms

28.9 mm at 13.5 ms

Initial Max W2 Displacement

21.1 mm at 11.5 ms

20.4 mm at 13.3 ms

Initial Max W3 Displacement

233 mmat 11.5 ms

22.0 mm at 12.9 ms

Initial Max W4 Displacement

14.3 mm at 10.5 ms

15.3 mm at 12.0 ms

Initial Max W5 Displacement

18.4 mm at 11.0 ms

19.5 mm at 13.1 ms

Total Max Support Force 1,684 kN at 9.0 ms 862 kN at 13.7 ms
Total Max Support Impulse ~11.0" kN-s ~6.5" KN-s

Target Failure (Yes/No)? No No

Target Failure Mode N/A N/A

* Approximate average of min and max value in 50 to 100 ms range.
® Approximate average of min and max value in 20 to 40 ms range.

VTT Flexural High Strength Model
Missile Velocity
20

VTT Flexural High Strength Model
Missile Impulse Applied to Target

-20 /,.
-40

/

Velocity (m/s)

Impulse (kN-s)
w
: o

-60
-80
-100

-120

Time (ms)

20 30 40
Time (ms)




VTT Flexural — Target Disp. (HS) ).

[ HS Simple model does good ] ex:\;:Dislilace:Zit o 5 ex:\;;Dislﬁlace:\Zit o
job of predicting general Ry e e N T T T
LAY AAY NI WVSAYAY Gt
response. i= || \‘V/
. . 8% Y/ —Test | 3 20 —Tes:j |
= Missile Rebound - - e 1 S
. NO Bending Failure VTT Flexural High Strength Model VTT Flexural High Strength Model
W3 Displacement W4 Displacement
= Amplitude of target S
o > oredicted 1o LMY | peapg—~o—
displacements are predicted ;- YTy £2 LV VY
well, but frequency of Ll = iz =
response is slightly wrong.

=  Missile crush-up is | T seergth Model
|

significantly over predicted. R TR e !
_ _ %o g9 [ E MY T
= No Strain Rate Effects in %— i \\ /I//
Missile Model? oV [ T




VTT Punching Results (BL)

Time: 0.004500

00S000°0 BwiL

Sandia
m National
Laboratories
Missile Results Baseline Model Test Measured Value
Shock Duration 0.5 ms Not Reported
Peak Load 7,669 kN Not Reported
Total Impulse 2.35kN-s Not Reported
Missile Residual Velocity 77.7 m/s 33.8m/s
LT at Shock Termination N/A — Rigid Missile Not Reported
HT at Shock Termination N/A —Rigid Missile Not Reported
Lr I Hy |
il {
Target Results Baseline Model Test Measured Value

Initial Max W1 and W3 Displacement

5.99 mm at 4.5 ms

3.60 mm at 3.6 ms

Initial Max W2 Displacement

10.97 mm at 4.5 ms

3.96 mm at 5.5 ms

Initial Max W4 Displacement

4.19 mm at 5.0 ms

3.31 mm at4.1 ms

Initial Max W5 Displacement

3.10 mm at 5.0 ms

2.50 mm at 3.3 ms

Total Max Support Force

2,446 kN at 3.0 ms

1,095 kN at 8.5 ms

Total Max Support Impulse ~2.0"kN-s ~4.0 kN-s
Target Failure (Yes/No)? Yes Yes
Target Failure Mode Bending Punching

 Value based on impulse at 7.5 ms.

VTT Punching Baseline Model VTT Punching Baseline Model VTT Punching Baseline Model
Missile Load Applied to Target Missile Impulse Applied to Target Missile Velocity
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VTT Punching — Target Disp. (BL) ~ @&

VTT Punching Baseline Model VTT Punching Basline Model
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VTT Punching Results (HS&S)

Time: 0.002500

Sandia
m National
Laboratories
Missile Results Baseline Model Test Measured Value
Shock Duration 1.5 ms Not Reported
Peak Load 9,058 kN Not Reported
Total Impulse 3.75 kN-s Not Reported
Missile Residual Velocity 333 m/s 33.8m/s
LT at Shock Termination N/A - Rigid Missile Not Reported
HT at Shock Termination N/A - Rigid Missile Not Reported
Ly ’! Hy [
Target Results Baseline Model Test Measured Value

Initial Max W1 and W3 Displacement

6.58 mm at 2.5 ms 3.60 mm at 3.6 ms

Initial Max W2 Displacement

8.34 mm at 2.5 ms 3.96 mm at 5.5 ms

Initial Max W4 Displacement

5.03 mm at 2.0 ms 3.31 mm at 4.1 ms

Initial Max W5 Displacement

4.05 mm at 2.0 ms 2.50 mm at 3.3 ms

> Total Max Support Force 19,577* kN at 1.5 ms 1,095 kN at 8.5 ms
2 ST T R Total Max Support Impulse ~3.50° kN-s ~4.0 kN-s
= pep LT Target Failure (Yes/No)? Yes Yes
3 Target Failure Mode Bending Punching
*Peak value in first 10 ms.
® Approximate value average over first 10 ms.
VTT Punching High Strength/Stiff Model VTT Punching High Strength/stiff Model VTT Punching High Strength/Stiff Model
Missile Load Applied to Target Missile Impulse Applied to Target Missile Velocity
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VTT Punching — Target Disp. (HS&S)

= HS&S simple model does
a poor job of predicting
overall response.

= Missile Exit Velocity Is
Correct!

= Punching Failure is
Predicted!

= Amplitude of Target
Displacements Over
Predicted.

= Frequency of Target
Displacement Response
Way Too High.

Sandia
m National
Laboratories

VTT Punching High Strength/Stiff Model
W1 Displacement

VTT Punching High Strength/Stiff Model
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Sandia

Simple Model Conclusions h) ..

= Simplified methodology relatively accurate for soft missile impacts
into targets in which the target response is dominated by bending
and bending type failures, with the target suffering only modest
damage.

= Forrigid missile impacts in which punching failures in the target are
expected, the simplified methodology appears to be poorly suited.
= Range of applicability difficult to predict.
= Soft missile impacts involving significant damage and/or failure?
* Punching failure mode strength determination makes use of some
test response data likely not available to analyst.
= Conical crater depth to missile diameter ratio.
= Shear cone failure angle.

= Results indicate that there may be a way to make simplified models
work, but more effort is required.
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