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Outline

* Overview
— Regulatory guidance and standards
— Evaluation of empirical equations

Simulations of EPRI experiments
— Smooth Particle Hydrodynamics (SPH)
— Partial validation of numerical tools

* Parametric study
e Design guidance for wind-borne missile impact
e Summary and conclusions
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Impact loadings

* Regulatory Guides
. Torna does (R G 1.7 6) ..... ...  US.NUCLEAR REGULATORY COMMISSION waren 2807

%/ REGULATORY GUIDE

— Hurricanes (RG 1.221) " RecuLAToRY GupE 176

(Draft was issued as DG-1143, dated January 2006)

DESIGN-BASIS TORNADO AND TORNADO MISSILES

* ANSI/ANS-2.3-2011

This regulatory guide provides licensees and applicants with new guidance that the staff
of the U.S. Nuclear Regulatory Commission (NRC) considers acceptable for usc in sclecting

the design-basis tormado and design-basis tormado- d missiles that a nuclcar power plant should be
designed to withstand to prevent undue risk to the health and safity of the public. This guidance applics

L] L]
10 the contiguous United States, which is divided into three regions: this document provides scparate
¢ I S S I e S guidance for cach region.

This guide docs not address the determination of the design-basis tornado and tomado missiles

for sites located in Alaska, Hawaii, or Pucrto Rico; the NRC will cvaluate such determinations

on a case-by-casc basis. This guide also docs not identify the specific structurcs, systems, and components

. - that should be designed to withstand the cffects of the design-basis tomado or should be protected
from tomado-gencrated missiles and remain functional. This guide also docs not address extreme winds.

— Steel pine, 150 mm dia.. 5 m lone, 130 k e e

) °) Vi hurricanc wind speeds for certain portions of the Atlantic and Gulf coasts. at the wind speed froquencics

of occurrence coasidered in this guide. The NRC will address these extreme conditions on a case-by-case

basis. This guide also docs not address other cxternally gencrated hazards such as aviation crashes,

ncasby accidental cxplosions resulting in blast over-pressure levels and explosion-bome debris and missiles,

* Maximum tornado velocity, 41 m/s

* Maximum hurricane velocity, 94 m/s

— Automobile, 1820 kg, specific size

* Maximum tornado velocity, 41 m/s

* Maximum hurricane velocity, 113 m/s
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Experiments

* Test data
— EPRI and Calspan (Bechtel) tests at Sandia in the 1970s
— 12, 18 and 24-inch (30.5, 46, and 609 cm) thick walls
— Wooden utility poles, steel pipes, and steel rods
— No repeat experiments conducted, limited metadata
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Design guidance

* ACI 349-13 ;MAA._,A\‘__
¥ o)
* Global response it sing S B PR
— Equivalent SDOF models
* Local response e Face o
o CRATER PIA, 1 ] CRATER DA,
— Empirical formulae o e
* Penetration depth

* Thickness to prevent scabbing
and perforation

Empirical formulae

— Predictions of measured
. Stephenson, 1977
behavior poor
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EPRI test simulations

Test Panel-t, v f Projectile Panel damage per
mm (in) | m/s (fps) MPa (psi) Stephenson (1977)

1 [ os | | 4 o | ol | Propmeedyn,

0 [ 05 | saen | 255 00| MW [ Propet el

3| 457(18) | 62(202) | 23.4 (3400) SChZ‘:I‘)‘ée 40 fé{a’glﬁi‘;eéﬁfiﬁagit

8 | 610(24) | 62(202) | 26.2 (3800) SChZ?;‘ée 40 fﬁﬁﬁﬁﬁgﬁﬁﬂﬁiﬁ i

0°(normal), back face
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SPH impact model|

* Modeling in LS-DYNA
— Axisymmetric SPH formulation ﬁftfy
Rebar ignored
Concrete, pipe — SPH particles \ SPH particles,
Mass matching for SPH particles pipe
— Pinned boundary condition / b
— JC material model for pipe e
— MATO072R3 model for concrete P paeles \

Y /
L»X -
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EPRI Test 10

* Experiment

— Projectile
* 150 mm diameter Schedule 40 pipe
* 337 kg, 4191 mm long
* Impact velocity: 44 m/s
— Concrete panel
* 305 mm thick, 4.6 m x 4.6 m clear span
e Reinforcement: 0.31 % EW EF
* 25.5 MPa concrete
— Damage to panel

* Perforation, scabbing on back face
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Pipe velocity (in/sec)

EPRI Test 10

Time (msec)
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Pipe velocity (m/s

 LS-DYNA simulations, 2 mm mesh
— Perforation observed in simulation and experiment
— Front-face crater diameter
e Simulation: 457 mm; experiment: 495 mm
— Back-face crater diameter
e Simulation: 1524 mm; experiment: 1626 mm
0 0
-400 "’“ ------------------------------------------------- -10
800 /r ................................................................................... »
-1200 /,/ ______ 0w | 30
-1600 _// EEE -40
2000, 4 8 12 16 - 20"

20 msec after impact
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EPRI Test 8

* Experiment

— Projectile
* 150 mm diameter Schedule 40 pipe
* 337 kg, 4191 mm long
* Impact velocity: 62 m/s

— Concrete panel

* 610 mm thick, 4.6 m x 4.6 m clear span
e Reinforcement: 0.27 % EW EF
e 26.2 MPa concrete

— Damage to panel

* Penetration, radial cracking on back face
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Distance below top of panel (in.)

EPRI Test 8

 LS-DYNA simulations, 3 mm mesh
— Did not predict penetration depth

— Behavior similar to that observed in
the experiments

Displacement (mm)
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Parametric study

Design guidance for wind-borne missile impact
Schedule 40 pipe focus of simulations
305 mm, 381 mm, 460 mm, and 650 mm thick

panels

Low Medium High
d , 1n (mm) 6 (152) 8 (203) 10 (254)
Mass, lb-sec?/in (kg) | 0.74 (130) 1.11 (195) 1.57 (276)
v, in/sec (m/sec) 1575 (40) 2756 (70) 3937 (100)
/. » psi (MPa) 4351 (30) 5801 (40) 7251 (50)
;> psi (MPa) 435 (3) 580 (4) 725 (5)

DOE NPH Meeting; October 23 and 24, 2018

IHIMMGEER

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE




Numerical models

12 SPH models
* Axisymmetric

+ MATO72R3 Tt kol 50
e Particle spacings based 004 i (oo o mter
on mesh convergence /
study

e 153 simulations SPH particles, panel
0.08 in (2 mm) spacing

X /
LY ]
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Gb

Characterization of damage

Non-perforation - exit
velocity is zero

Perforation - exit
velocity is greater
than zero

CPD
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* Panel thickness, impact velocity = 100 m/s
Panel thickness (mm) Panel thickness (mm)
0 125 250 375 500 625 750 0 125 250 375 500 625 750
3000 T /6.2 3000 T T ———————x76.2
—e—o( in. (152.4 mm) o—e—e( in. (152.4 mm)
\ o—eo—o8§ in. (203.2 mm) e—0—08 in. (203.2 mm)
< 2500 o—e—e10in. 254mm) |63.5 < 2500 \ o—e—e10in. 254mm) |03.5
2 @ 2 @
= 2000 \ 508 & 2000 O\\ 508 E
2 \ *? > g
= 1500 |\ 38.1 3 = 1500 38.1 3
'% \ \ T>) TC; \ \ T>)
> 1000 \ 254 < > 1000 \ 254 <
500 \\ 12.7 M 500 \\ | \\ 12.7
0 Lo N\ g 0 L\
0O 5 10 15 20 25 30 0O 5 10 15 20 25 30
Panel thickness (in) Panel thickness (in)
f/ =4351 psi (30 MPa), f =435 psi (3 MPa) Jo =7251 psi (30 MPa), f, =435 psi (3 MPa)
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G5
Results

* Concrete tensile strength, impact velocity = 100 m/s

Concrete tensile strength (MPa) Concrete tensile strength (MPa)
0 1.38 2.76 4.14 5.52 0 1.38 2.76 4.14 5.52
3000 76.2 3000 —76.2
~—
< 2500 Te—, (035 . 5 2500 ‘\\\ 63.5 _
O 2} Q o wn
<z h = =z o e =
= 2000 \ 508 & £ 2000 508 E
> \ 2 5 2
= 1500 \ °©38.1 3 = 1500 38.1 8
= © 2 N ® ©
£ 1000 \\ 254 Z £ 1000 \\ 254 2
L% 500 | je—e—e06 in. (152.4 mm) 12 7 L;j L% 500 | je—e—e06 in. (152.4 mm) \ 12 7 L;j
o008 in. (203.2 mm) : o038 in. (203.2 mm) N :
| [e—e—e10 in. (254 mm) | [e—e—e10 in. (254 mm)
O I I I I O O I I I I O
0 200 400 600 800 0 200 400 600 800
Concrete tensile strength (psi) Concrete tensile strength (psi)
! . ! .
f. =4351 ps1 (30 MPa) /. =5801 psi (40 MPa)
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G5
Results

* Concrete compressive strength, impact velocity = 100 m/s

Concrete compressive strength (MPa) Concrete compressive strength (MPa)
0 13.8 27.6 41.4 552 0 13.8 27.6 41.4 552
3000 76.2 3000 76.2
~ 2500 ™ « 1635 = 2500 63.5 _
(D] - 72} O wn
= 2000 \ ° 1508 & £ 2000 — 508 E
> \ 2 5 2
5 1500 38.1 3 5 1500 ° . 138.1 3
.% T>) TC)J e—e—6 in. (152.4 mm) - T>)
> 1000 254 < > 1000/ °°°8 in- (203.2 mm) 254 o
- >"<‘ = e—o—2 10 in. (254 mm) >‘—<‘
= : a8 o 88
| |e—e—e6 in. (152.4 mm)
H5000 Ogm. égggmm) 12.7 =500 — 12.7
| |e—e—e10 in. (254 mm)
0 ———F 0 0 \FO
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Concrete compressive strength (psi) Concrete compressive strength (psi)
. ! .
£, =435 psi (3 MPa) £ =725 psi (5 MPa)
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Design guidance

 Minimum panel thickness

* Different Schedule 40 pipes

Gb

* Impact velocities per RG 1.76 (T), 1.221 (H), ANSI/ANS-2.3-2011

Minimum panel thickness, £, > 30 MPa (4351 psi), f, > 3 MPa (435 psi)

Minimum panel thickness, f, > 50 MPa (7251 psi), f, > 5 MPa (725 psi)

Impact Schedule 40 Prevent Prevent
velocity, pipe diameter, | perforation, | scabbing,
/s (in/sec) mm (in) mm (in) mm (in)
152 (6) 305 (12) 381 (15)

40 (1575) 203 (8) 305 (12) 381 (15)
254 (10) 381 (15) 460 (18)

152 (6) 305 (12) 381 (195)

44.7 (1760) 203 (8) 381 (15) 460 (18)
254 (10) 381 (15) 559 (22)

152 (6) 305 (12) 460 (18)

55.9 (2201) 203 (8) 460 (18) 559 (22)
254 (10) 460 (18) 650 (25.6)

152 (6) 381 (15) 460 (18)

100 (3937) 203 (8) 650 (25.6) 838 (33)
254 (10) 650 (25.6) 914 (36)

Impact velocity, Schedule 40 Prevent perforation, | Prevent scabbing,
s (in/ pipe diameter, . :

s (in/sec) mm (in) mm (in) mm (in)
152 (6) 305 (12) 305 (12)

40 (1575) 203 (8) 305 (12) 381 (15)
254 (10) 305 (12) 381 (195)

152 (6) 305 (12) 305 (12)

44.7 (1760) 203 (8) 305 (12) 381 (195)
254 (10) 305 (12) 460 (18)

152 (6) 305 (12) 305 (12)

55.9 (2201) 203 (8) 305 (12) 381 (195)
254 (10) 381 (15) 559 (22)

152 (6) 305 (12) 381 (195)

100 (3937) 203 (8) 460 (18) 460 (18)
254 (10) 650 (25.6) 650 (25.6)
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Closing remarks

 Empirical equations for missile impact
* Two data sets evaluated

* Validation of SPH model
* Four impact tests

* Axisymmetric SPH model for parametric study
* Investigated parameters that affect impact resistance
* Panel thickness and tensile strength

* Additional tests needed to develop robust
numerical models
* Empirical equations for panel thickness
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Smooth Particle Hydrodynamics (SPH)

* Domain is divided into a set
of discrete mass particles

* No node-to-element
. . Support Y 5 00 R
connectivity matrix; large =m0 "ot o2 2
distortion of mesh possible ° °

 Computationally expensive
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