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Impact

* Impact loading is messy. We
like to avoid impact loading if
possible.

* With some nuclear structures,
we have no choice.

* Sources of impact loading:
* Tornado missile
* Seismic _ SRR e 8 e _
* Accidental drop/strike | | T —
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Traditional Approach to Impact

* Empirical formulae — focus on ballistic impact; useful for tornado missiles, etc.

e Hand calculations
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Recent Developments

* Moore’s Law:

* The number of transistors
in an integrated circuit
doubles every two years

* What it means for
engineers:
* Increased computing power

* Finite element analysis of
nonlinear dynamic impact
is feasible
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Recent Developments

* Moore’s Law for finite element analysis (FEA):

For given complexity For a given computing time
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Integrated Approach to Impact

* Point of impact evaluation/ Empirical formulae
* Local effects

* Impulse load time history / Hand calculations

 Kinematics

* Overall “structural” evaluation
* Single degree of freedom system
* Multi degree of freedom system

A 4

Linear static FEA

Linear dynamic FEA

Nonlinear dynamic FEA
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Point of Impact Evaluation

Kennedy (1975)

* Local damage is important for high
velocity, rigid “missile” striking
massive targets

* Important for tornado missile impact
analysis

* May also apply to other impact
scenarios

* Evaluated using empirical formulae

GLOBAL
(e.g. axial,

* Interaction between local and
global may be important

c) Perforation dl Owerall Target Response
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Empirical Formulae

* The most widely used empirical formulae are developed from extensive testing.

* Check that your selected formula has been verified over the range of parameters
that you are considering.

- Table 2
Comparison of predicted scabbing thickness versus test results for Calspan tests. Kennedy (1975)
Missile Velocity  Calspan Scabbing thickness (inches)

(ft/sec) test
' results Modified Petry I Modified Petry Il Army Corps of Modified Modified
(table 2) (K, = 0.00426) (Kp = 0.0022) Engineers NDRC BRL
(eqs (1) & (3)) (eqs (1) & (3) (eqs (4) & 6)) {eqs (7} & (6) or (10))  (eqs (13) & (14))
Pre- Ratio Pre- Ratio Pre- Ratio Pre- - f Ratio | "Pre- Ratio
dicted  pred.ftest dicted pred./test dicted pred./test dicted | pred./test | dicted  pred./test
213 1b 100 12.0 14 012 0.7 0.06 23.3 194 142 |18 l 28 023
steel'slug 200 18.0 5.1 028 2.6 0.14 249 1.38 216 | 120 I 7.2 0.40
350 24.0 134 056 69 0.29 28.2 1.18 26.1 1.09 15.1 0.63
mean I
ratio
pred./ 0.32 0.16 1.50 I 116 l 0.42
test | |
207 Ib 180 12.0 243 202 12.5 1.04 19.5 1.62 140 |17 I 303 2.52
steel pipe 320 18.0 67.5 3.75 34.9 1.94 33.7 1.87 193 | 107 | 651 3.62
470 24.0 1225 510 63.3 2.64 528 2.20 271 1.13 108.6 4.52
mean | |
ratio
pred./ 3.62 1.87 1.90 | 112 I 3.55
test I I
1321b 400 18.0 614 341 31.7 1.76 31.0 1.72 189 | 105 I 559 3.11

ondwi} appsspu 151534 0] $34n3oNdLs 312.40u03 fo ulisaq [ Apauuay J°y
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Impulse Load Time History

* When there is significant penetration or crushing at the point of impact, the impulse load time history
can be determined by “decoupling” the local and overall phases.

* The simplest method approximates the impulse as a constant force. The force may also be linear with
respect to deformation/penetration, which would produce a sinusoidal time history.

* The work done by this force balances the missile kinetic energy — x;, can be calculated from empirical

formulae for penetration OR F, can be taken equal to the crush capacity.

F(t)

1) Local Penetration 2) Structure Deformation
v -
<

mp —;;xp Fp
t
t

1) Crushing 2) Structure Deformation "
v “ _ . )
— o o ) bp-xp=5-mp v

E,-tg=my v
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Kinematics

* When impulse load time history cannot be readily determined, the impact could be

modeled as “pure impulse” (with infinitesimal duration) by using the velocity just after
impact must be calculated.

* The two unknowns (v,, and v},,) may be determined by considering conservation of
momentum (1) and coefficient of restitution, e, (2).

* e, is the ratio between the relative “departing” and “approaching” velocities of the
impacting objects. It is always between 0 and 1.

Before impact: ‘_. < @

(1) Mg = Va1 + My - Vg = My = Vap + My, * Vpyp “Approaching” Va1 Vp1

Va2 — Up2
(2) er =

Ub1 — Va1
Tip: Use relative velocity to simplify the equations. )
;,p— oy — 1 Y PITY . After impact: v—‘ @—>

al al b1 ”Departing" Uaz 'sz

! — —_
Vb1 = Vp1 — Vpy = 0
Note: v, and v,, would have a negative sign 10
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Coefficient of Restitution

a.) Prior to impact ’ Missile,

* Perfectly elastic impact, e,, = 1 Vi
(approgchmg velocity equals A Torec, A
departing) V=0

. . b.) Elastic impact, issile

* Perfectly plastic impact, e, = 0 Vi Vg sl

(the two objects “stick” together)

* Empirical information is available
for values in between 0 and 1,
depending on the structures and
materials involved in the impact.

c.) Plastic impact

Missile + Target,
My, + M;
Vi =V,
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System Simplification

* Once the impulse load time history or velocity just after impact is known, the
dynamic response may be determined from simple structural dynamics for a
single degree of freedom system.

* For many impact scenarios, the systems are easily reduced to a single degree
of freedom

* The masses of the impacting objects are self-evident in these cases.

M
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System Simplification

* For systems with distributed mass and stiffness (such as walls and slabs),
mass and stiffness could be approximated by selecting a mode shape, ¢
corresponding to the impact deformation.

= ; ngo;° (7)
k* = ; ky(a6;)? (8)
Pr = ; P%; (9)

ASCE (1975)

* Values in the above equations (m,, k,, p,, ®;) may be determined from
literature or from linear FEA
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System Simplification

 Use of static linear FEA allows for generalized modes for a wide range of
structural configurations. Multiple impact locations can also be
considered and quickly processed.

* Check if the mode shape is valid: compare strain energy distribution in
the structure to the extent of wave propagation over the impact
duration.

Cantilever wall with impact at top corner and top mid-span:

msi Unit load
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Dynamic Response

* The linear dynamic amplification

. | A P (1)
factor for impulse loading on a k*
single-degree-of-freedom system o S |
can be simply determined from £ L ABEARECTANGULAR |

| dvnamics. g /” /W_'{__%HALF SINE mva/_g_[ﬁs_a‘ma
structural dy L e e

* The calculated dynamic 5 1 L —

amplification factor can be used 2 o‘s-/ //
with the prior FEA results to : o /
determine structural demands 5 o |

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

from impaCt. IMPULSE LENGTH RATIO, t /T

FIGURE 3.1.5 DISPLACEMENT-RESPONSE SPECTRA (SHCCK SPECTRA) FOR
THREE TYPES OF IMPULSE

ASCE (1975)
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Dynamic Response

* Moments in cantilever wall due to impact:

o Impact at Center Mxx (horlzontal)

(kip-f/it)

—cr

gsasss
Myy (vertical)

| I'.L"I =] 1 [
(Kip-fu/ft)
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Nonlinear Dynamic Response

* The same parameters can
be used for nonlinear
structural response.

The required ductility for a
given impact load can be
calculated from single
degree of freedom
response.

Where impulse load time
history is not know, the
energy absorption capacity
of a structure may be
determined from yield line
analysis or by nonlinear
“pushover” type analysis
(resistance function).

72 Introducti ] ics i
ntroduction to Structural Dynamics Blggs (1964)
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Integrated Approach to Impact

* Point of impact evaluation/ Empirical formulae
* Local effects

* Impulse load time history / Hand calculations

 Kinematics

* Overall “structural” evaluation
* Single degree of freedom system
* Multi degree of freedom system

A 4

Linear static FEA

Linear dynamic FEA

Nonlinear dynamic FEAs.
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Linear Dynamic FEA

* If the impulse load time history is known, but the system cannot be
reduced to single degree of freedom, then linear dynamic FEA may be
used.

* This method accounts for the action of multiple modes.

p(t)
Cantilever wall with impact at top corner: N

p(t)
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Nonlinear Dynamic FEA

* It is appropriate to use nonlinear dynamic FEA if:

* The system cannot be reduced to single degree of freedom
AND
* The impulse load time history is not known

* Nonlinearity may come from contact, material
behavior, and/or rigid body motion.

20
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Nonlinear Material Properties

* It is important to select nonlinear material properties carefully.

* Include high strain rate effects
* Typically, reduced ductility and increased strength/stiffness

* Include triaxiality effects
e Reduced ductility for steel; hydrostatic pressure “cap” for concrete
* High triaxiality at the point of impact

* Material models for impact:
* Concrete: Material Model 159 in LS-DYNA

* Steel: Johnson-Cook
* Polymer Composites: Modified Hashin
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Conclusions

* Engineers have many tools at our disposal for solving impact problems.

* These tools will continue to become more efficient and more
sophisticated.

* An integrated approach to impact gives these sophisticated tools a firm
grounding in traditional mechanics-based and empirical approaches.

e Or better yet, solve the problem without turning on your computer.

* Note: there is no cookbook approach to impact. Unique problems
require unique solutions.
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