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Preface

MCEER is a national center of excellence dedicated to the discovery and development of new
knowledge, tools and technologies that equip communities to become more disaster resilient in
the face of earthquakes and other extreme events. MCEER accomplishes this through a system of
multidisciplinary, multi-hazard research, in tandem with complimentary education and outreach
initiatives.

Headquartered at the University at Buffalo, The State University of New York, MCEER was originally
established by the National Science Foundation in 1986, as the first National Center for Earth-
quake Engineering Research (NCEER). In 1998, it became known as the Multidisciplinary Center
for Earthquake Engineering Research (MCEER), from which the current name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from numerous disciplines and
institutions throughout the United States, MCEER’s mission has expanded from its original focus
on earthquake engineering to one which addresses the technical and socio-economic impacts of a
variety of hazards, both natural and man-made, on critical infrastructure, facilities, and society.

The Center derives support from several Federal agencies, including the National Science Founda-
tion, Federal Highway Administration, Department of Energy, Nuclear Regulatory Commission,
and the State of New York, foreign governments and private industry.

The overarching goal of the research project was to validate a numerical model for the analysis
of reinforced concrete panels impacted by wind-borne missiles. Experiments from the 1970s were
used for the validation exercise. The Lagrangian and Smooth Particle Hydrodynamics (SPH)
algorithms in LS-DYNA were used for numerical analysis. Challenges with the use of Lagrangian
elements for impact simulations prompted study of the SPH method. The axisymmetric formula-
tion was adopted for the SPH-based impact simulations. The partially validated numerical model
was used in a parametric study to investigate the effects of panel thickness, Schedule 40 pipe size,
pipe velocity, and concrete uniaxial compressive and tensile strength on panel response. Impact
by annular and solid missiles was investigated. Results of the parametric study were used to
draft design guidance.






ABSTRACT

United States Nuclear Regulatory Commission Regulatory Guide (RG) 1.76, Design-Basis
Tornado and Tornado Missiles for Nuclear Power Plants, and RG 1.221, Design-Basis
Hurricane and Hurricane Missiles for Nuclear Power Plants, identify a set of missiles and
impact velocities to be considered in the design of nuclear power plants. Empirical formulae are
used to calculate local behavior (scabbing, penetration, perforation) of reinforced concrete walls
and slabs impacted by tornado- and hurricane-borne missiles. An evaluation of these empirical
formulae using results from impact tests conducted by EPRI and Calspan at Sandia Laboratory in
the 1970s showed that these formulae are not of the accuracy required for analysis of nuclear
power plant structures. Shortcomings with the empirical equations, and a lack of knowledge
regarding those parameters that most affect impact resistance against soft and hard missiles,
prompted an effort to validate a numerical model in LS-DYNA for impact analysis of reinforced
concrete panels. Four EPRI tests were chosen for the validation exercise. The Lagrangian and
Smooth Particle Hydrodynamics (SPH) algorithms in LS-DYNA were used for numerical
analysis. Challenges with the use of Lagrangian elements for impact simulations (e.g., element
distortion and negative volume errors) prompted study of the SPH method. The axisymmetric
formulation was adopted for the SPH-based impact simulations. The axisymmetric model
predicted the results of the EPRI experiments with reasonable accuracy using the MAT(072R3
concrete material model but the lack of metadata from the EPRI experiments make it impossible
to formally validate the numerical model. The partially validated numerical model was used in a
parametric study to investigate the effects of panel thickness, Schedule 40 pipe size (mass and
diameter), pipe velocity, and concrete uniaxial compressive and tensile strength on panel
response. Results showed that all of these parameters affect the impact resistance of reinforced
concrete panels, and so should be considered in design and in future development of empirical
formulae. Results of the parametric study were used to draft design guidance for reinforced
concrete panels impacted by wind-borne missiles. Minimum panel thicknesses of 15 in (381 mm)
and 18 in (460 mm) are required to prevent scabbing and perforation if normally impacted by a 6
in (152 mm) diameter Schedule 40 pipe at velocities of 1575 in/sec (40 m/s) and 3937 in/sec
(100 m/s), respectively, for concrete compressive and tensile strengths greater than or equal to
4351 psi (30 MPa) and 435 psi (3 MPa), respectively. Impact of solid missiles was also

simulated and shown to be more damaging than annular missiles of the same mass.
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SECTION 1
INTRODUCTION

1.1 Introduction

Nuclear power plants are designed for a wide range of natural and man-made hazards, and risk
assessment is performed to judge whether target performance goals (e.g. mean annual frequency
of core melt) are achieved. Two of the natural hazards that must be considered for design are a)
impact of wind-borne missiles, and b) earthquake shaking. This report addresses the impact of
wind-borne missiles (e.g., steel pipe, timber poles) on the exterior of reinforced concrete

buildings that house nuclear reactors.

1.2 Organization of this Report

In this report, reinforced concrete walls and slabs are grouped together as panels. Reinforced
concrete panels in nuclear structures, vertical, horizontal or inclined, must be designed to resist
the impact of steel, timber, automobile, and solid spherical projectiles borne by extreme winds
such as tornadoes and hurricanes. A goal of design against these impact loadings is to prevent the
loss of either backface (non-impact face) concrete or the projectile into containment, where it is
impossible to predict the consequences of such outcomes. Normal impact of the projectile on
panel is assumed, because the likelihood of negative consequences is reduced by oblique impact.
Although the likelihood of normal impact is very small, given all possible angles of attack, there
is no technical basis for assuming oblique impact of an arbitrary orientation. This report is

presented in six chapters, as described below.
Chapter 2 introduces impact loading and describes past experimental and numerical studies.

Chapter 3 examines existing empirical formulae for impact assessment and compares predictions

of these formulae with results from tests performed at Sandia National Laboratory in the 1970s.

Chapter 4 discusses modeling of test components (e.g., Schedule 40 pipe and reinforced concrete
panels) using Lagrangian finite elements in the commercial finite element code LS-DYNA
(LSTC, 2012). Three-dimensional quarter models, contact algorithms, boundary conditions,
strain-rate parameters, and material models are described. The results of impact simulations are

presented, and then are compared with the measurements from the experiments to validate, in



part, the numerical models. The advantages, disadvantages, and shortcomings of the Lagrangian

formulation are identified.

Chapter 5 describes modeling techniques in LS-DYNA using the axisymmetric SPH formulation.
Contact, boundary conditions, material models, and equations of state are introduced. The results
of axisymmetric Schedule 40 pipe impact simulations are presented. The SPH model is validated

to the degree possible using the Sandia data.

Chapter 6 presents the results of a parametric study that investigates the effects of a number of
design parameters on the impact resistance of reinforced concrete panels. Results of these studies
are used to provide draft technical guidance for the performance assessment of reinforced

concrete panels impacted by wind-borne missiles.

Chapter 7 summarizes the studies presented in Chapters 3 through 6, and provides the key

conclusions and findings. References are presented in Chapter 8.



SECTION 2
IMPACT LOADING: AN INTRODUCTION

2.1 Introduction

Nuclear power plants (NPPs) are an essential part of the world’s energy infrastructure,
generating electricity and process heat. Containment structures are an integral part of NPPs,
providing a pressure vessel and radiation shield in the event of damage to the reactor core
(Russell, 1962). Figure 2-1 is a photograph of two containment vessels at the Diablo Canyon
Nuclear Generating Station. Such containment structures are designed to remain intact under
very rare earthquake shaking and for the effects of severe meteorological events, including

tornado and/or hurricane winds and missiles borne by those winds.

Figure 2-1: Diablo Canyon Nuclear Generating Station (Britannica, 2014)

Wind-borne objects can pose a serious threat to nuclear power plant walls because these objects
may penetrate or even perforate wall and floor panels, causing damage to the reactor and its
safety systems. Missile impact testing of reinforced concrete panels in the 1970’s by Sandia
Laboratory (Stephenson, 1977) indicated that the damage is local and not global. Local damage
is characterized by penetration of the panel, which is sometimes accompanied by scabbing
(ejection of fragments of concrete) of the concrete on the back (non-impact) face and perforation

if the panel is thin. Perforation is the complete penetration of the missile through the panel.



Regulatory Guide 1.76 Design-Basis Tornado and Tornado Missiles For Nuclear Power Plants
(Regulatory Guide 1.76, 2007) promulgated by the United States Nuclear Regulatory
Commission (U.S. NRC) provides a set of missiles to be used for the design of exterior, above
grade, walls and slabs, in nuclear power plants. The design-basis missiles for nuclear power
plants should include at least a massive high-kinetic energy missile that deforms on impact, a
rigid missile that tests penetration resistance, and a small rigid missile of a size sufficient to pass
through openings in protective barriers. The impact speeds vary as a function of the region (I, II,
IIT) of the United States in which the plant is located, where Region I corresponds to the highest
wind speeds and velocities for tornado-borne missiles. The three design missiles for Region I are

listed below: missile type, size, weight and impact velocity.

e Automobile: 16.4 ft. X 6.6 ft. X 4.3 ft., 4000 lbs., 135 ft. /sec.
e Steel Pipe: 6 in. diameter X 15 ft. long Schedule 40 pipe, 287 Ibs., 135 ft. /sec.
e Solid Steel Sphere: 1 in. diameter, 0.147 lbs., 26 ft. /sec.

The Schedule 40 pipe and the automobile are used as the penetrating and massive high-kinetic
energy missiles, respectively. The solid sphere is assumed capable of passing through openings
in protective barriers. Of these missiles, the focus here is on the Schedule 40 pipes due its higher
probability of penetrating concrete panels and scabbing concrete. Regulatory Guide 1.221
Design-Basis Hurricane and Hurricane Missiles for Nuclear Power Plants (Regulatory Guide
1.221, 2011) identifies the same missiles and specifications described above. However, for a
hurricane wind speed of 336 mph (the max velocity considered), the horizontal missile velocity
for the automobile, steel pipe, and sphere are specified to be 372, 309, and 278 ft./sec.,
respectively: much greater than the corresponding velocities specified in RG 1.76 for tornado-

borne missiles.

Empirical formulae for normal (90°) impact have traditionally been used in the design of nuclear
facilities against the effects of hurricane and tornado-borne missiles. The reliability of these
empirical equations is questionable because they were formulated from high-speed (500-2000
ft./sec) impact tests of non-deformable missiles designed for penetration (Kennedy, 1975).
Design velocities for missile impact on nuclear facilities are substantially lower, as noted in the
bulleted list above, and these missiles are typically both blunt ended and deformable. Such

missiles are expected to absorb some of the energy of the impact, reducing the local damage.



Since the empirical formulae were developed for rigid missiles, they should, if accurate,

overestimate local damage caused by deformable missiles.

In the 1970s, when many of today’s operating nuclear plants were designed and constructed, the
most commonly used empirical equations for tornado-borne missile impact were the Modified
Petry (MP) and the Modified National Defense Research Committee (NDRC) formulae
(Stephenson, 1977). Both were derived by empirical or semi-empirical means from military tests
of non-deformable projectiles impacting very thick walls. These two equations and the seven
others listed below are evaluated herein. These formulae categorize response by 1) missile
penetration depth, 2) wall panel thickness required to prevent scabbing, and 3) wall panel
thickness to prevent perforation. Source materials for the formulae are identified in the last pair

of brackets in the list below.

e Modified Petry (MP) (Kennedy, 1975)

e Army Corps of Engineers (ACE) (Kennedy, 1975)

e Modified National Defense Research Committee (NDRC) (Kennedy, 1975)
e Amman and Whitney (AW) (Kennedy, 1975)

e Ballistic Research Laboratory (BRL) (Kennedy, 1975)

e Bechtel (B) (Kennedy, 1975)

e CEA-EDF (CEA-EDF) (DOE, 2006)

e CRIEPI (CRIEPI) (DOE, 2006)

e Chang (CF) (DOE, 2006)

Other empirical formulae have been proposed but will not be discussed here, including Whiffen,
Kar, UKAEA, Stone and Webster, Haldar and Hamieh, Adeli and Amin, Hughes, Healey and
Weissman, IRS, and the UMIST (see Rahman et al., 2010). Table 2-1 identifies the reported
capabilities of the bulleted empirical methods with the symbol “v™.



Table 2-1: Capabilities of empirical methods

Penetration Scabbing Perforation
depth, X thickness, S thickness, €
MP v v v
ACE v v v
NDRC v v v
CEA-EDF v
CRIEPI 4 v
CF v v
AW v
BRL v v
B v

1. denotes local impact phenomenon computed by empirical formulae

2.2 Code Requirements for Impact Loading on Reinforced Concrete Nuclear Structures:
ACI 349-13

Appendix F of ACI 349-13 Code Requirements for Nuclear Safety-Related Concrete Structures
and Commentary (ACI, 2013) requires consideration of local and global responses to impact
loadings on nuclear structures. Global responses are permitted to be calculated using equivalent
Single Degree of Freedom (SDOF) models. Local responses are calculated using empirical

formulae such as those introduced previously.

For global analysis using SDOF models, the properties of the equivalent system are based on
load and mass transformation factors, which can be traced to the seminal work of Biggs and his
co-workers (e.g., Biggs, 1964). These factors enable a calculation of equivalent mass, stiffness
and load but require the analyst to define a shape function. For two-way slabs and walls in the
elastic range of response, the deflected shape is generally taken as either the fundamental mode
shape or the deformed shape calculated by applying the dynamic load statically. In the inelastic

range of response, the deflected shape can be taken as the collapse mechanism.

Although the equivalent SDOF system is mathematically straightforward for global analysis, it
must be used with caution for analysis of near-field blast and impact loadings. Impact loadings
typically produce local deformations with effects experienced within a few multiples of the panel
thickness from the point of impact, and the displaced shape of the impacted panel is likely very
different from the fundamental mode shape or the elastic displaced shape or (global) collapse
mechanism of the panel if the impacting force is applied quasi-statically. Further, a resistance

function derived for SDOF analysis of a panel will generally assume an intact cross section,
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which will not be the case if it sustains damage. Impactive loadings on reinforced concrete
panels can generate high strain rates. Traditional analysis and design for blast and impact
loadings makes use of dynamic increase factors (DIFs) to increase the mechanical properties of

reinforcement and concrete in tension and compression, and concrete in shear.

Table 2-2 presents DIFs for three grades of reinforcement and for concrete, where & is the strain
rate. More current information is presented in Dusenberry (2010). Unresolved challenges with
the use of DIFs include a) the temporal and spatial variation of strain rate over the impacted
component, and b) predictions of spalling, scabbing, penetration and perforation. The only
reliable means of predicting the response of reinforced concrete panels to missile impact are by
either testing or numerical simulation using verified and validated numerical tools, which are

discussed in Section 2.9 and in later sections of this report.

Table 2-2: Dynamic increase factors (ACI, 2013)
Material ’ Dynamic Increase Factor (DIF)
Reinforcing steel
Grade 40 | 1.1+0.0723(log£+3.3) < 1.2
Grade 50 | 1.05+0.08(log ¢+3) < 1.15
Grade 60 | 1.0+0.02625(log £+5.9) < 1.1
Concrete
Axial and flexural
compression

Shear | [0.9+0.1(log£+5)]" < 1.1

0.9+0.1(log é+5) < 1.25

Appendix F provides guidance on formulae to be used for local response calculations but notes
the shortcomings with the use of empirical equations: 1) for rigid missiles, the NDRC, Bechtel
and Stone and Webster formulae provide reasonable calculations of perforation and scabbing
thicknesses, 2) for rigid missiles, the Modified Petry and BRF formulae should not be used, and

3) for highly deformable missiles, the empirical formulae tend to be conservative.

2.3 Concrete Material Models for Impact Simulations

LS-DYNA (LSTC, 2012) includes three concrete material models for use with Lagrangian and
Smoothed Particle Hydrodynamics (SPH) simulations of impact: Pseudo Tensor (MATO016),
Concrete Damage (MATO072R3), and CSCM (MAT159). Each of these models is introduced

below because they are used in the simulations that follow in Chapters 4, 5, and 6. These three



models each generate a set a parameters describing the elastic and inelastic response of the

concrete using only the uniaxial concrete compressive strength as input.

The Pseudo Tensor (MATO016) model was developed to analyze buried reinforced concrete
structures subjected to impulsive loadings. MAT016 was written for the Lagrangian finite
element code DYNA3D (Malvar et al., 1997), which was developed by Lawrence Livermore
National Laboratory. Volumetric and deviatoric responses are decoupled in MATO016. Malvar et
al. (1997) describe MATO016 as follows:

“...An equation of state gives the current pressure as a function of current and
previous minimum (most compressive) volumetric strain. Once the pressure is
known, a moveable surface-herein denominated a yield or failure surface--limits
the second invariant of the deviatoric stress tensor. The volumetric response is

easily captured using a tabulated input for the equation of state...”

Karagozian and Case (K&C), a consultancy in Los Angeles, California developed the
Concrete Damage (MATO072) material model for analysis of reinforced concrete components
subjected to blast and impact loadings. The original K&C model was an updated version of
MATO16 in which the volumetric and deviatoric responses are coupled. Malvar et al. (1997)
provides a detailed description of the first implementation of MATO072 in DYNA3D (Whirley et
al., 1993). MATO072 is based on three independent strength surfaces (e.g., maximum, yield, and
residual), which are defined using nine user-input parameters that are calibrated to experimental
data. Wu et al. note “...the failure surface is interpolated between the maximum strength surface
and either the yield strength surface or the residual strength surface.” A scale factor that is
dependent on the 3rd invariant of the deviatoric stress tensor enables a smooth transition between
brittle (low confinement) and ductile (high confinement) behavior. Plastic flow can be non-
associative, fully associative, or partially associative. MAT072 was exported to the LS-DYNA
platform in the mid-2000s (Wu et al., 2012). MATO072R3 (e.g., Magallanes et al., 2010) is the
current version of the K&C model available in LS-DYNA.

The Continuous Surface Cap Model (CSCM), MAT159 in LS-DYNA, was developed by Murray
et al. (2007a; 2007b) to predict the response of concrete structures used in roadside safety
structures to impact loadings. Similar to MAT072R3, volumetric and deviatoric behaviors are

coupled by combining the shear failure surface and a hardening compaction surface. MAT159
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includes a fracture-energy based damage function used to model both softening and post-peak
stress-modulus reduction. The model and its validation are described in Murray et al. (2007a;
2007b). Wu et al. (2012) compare the performance of MAT072, MAT159, and other concrete
models available in LS-DYNA.

2.4 Experimental Testing Related to Wind-borne Missile Impact

Limited data from a small number of physical tests involving wooden utility poles, steel pipes
and rods are available to establish the accuracy of the empirical formulae and validate numerical
tools. These data are introduced below. There are no data for wind-borne automobile impact on

reinforced concrete panels.

2.4.1 Sandia Laboratory

Tests were conducted at Sandia Laboratory by the Electric Power Research Institute (EPRI) in
the 1970s (Stephenson, 1977). Wooden utility poles, steel pipes, and steel rods were propelled
into reinforced concrete panels with thicknesses typical of walls and roofs of auxiliary buildings
in nuclear power plants. The panels tested at Sandia were 17 X 17 ft. overall, spanning 15 X 15
ft., with thickness of 12, 18, and 24 inches. The test panels were constructed with 3000 psi
concrete and 0.31%, 0.28%, and 0.27% reinforcing steel ratio, each way, each face, for the 12-,
18-, and 24-inch panels, respectively. The Grade 60 reinforcement was spaced at 12 inches on
center. Figure 2-2 shows the experimental test setup that includes the missile launcher, the
reinforced concrete wall panel, and a fixture for the support of the test panel. The desired speed
at impact was achieved by selecting a launch position on the rail and the number of rockets (up

to four) mounted to the sled.
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Figure 2-2: Experimental impact test setup (Stephenson, 1977)



Load cells were installed at all four corners of the wall to determine the reactions. There are no
metadata for the load cells. These load cells are identified in Figure 2-2. Records from high-
speed film provided the velocity histories for the impacting missiles. The acceleration history of
a missile was obtained by differentiating the velocity history. The inertial force at impact was
calculated as the product of the missile mass and the acceleration at impact. The displacements
of the wall panels were not recorded for the impacts of the wooden utility poles but crack
patterns were photographed and these can be used to indirectly measure the level of damage to
the panel. Information on the effects of the impacting steel pipes and rods and wooden utility
poles, including penetration depth, conical plug dimensions caused by the impact, rebound
velocity, and photographs of local damage to the specimen was documented. Chapter 4 provides

information on these tests.

Thirteen normal-impact tests were conducted using a 12-inch diameter Schedule 40 pipe as the
wind-borne missile. One 3-inch Schedule 40 pipe was also used for testing. The data were used
to judge the utility of empirical equations with an emphasis on the MF and Modified NDRC
formulas, Stephenson (1977) concluded that

e The formulae predict several inches of penetration for the wooden utility pole but the pole
did not penetrate at all, and so should not be used for impacting wooden utility poles

e The NDRC formula predicted the measured penetration depth of the Schedule 40 pipes
reasonably accurately using the outer diameter of the missile in the calculations

e The MP formula did not accurately recover the penetration depth for the Schedule 40 pipes

e The MP formula did not recover scabbing thickness

e The NDRC equation over-predicted the panel thickness required to prevent scabbing

e Scabbing thickness was predicted reasonably well as 3 times the penetration depth computed

by the NDRC formula for the 12-inch diameter Schedule 40 pipe.

One impact test (Test #19 per Table 1-1 in Stephenson (1977)) was performed on an 18-inch
thick panel to judge the influence of oblique impact. A 12-inch diameter Schedule 40 pipe, with
a weight equal to 765 lbs., impacted the panel at an angle of 45° at a velocity of 222 fps. The
reported uniaxial compressive strength of the concrete in the panel was 3900 psi. Damage was
compared to that of a nearly identical test (Test # 3 per Table 1-1 in Stephenson (1977)) with

normal impact. The normal-impact test scabbed concrete from the panel. The oblique-impact test
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produced less damage than the normal-impact test, namely, only cracking on the back face. (This
is an expected result because the travel path through the panel for oblique impact is greater than

that for normal impact.)

2.4.2 Calspan

Missile impact tests were performed on 9 ft. X 9 ft. reinforced concrete panels by Calspan in
1975 for Bechtel Power Corporation (Vassallo, 1975). The panels were 12, 18, and 24 inches
thick and cast with 3500 to 4500 psi concrete. The Grade 60 reinforcement was spaced at 12
inches on center; the reinforcement ratios ranged between 0.4% and 0.6% each way, each face.
The impacting missiles were 8-inch diameter Schedule 40 pipes, wooden utility poles and solid

steel slugs.

The test setup included a missile launcher, a reaction fixture for support of the test panels, and
instrumentation for recording data (Vassallo, 1975). High-speed photography was used to
capture the velocity of the missile at impact. The displacement of the back face of the panels was

measured using a custom fabricated scratch gage.

Calspan did not compare and contrast the results of the tests and predictions using the empirical
equations. An empirical equation, Bechtel, was developed using data from the Calspan tests to
predict the panel thickness required to prevent scabbing for 8-inch diameter Schedule 40 pipes
(Vassallo, 1975). This formula was calibrated for 8-inch Schedule 40 pipes, Vassallo cautioned

against its use for other pipe diameters and wall thicknesses.

2.5 Kennedy Study of Empirical Methods

Kennedy (1975) evaluated empirical formulae including the MP, ACE, NDRC, AW, and BRL
and observed significant differences in predictions of local damage. His study focused on the 8-
inch diameter Schedule 40 pipe, wooden utility pole, and the 8- inch diameter steel slugs used in
the Calspan tests. He used an effective diameter for the analysis of the pipe, taken as the
diameter of a solid cylinder with the same initial contact area as the actual 8-inch diameter

Schedule 40 pipe (=8.40 in?). Kennedy drew the following conclusions:

e Empirical formulae are not applicable for impact analysis of wooden poles
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e Only the NDRC formula was capable of accurately predicting the perforation and scabbing
thicknesses over the range of missile diameters (up to 16 inches), caliber densities (0.2 — 6.0

Ib. /in?), and missile velocities (100-3000 ft. /sec) for which test data were available.
2.6 Other Experimental Testing Related to Missile Impact

2.6.1 Full Scale Aircraft Impact Experiments

Full-scale aircraft impact tests were conducted at Sandia Laboratory in 1993. The purpose of the
test was to determine the impact force history caused by the normal impact of a F4 Phantom jet
onto a massive rigid reinforced concrete target at a velocity of 215 m/s (Sugano, 1993a). Other
objectives included the evaluation of the crushing behavior of the aircraft, probability of engine
detachment, and dispersal of fuel after the impact. A flyable F4 Phantom jet was acquired by
Sandia Laboratory for the experiment and the fuel tanks were filled with water to provide proper
mass distribution and evaluate fuel dispersal after impact. The jet was propelled into the
reinforced concrete target using a sled and a two stage rocket system. The target consisted of a 7
X 7 m reinforced concrete block that was 3.66 m thick; the block weighed 469 tonnes. The
target was placed on air bearings, which allowed the structure to move after impact. The
experimental results showed that the aircraft was completely crushed upon impact, and the local
damage caused by the fuselage was insignificant compared to the local damage caused by the
engines (Sugano, 1993a). The damage to the target was relatively minor, which indicates that

most of the impact energy was absorbed in moving the target and aircraft deformation.

2.6.2 Aircraft Engine Impact Experiments

In 1993, a number of experiments were conducted that involved the normal impact of aircraft
engines, and simplified models thereof, onto reinforced concrete panels. Small-, intermediate-,
and full-scale tests were carried out using the General Electric (GE) J-79 turbojet engine as the
impacting missile (Sugano, 1993b). The purpose of these experiments was to gain insight into
aircraft impact, investigate the appropriateness of using similarity laws to scale the tests, and
modeling the engine as a deformable missile. The small- and intermediate-scale tests used
simplified rigid and deformable missiles representing the J-79 turbojet engine to determine the
reduction in damage caused by missile deformability. The full-scale tests used the actual J-79
turbojet engine and a deformable-missile representation of the engine. The reinforced concrete

panels for the small-, intermediate-, and full-scale tests were 1.5 m, 2.5 m, and 7 m square, with
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thicknesses of 60-350, 300-600, and 900-1600 mm, respectively. Reinforcement ratios ranging
from 0.2 to 0.6% each way, each face, were used for the small- and intermediate-scale tests;
0.4% was used for the full-scale tests. The use of a steel liner (or scab plate) on the back face of
the reinforced concrete panel in the intermediate- and full-scale tests was also explored. The tests
resulted in significant local damage to the panels including penetration, perforation, and
scabbing. The application of the steel liner prevented concrete scabbing on the back face of the
panel. A significant reduction in local damage was observed in the tests using the deformable
missiles. The similarity and scaling rules used to scale the small- and intermediate-tests were

validated.

2.6.3 Experimental Tests of RC Barriers against Aircraft Impact

In 1999, three 1/7.5 scale model impact tests were performed to explore the use of two
consecutive reinforced concrete barriers to mitigate the effects of aircraft impact. This concept
allowed an aircraft to perforate the first wall and strike the second wall at a much reduced
velocity (Tsubota et al., 1999). The goals of these experiments were to 1) assess damage to the
outer panel, 2) measure the residual velocity of the impactor after perforation of the first panel,
and 3) determine the impact load on the second panel. The outer panels in the three experiments
were 1.5 X 1.5 m in plan with thicknesses of 60, 80, and 100 mm, and rebar spacing of 25, 85,
and 68 mm, respectively. The reinforcement ratio for all three tests was 0.47% each way, each
face. The inner panel was a 2 X 2 m in plan and 350 mm thick and was suspended as a
pendulum behind the outer panel. A simplified model of the aircraft missile was designed
according the axial strength and mass distribution of the actual aircraft used in the full-scale
aircraft impact tests conducted at Sandia Laboratory in 1993 by Sugano (1993a). Perforation of
the outer panel occurred in two of the three experiments and the missile impacted the inner
panel. There was a drastic decrease in the impact load to the second panel with an increase in the

thickness of the outer panel (Tsubota et al., 1999).

2.6.4 Experimental Tests of SC Composite Shear Walls against Aircraft Impact
Mizuno et al. (2005) conducted five 1/7.5 scale model tests to investigate the behavior of SC
composite shear walls against aircraft impact. To understand the benefits of the added steel

plates, the tests of Tsubota et al. (1999) were repeated. Two types of 1.7 X 1.7 m SC panels

were tested 1) Full SC—steel face plates on both faces of the panel and no traditional
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reinforcement, and 2) Half SC—steel face plate on the back face and traditional reinforcement on
the front face. The panel and steel plate thicknesses ranged from 60 to 120 mm, and 0.8 to 1.6
mm, respectively. The missile was designed using the axial strength and mass distribution of the
aircraft used in the full-scale impact tests conducted at Sandia Laboratory in 1993 (see Sugano,
1993a). The tests indicated that the steel faceplates, especially the rear faceplate played a
significant role in limiting the scabbing on the back face of the panel. The panel thickness
required to prevent perforation could be greatly reduced if the conventional reinforcement was

replaced by steel faceplates (Mizuno et al., 2005).

2.6.5 Experimental Tests of High Strength Concrete against Projectile Impact

Dancygier et al. (2007) conducted experiments to study the response of high performance
concrete (HPC) plates impacted by non-deformable steel projectiles. The goal was to understand
the influence of the concrete mix design and amount and type of reinforcement on the
performance of HSC panels (Dancygier et al., 2007). The variables examined were aggregate
(type and size), addition of micro-silica (MS) and steel fibers, and reinforcement details. The 800
X 800 X 200 mm concrete specimens were impacted by a 1.5 kg, 50 mm diameter, 200 mm
long solid cylinder with a sharp conical nose of hardened steel, at velocities of up to 315 m/s.
The projectiles were accelerated to their desired velocities using a gas gun. A total of 39 concrete

specimens were tested.

Normal strength concrete (NSC) control specimens with a nominal compressive strength of 30
MPa were constructed with coarse crushed dolomite aggregate of 22 mm maximum size. The
reinforcement of these specimens consisted of 400 MPa yield strength bars with a nominal
diameter of 8 mm, spaced at 200 mm on the front face, and 100 mm on the rear face,
corresponding to reinforcement ratios of 0.14% and 0.28%, respectively. The clear cover on both

faces was 15 mm.

The influence of the following HSC mixture ingredients on the performance of the NSC control
specimens under impact were examined; addition of MS, 30 mm and 60 mm hooked-end steel
fibers, aggregate type and maximum size including basalt, flint, and dolomite ranging from 12 to
50 mm in diameter. Compression and tension reinforcement ratios and the effect of transverse

reinforcement were also examined. All HSC mixtures were designed with trial strength of
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approximately 100 MPa. In all 39 specimens, the perpendicular reinforcement did not intersect at

the center of the plate and projectiles did not contact any of the rebar.

Dancygier et al. (2007) also evaluated perforation velocity (the velocity at which the panel just
prevents perforation) for the panels using the NDRC and Barr formulae. The formulae for
penetration depth were manipulated to determine a perforation velocity for a specific panel
thickness. The study used perforation limit and front- and rear-face-crater diameter to quantify

damage to the specimens. Based on the test data, Dancygier et al. (2007) concluded

e Al HSC specimens had a higher perforation limit than the NSC specimens

e Addition of MS and steel fibers had a limited effect on the perforation limit of the panels;
the main contribution of the fibers was to reduce the damaged area on the front and rear
faces

e A greater front face reinforcement ratio and multiple curtains of reinforcement increased
perforation resistance but did not decrease front face damage

e The larger and harder (i.e., basalt and flint) the aggregate, the greater the perforation
resistance. Larger aggregate resulted in a greater rear face crater diameter due to a low
tensile strength caused by a small aggregate-matrix area in the concrete

e The smaller aggregates reduced the diameter of the rear face crater due to increased
tensile strength caused by a greater aggregate-matrix area

e The formulaec (NDRC and Barr) predicted the perforation limit for the NSC specimens
with reasonable accuracy, but significantly overestimated the perforation limit for HSC
specimens. The empirical formulae calibrated for the NSC impact tests were not suitable

for predicting perforation limits for HSC.

2.6.6 Drop Tests on Reinforced Concrete Slabs

Zineddin et al. (2007) conducted impact experiments to study the effect of reinforcement on the
dynamic response of reinforced concrete slabs. Three 90 X 1524 X 3353 mm concrete slabs
with different reinforcement configurations were tested: 1) 152 X 152 mm mesh of welded steel
wire located 25 mm below the surface of the concrete on both faces, 2) 152 X 152 mm mesh of
#3 steel bars at the mid thickness of the slab, and 3) 152 X 152 mm mesh of #3 steel bars 25 mm

below the surface of the concrete on both faces of the slab. The compressive strength of the
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concrete was not documented. The slabs were laid flat and bolted on all four sides to a steel

frame as illustrated in Figure 2-3, creating an unsupported slab area of 914 X 2743 mm.

The impact tests were performed using a drop hammer with a mass of 2608 kg. The drop was on
the center of the slabs. The diameter of the drop hammer was not documented. The three
reinforcement arrangements were evaluated at drop heights of 152, 305, and 610 mm. Impact
mass acceleration, slab accelerations, peak load and duration, slab deflection, steel frame

accelerations, reinforcing steel strains, and high speed videos were recorded.

Figure 2-3: Impact testing system (Zineddin et al., 2007)

Based on the impact tests, Zineddin et al. (2007) observed

e Peak displacement of the plate occurred after peak load was reached. The damage to the
panels was local and not global

e The maximum displacement at the center of the plate for all three drop heights occurred
for the plates reinforced with welded steel mesh on both faces; the wire mesh failed in all
three tests

e The reinforcement yielded in the impact zone in all six tests involving #3 bars; a
longitudinal bar ruptured in one of the tests at a drop height of 610 mm

e Punching shear failure and scabbing on the back (non-impact) face in all three tests at a
drop height of 610 mm; the plate reinforced with one layer of #3 bars at the center had

the largest rear face crater diameter
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2.7 Numerical Simulation of Impact Tests

2.7.1 Tornado Borne Missile Impact of Reinforced Concrete Panels

Tu and Murray (1977) used the finite element method to examine impact of tornado-borne
missiles on reinforced concrete panels. Data from the Sandia and Calspan tests were used to
determine the utility of the NDRC formula. They concluded that the NDRC formula would
predict the local impact effects of the Schedule 40 pipe if the effective diameter of the pipe (as
defined in Section 2.5) was used in the calculations. The study did not identify the diameter of
the pipes examined or provide data for re-evaluation. The NDRC formula did not predict the

penetration of steel slugs but calculated scabbing thickness for the steel slugs reasonably well.

The finite element program HONDO was used for the impact simulations. HONDO is an explicit
finite element code designed to calculate the large deformation, elastic and inelastic response of
plane or axis-symmetric bodies of arbitrary shape and composition (Tu and Murray, 1977). The
finite element simulations focused on an 8-inch diameter steel slug used in the Calspan tests. The
steel slug was 14 inches in length and weighed 214 pounds. The models of the concrete near the
back (rear) face of the panel were strengthened to account for the presence of reinforcement (no
actual reinforcement was modeled). Three sets of numerical simulations were conducted with the

following objectives:

e Compare the simulated impact interaction of the missile and target models with test results
e Assess progression of damage for two target thickness as a function of missile velocity

e Examine the loading history for deformable missile impacting a reinforced concrete panel

One simulation was run for a deformable missile but the results were not validated and no
information was provided on the modeling of the missile in HONDO. Insufficient information
was reported to enable a detailed review of the numerical models and solution algorithms. Tu
and Murray validated their models using scabbing data. Predicted values for penetration depth

and conical plug size were not reported.

2.7.2 Soft Missile Impact of Reinforced Concrete Panels

Oliveira et al. (2009) developed a numerical model in LS-DYNA to predict the response of a
reinforced concrete wall subjected to impact by a “soft” missile. The numerical model was based

on experimental tests conducted by the VIT Technical Research Center of Finland to examine
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the influence of missile type, mass, momentum and various concrete reinforcing strategies on
impact resistance. The test facility consists of an apparatus capable of launching missiles of
various mass and geometry at velocities on the order of hundreds of meters per second (Oliveira
et al., 2009). Figure 2-4 describes the test set up. A pneumatic compressor is used to increase the
air pressure inside the accumulator. The accumulator and the acceleration tube are separated by a
thin steel disk termed the explosion sheathing in Figure 2-4, which is designed to rupture at a
pressure corresponding to a desired impact velocity. The rupture of the steel disk sends the
compressed air through the tube, which accelerates the piston and the externally attached missile
on a set of guide rails towards the concrete panel. The piston is stopped at the end of the rails,
allowing only the missile to impact the target. The reinforced concrete panel is mounted within a
frame that is bolted to a support structure comprised of [-beams and back pipes that connect to

surrounding rock (Oliveira et al., 2009).
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Figure 2-4: VTT experimental test setup (Oliveira et al., 2009)

The target consisted of a 2300 X 2000 X 150 mm reinforced concrete panel. The target was
reinforced with ASOOHW longitudinal and shear reinforcement with nominal diameters of 8 mm
and 6 mm, respectively. The longitudinal rebar was equally spaced at 50 mm on center with 15
mm cover on both faces of the panel. The unconfined compressive strength of the concrete was

59.5 MPa, as determined by compression tests on cubes of concrete.

The impacting missile was a solid, flat-nosed projectile fabricated from EN AW6060 T66
aluminum. An “additional mass” pipe of low-carbon steel was fitted over the back end of the
missile to allow the mass to be varied for different tests. In the experiment, the missile was 1800

mm long, had a diameter of 250 mm and a total mass of 51.3 kg, and an initial velocity of 127
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m/sec. Guides were bolted to the missile for stabilization during the acceleration phase. The
impact load from the experiments was determined using data from the strain gages installed on
the back pipes (identified in Figure 2-4). The deflection of the panel was measured using
displacement transducers installed on the back (non-impact) face. Strain gauge data from the

rebar were also recorded. The damage to the panel was not documented.

The numerical model was developed using LS-DYNA. MATO072R3 was used to model the
concrete in the panel. The strain-rate parameters of Malvar and Ross (1998) for compression and
tension were used. The PLASTIC KINEMATIC material model (MATO003) was used for the
reinforcement in the panel. The dynamic increase factors for the rebar were determined based on
the empirical relation proposed by Malvar and Crawford (Oliveira et al, 2009). The
reinforcement was coupled to the concrete using the
CONSTRAINED LAGRANGE IN SOLID formulation. The material model
PIECEWISE LINEAR PLASTICITY (MAT024) was used for the aluminum missile.

Beam elements were used for the reinforcement. Eight-node solid elements were used to model
the concrete and shell elements were used for the missile. The concrete was modelled with 20 X
20 X 21.5 mm elements. The missile was modeled with 5 X 5 mm shells. The constant stress
formulation and Belytschko-Lin-Tsay formulation were used for solid and shell elements,
respectively. One-dimensional truss elements were used for the reinforcement. Damage
formulations were not included in this study; the damage to the panel in the numerical

simulations was not reported.

Oliveira et al. (2009) compared the results of the numerical simulation and the experimental test

data and observed

e The measured and predicted deflection at the center of the slab were in good agreement
e There were significant differences in the measured and predicted rebar strains at the
center of the panel; the differences could have been due to the slightly off-center impact

of the missile.

Insufficient information was reported to enable a detailed comparison of the numerical

simulation and the experimental results. Although Oliveira et al. (2009) stated that the numerical
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model could predict the non-linear response of reinforced concrete panels impacted by missiles,

no rigorous validation was performed.

2.7.3 Missile Impact on SC Composite Shear Walls

Bruhl et al. (2015) developed a three-step method for designing steel plate composite (SC) walls
subjected to missile impact. The study discusses the development and benchmarking of 3D finite
elements models for predicting the behavior and local failure of SC walls subjected to missile
impact. The finite element models were used to conduct parametric studies for further

verification of the design method.

The 3D finite element models were benchmarked in LS-DYNA using tests conducted by Tsubota
et al., which included 50 specimens (combination of SC and RC shear walls) with dimensions of
23.6 X 23.6 inches and thicknesses between 1.97 and 6.3 inches (Bruhl et al., 2015). The 0.24-
inch diameter Grade 60 reinforcement was spaced at 3.94 inches on center. The compressive
strength of the concrete was 3550 psi with a maximum aggregate diameter of 0.25 inch. The
simulations utilized a Lagrangian formulation. Reduced integration solid elements were used to
model the concrete and steel plates. Beam elements were used to model the rebar and shear
studs. The bi-linear kinematic hardening model *MAT 003-PLASTIC KINEMATIC was used
for the rebar, shear studs, and steel plates. Dynamic increase factors for the steel were taken from
Methodology for Performing Aircraft Impact Assessment for New Plant Designs (NEI 07-13,
2009). The missiles from the Tsubota et al. tests were constructed with solid mild steel and had a
very high axial compressive strength (value not disclosed). These missiles were modeled as rigid

cylinders: 1.38 inches in diameter and 2.36 inches long (Bruhl et al., 2015).

The Winfrith (MAT084/085) model in LS-DYNA was used for concrete. The formulation
utilizes a smeared crack model and a bilinear curve to capture the tension-softening behavior
using crack-width constants (¢, =0.71, and ¢, =5.14) developed by Broadhouse and Attwood
(1993) as seen in Figure 2-5. Using these constants, two crack widths (w,, W, ) can be estimated
using Equations (2-1) and (2-2), where G; is the fracture energy of the concrete and f," is the
tensile strength of the concrete. The card *MAT ADD EROSION was activated using a
maximum strain, MXEPS , corresponding to the crack width at zero residual tensile stress using
Equation (2-3), where L, is the effective length of a cubic solid concrete element in the impact

zone and can be estimated using Equation (2-4), where V

stement 15 the volume of the element.
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where all terms are defined above.

Based on Table 2.1.4 of CEB-FIP Model Code 90 (CEB, 1993), the fracture energy for 3550 psi
compressive strength concrete with a maximum aggregate diameter of 0.25 inch is 0.3283 Ib-
in/in?>. The predictions of fracture energy, and MXEPS based on the CEB formulation and the
study conducted by Bruhl et al. (Table 3) (2015) are shown in Table 2-3. The values used in
Bruhl et al. (2015) correspond to a compressive strength of almost 10,000 psi with an aggregate

diameter of 1.3 inches and are much greater than the values corresponding to the concrete used

in the numerical simulations.

Table 2-3: Fracture energy and MXEPS values from CEB and Bruhl et al.

0.25

0.71

5.14

Crack width constant, C
Figure 2-5: Bi-linear tension softening model of Winfrith model (Bruhl et al., 2015)

CEB (1993) Bruhl et al. (2015)
G, (Ib-in/in?) 0.328 0.832
MXEPS (in./in.) 0.057 0.144

The LS-DYNA models utilized two different mesh densities (0.125 inch in the impact region, 0.5
inch outside the impact region) for the steel plates and concrete. A penalty-based contact was

used to define the contact between the rigid missile and the components of the SC wall. Rebar
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elements were embedded into the concrete using a penalty coupling method that assumes perfect
bond with the concrete. According to Bruhl et al. (2015) the results of the LS-DYNA simulations
matched the experimental results well for front crater diameter, penetration depth, rear bulge

diameter and depth, and damage mode.

2.7.4 IRIS Benchmark Study for Missile Impact

The Integrity and Ageing of Components and Structures Working Group (WGIAGE) conducted
a study called IRIS 2010 “Improving Robustness assessment of structures Impacted by
missiles”. The objective was to conduct a benchmark study to validate the evaluation techniques
used in the assessment of structures impacted by missiles (NEA/CSNI, 2011). The organization
selected 28 teams consisting of universities, companies, and laboratories to conduct finite
element simulations for three widely known and accepted experimental tests. The specifications

of the tests are bulleted below.

e MeppenIl-4: 6 X 6 X 0.7 m RC slab impacted at its center by a 1000 kg soft missile at 250
m/s

e VTT with bending mode failure: 2 X 2 X 0.25 m RC slab impacted by a 50 kg hard missile
at 130 m/s

e VTT with punching mode failure: 2 X 2 X 0.25 m RC slab impacted by a 50 kg hard missile
at 130 m/s.

The teams used a wide range of finite element codes and modeling techniques including
constitutive material models, strain rate parameters, erosion criteria, and mesh sizes. The
variability of these modeling techniques led to a wide scatter for the simulation results. Critiques
of the IRIS document by outside professionals recommended that the analysts take part in a
design of experiments to determine which physical parameters are most important for their
simulations mainly in the evaluation of various constitutive models for concrete and strain rate
parameters (NEA/CNSI, 2011). Modeling strain rate effects in high impact simulations was
determined to be important; inclusion/omission of strain rate effects could introduce differences

of up to 30% in the results.

The study also discussed the use of erosion criteria in penetration and perforation problems to

combat issues with high deformations in Lagrangian elements. Concern was expressed that there
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was no correlation between erosion criteria and physically observed damage. Calibration of finite
element models based on erosion criteria to match experimental results is not useful in terms of
expanding the size of an experimental dataset by numerical simulations. On this basis, the use of
erosion criteria may not be the best approach for problems with severe local non-linear behavior
involving fragmentation of concrete elements (NEA/CNSI, 2011). The document urged the
exploration of “particle based” formulations including Smooth Particle Hydrodynamics (SPH),
and the discrete element method, neither of which involve erosion and are likely better suited for

impact problems.

The IRIS 2010 study was a useful step towards understanding the difficulties involved with
modeling highly nonlinear experiments with finite element methods. The study uncovered
significant shortcomings in the methods being used to develop numerical tools for assessing
missile impact including quantifying physical damage with erosion criteria, correct use of strain

rate parameters for high rates of loading, and constitutive properties of materials.

2.7.5 Simulation of Concrete Cylinder Perforation

Schwer (2009b) studied impact on concrete using SPH, a Multi-Material Arbitrary Lagrange
Eulerian (MM-ALE) method, and a Lagrangian method utilizing material erosion. The goals of
his numerical study were to: 1) compare the methods, and 2) evaluate the SPH method as an
alternative numerical technique for ballistics problems. The cylindrical concrete target was eight
inches in diameter and four inches long. The cylinders were impacted by steel projectiles one
inch in diameter and three inches in length. The targets were secured by steel ring fixtures at the
front and back. The impact was normal to the base of the concrete target at a contact velocity of
685 ft/sec (209 m/s). Three concrete models were used in this study: Pseudo Tensor (MATO016),
Concrete Damage (MATO072R3), and CSCM (MAT159) (see Section 2.3).

The SPH model consisted of four parts: 1) inner SPH particles representing the concrete that
interacted with the penetrator, 2) a Lagrange steel projectile, 3) a cylinder of concrete consisting
of Lagrange elements, which creates the outer portion of the concrete target, and 4) two rings of
rigid material made with Lagrange solids to simulate the fixtures. A quarter of the numerical
model was developed and two planes of symmetry were used to preserve the displacement and
rotational boundary conditions. Particle spacings of 0.063 inch (1.6 mm) and 0.0393 inch (1 mm)

were used to determine how spacing affected the results. The exit velocities were relatively
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insensitive to the changes in particle spacing for all three concrete models. Figure 2-6 shows a

cutaway view of the SPH model.

Figure 2-6: Cutaway view of SPH model (Schwer, 2009b)

The MM-ALE model consisted of four parts; 1) inner cylinder of MM-ALE cells representing
the concrete that interacted with the penetrator (the outer annulus of the concrete was also
constructed with MM-ALE cells), 2) a Lagrange steel projectile, 3) two rings of rigid material of
Lagrange solids to simulate the fixtures, and 4) MM-ALE solid elements to represent the air
surrounding the target. The core of the concrete target used 0.117 inch (2.98 mm) cells along the
length and a cell size of 0.078 inch (1.99 mm) in the direction perpendicular to impact. The outer
annulus of the concrete cylinder used fewer cells in the radial direction with a geometric
progression of cell size from the core to the rings (Schwer, 2009b). Figure 2-7 shows a cutaway
view of the MM-ALE model: the surrounding MM-ALE air (green), the MM-ALE concrete
target (dark brown), the Lagrange fixture rings (tan), and the Lagrange steel projectile (red).
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Figure 2-7: Cutaway view of MM-ALE model (Schwer, 2009b)

The Lagrange model was identical to the SPH model, except that Lagrange solids were used to
represent the inner cylinder of the concrete that interacted with the penetrator. Material erosion
was activated to avoid severe element distortion and negative volume errors in the impact zone.
Four meshes for the inner cylinder were studied to determine how mesh size affected the results.
The Lagrangian solids along the length of the target and perpendicular to the projectile ranged
from 0.22 to 0.06 inch, and from 0.155 to 0.043 inch, respectively.

A comparative analysis of projectile exit velocities for the SPH and MM-ALE models was
conducted for MAT016 and MAT072R3. The MM-ALE and SPH projectile exit velocities for
MATO016 were identical. The MM-ALE exit velocity was 24% greater than the SPH-calculated
velocity for MATO072R3. The difference in results was due to the accumulation of errors in
interdependent history variables during volume-fraction averaging in MM-ALE advection
(transfer of matter by flow of a fluid) (Schwer, 2015). The MAT072R3 material model is no
longer available for use with the MM-ALE solver.

To develop a comparable Lagrangian model using material erosion, an erosion-criteria
convergence study and a mesh convergence study were conducted. These studies were
performed using MATO16. The Lagrange model with erosion produced the greatest exit velocity
(= 434 fps). The SPH model using MATO016 produced a lower exit velocity of 385 fps, which is
comparable to the MM-ALE exit velocity of 375 fps, also calculated using MATO016.

Schwer (2009b) concluded that the SPH method is a suitable technique for ballistics problems

and allows the user to avoid shortcomings related to the MM-ALE and Lagrangian formulations.
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2.7.6 Aircraft Engine Impact Simulations using the Discrete Element Method

Sawamoto et al. (1998) proposed the use of a Discrete Element Method (DEM) for assessing
local damage to reinforced concrete structures subjected to impact loadings. The study discusses
the validation of DEM parameters and validation of a numerical model for impact analyses using

the experiments conducted by Sugano et al. (1993b).

The DEM idealizes a structure as an assemblage of rigid circular elements connected to each
other by non-linear springs and dashpots, in which every particle satisfies equilibrium conditions
and equations of motion (Sawamoto et al., 1998). Interaction between two elements is illustrated
in Figure 2-8, where (Av;, Au;, Ad, Av;, Au;, Ag,), and (1;, I;) are degrees of freedom and
radii for particles i and |, respectively; (K, K,) and (7, , n,) are spring constants and damping
coefficients for the normal and shear directions, respectively; and (Au,, Au,) are gap
displacements in the normal and shear direction, respectively. Two states are defined for
interaction forces between the particles; 1) state one — initial state - compression, tension, and
shear, 2) state two — re-contact of particles - compression and shear. If these forces exceed the
defined tension failure point, the interaction changes from the first to the second state. The

second state defines the interaction once the separated particles come into contact again.

Figure 2-8: DEM model (Sawamoto et al., 1998)

Sawamoto et al. (1998) simulated concrete material tests (uniaxial compression and tensile
splitting tests) to determine appropriate analytical parameters for the DEM, including material
constants, failure criteria, and dynamic increase factors (DIFs) for strain rate. The spring

constants in the normal and shear directions define the material constants and failure criteria;
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these constants can be derived by substituting a discrete element model in a linear elastic
continuum body (Sawamoto et al., 1998). The DIFs for concrete in tension and compression
were calculated using empirical formula proposed by Fujimoto (Sawamoto et al., 1998). The
dynamic increase factor for cohesive strength, DIF,, is defined in Equation (2-5), where DIF,
and DIF, are dynamic increase factors in compression and tension, respectively. According to
Sawamoto et al. (1998), the failure mechanisms observed in the simulations corresponded well
with the experiments and the process used to parametrize the particles for the material tests was

repeated for the impact simulations.

DIF, =/DIF, x DIF, (2-5)

Sawamoto et al. (1998) simulated the small and full scale impact tests conducted by Sugano et al.
(1993b) that were discussed in Section 2.6.2. Four simulations of the small scale tests were
conducted: 1) T180R: 18 cm thick panel using a rigid missile, 2) T180D: 18 cm thick panel using
a deformable missile, 3) T300R: 30 cm thick panel using a rigid missile, and 4) T120D: 12 cm
thick panel using a deformable missile. Figure 2-9 presents a drawing of the rigid and
deformable missiles from the experiments (top row) and their corresponding models using the

DEM (bottom row). The aluminum component of the rigid missile was not included in the DEM

model.
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Figure 2-9: Analytical models of a missile (Sawamoto et al., 1998)
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An axisymmetric model of the concrete panel and the missile was created using the DEM. The
spring constants, mass, failure strength for individual particles, and DIFs for strain rate were
calibrated using data from material tests (e.g., uniaxial compression and split-tension tests).
Reinforcement was modeled using a single column of circular particles and linear springs were
used to connect them to surrounding elements (Sawamoto et al., 1998). Figure 2-10 presents
impact simulation results for T300R and T180D at 1.5 and 2.0 msec, respectively. Based on the

numerical simulations of the small scale tests, Sawamoto et al. (1998) reported

e The experimental and analytical penetration depths were 39 (27) and 42 (24) mm,
respectively for test T300R (T180D). The numerical results were in good agreement with
the experimental data.

e The panel was perforated in both the numerical simulation and the experiment for test
T120D.

e The simulated buckling of the deformable missile was in good agreement with the
observed damage.

e For the rigid missiles, the numerically calculated crater diameters were slightly smaller
on the front face and larger on the back face than the measured values. For the
deformable missiles, the numerically calculated values were in good agreement with the

measured values on the front face but were smaller on the back face.

(a) T300R at 1.5 msec

(b) T180D at 2.0 msec

Figure 2-10: Numerical simulation results (Sawamoto et al., 1998)

28



Two simulations of Sugano’s full scale tests were conducted: 1) 115 cm thick reinforced
concrete panel with a 2.4 mm-thick steel liner attached to the back face, and 2) 115 cm thick
reinforced concrete panel. An axisymmetric model of the concrete panel and missile was
developed using the DEM. The missile was a simplified model of the J-79 jet engine used in the
experiments; the actual engine was too complicated to model explicitly using the DEM. The
reinforcement was modeled using the approach described above for the small scale simulations.
The steel plate was represented using a single layer of uniform size particles with a stiffness
equivalent to that of the steel plate. A fixed boundary condition was imposed around the panel.

Based on the results of these numerical simulations, Sawamoto et al. (1998) observed

e For the RC panel (no liner), the simulations were in good agreement with the
experiments; both showed buckling of the engine and the formation of a conical plug.
The numerical model was unable to capture scabbing of the concrete on the back face of
the panel observed in the experiment.

e For the lined panel, the simulations were in good agreement with the experiments; the
residual deformation of the steel liner in the numerical simulation and the experiment
were 20 and 25 cm, respectively

e The steel liner prevented concrete scabbing in both the experiments and numerical

simulations.

2.7.7 Aircraft Impact Simulations using the Discrete Element Method

Morikawa et al. (1999) simulated the experimental tests presented in Section 2.6.3 using the
DEM to a) investigate the effectiveness of consecutive reinforced concrete barriers to mitigate
the effects of aircraft impact, and b) examine its utility for impact analysis. Outer panel

thicknesses of 6, 8, and 10 cm were considered in the impact simulations.

The aircraft, reinforced concrete panel, and pendulum were created using the axisymmetric
formulation of the DEM. The aircraft model was based on the simplified aircraft missile used in
the experiments. Particles of equal diameter were arranged in two columns for the thin-walled
tubular section and fuselage to enable buckling of the missile (Morikawa et al., 1999). The steel
outer shell of the engine, and fiberglass skin and shell of the fuselage were also modeled with
particles of equal diameter. Material properties can be found in Tsubota et al. (1999). Morikawa

el al. refers to the numerical study conducted by Sawamoto et al. (1998) for formulations
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regarding the calculation of spring constants between interacting particles. Figure 2-11a presents

the DEM model of the aircraft including part labels and dimensions.

The outer reinforced concrete panel was modeled as a disk fixed along its perimeter. The radius
of the disk was determined such that its natural period was identical to that of the 1.5 m square
panel used in the experiments. The concrete was modeled with circular particles of equal
diameter, with at least 13 layers throughout its thickness; the number of layers increased as the
panel thickness increased. Concrete material tests were used to determine appropriate analytical
parameters for the DEM including material constants, failure criteria, and DIFs for strain rate.
Reinforcing bars were modeled as bi-linear axial springs connected to the concrete elements;
fracture of the reinforcement occurred when it reached the tensile fracture strain. The inner
concrete panel was modeled as a rigid plate positioned 75 cm from the impact surface of the first
panel (Morikawa et al., 1999). Figure 2-11b presents the axisymmetric model including the

aircraft, concrete panel, and the rigid plate.
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Figure 2-11: DEM model for aircraft impact (Morikawa et al., 1999)

Figure 2-12 presents the simulation results of the aircraft missile perforating the 8 cm thick outer
concrete wall then impacting the inner panel; results are shown at 3, 5, and 25 msec after impact
on the outer wall, respectively. Only the outer wall is shown in panels (a) and (b) of the figure.

Morikawa et al. (1999) compared the damage to the outer panel, velocity histories of the missile
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(and engine), and impact loads on the inner panel from the simulation and the experiments and

observed

e The missile perforated the 6 and 8 cm thick outer panels in the simulations and
experiments. The rear face crater diameters for the 6 and 8 cm thick panels in the
simulations were 45 and 50 cm, respectively; these values are identical to the crater
diameters observed in the experimental tests.

e The missile penetrated the 10 cm thick outer panel in the simulation and the experiment.
No perforation of the panel occurred in the simulation or the experiment; the penetration
depths were not documented. Twenty (19) cm of the engine was crushed in the
experiment (numerical simulation).

e The velocity histories of the missile (and engine) during impact correlate well with those
from the experiments

e The experimental and numerical values of maximum impact load on the inner panel using

the 6 (8) cm thick outer panel were 550 (270) and 430 (300) kN, respectively.

LA

WL

(a) 3 msec (b) 5 msec (c) 25 msec
Figure 2-12: Aircraft impact simulation results (Morikawa et al., 1999)

2.7.8 Impact Simulations using the Karagozian & Case Mesh-Free Method

Wu et al. (2013) developed a method to simulate penetration and perforation that combined a
mesh-free formulation and traditional finite elements (e.g., Lagrangian): KC-FEMFRE. The
mesh-free formulation uses a reproducing kernel particle method (RKPM) that incorporates the
same physics-based constitutive models as traditional finite elements. Similarly, to the SPH

formulation, the RKPM method divides the domain into a set of discrete particles over which
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their properties are smoothed by a kernel function. The contribution of each particle to a property

is weighted according to its distance from the particle of interest.

A model is constructed using Lagrangian elements in the KC-FEMFRE method. During a
simulation, if an element meets the user-specified criterion for mesh conversion (e.g.,
deformation criteria) or the damage limit is reached, its nodes are replaced with particles using
the RKPM algorithm. The failure surface interpolation parameter, 77, is used to determine a
dynamically evolving failure surface (i.e., maximum strength, &, ; yield strength, &y; residual
strength, &,) depending on the current value of the internal damage parameter, A. This is

achieved by interpolating between the &, and &, surfaces using values of 7 from 0.0 to 1.0 if

y

A < A, (hardening) and between the &, and &, surfaces using values of 7 from 1.0 to 0.0 if

A=A, (softening). The interpolation function, 77(4), shown in Figure 2-13 and calculated using
Equation (2-6), provides a means to compute a value of the interpolation parameter, 7, which
changes monotonically as a function of the damage parameter, 4. The damage parameter is a
state variable and a function of effective plastic strain (Wu et al., 2015). The variable « is an

index on the (4,7) input pairs such that 1 e[1%,1%"'].

a+l a

« 7N a
N=n‘+——"-—(1A-1 2-6
M) ="+ T (A=) (2-6)
A normalized form of the internal damage parameter, called a damage index, J, can be
computed using Equation (2-7). Once the damage index reaches a value of approximately 2.0,
conversion of the element to the RKPM formulation will occur. Element erosion and hourglass

control that are often utilized for the Lagrangian formulation for impact simulations are not

required if the KC-FEMFRE formulation is adopted.

In the Lagrangian formulation, the field variables (e.g., displacement and velocity) and state
variables (e.g., stress and strain) are defined at the nodes and integration points (typically at the
center), respectively. In KC-FEMFRE, both formulations (Lagrangian & RKPM) use nodal
integration, which allows the state variables to be computed at the nodes to avoid mapping state
variables from one set of material points to another during the transformation process from

Lagrangian to RKPM (Wu et al., 2013).
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Figure 2-13: Failure surface interpolation function, 77(4)
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Simulations including an implosion test of a concrete cylinder, and unconfined uni-axial
compression (cube) and tension (cylinder) tests were performed by Wu et al. (2013) in an effort
to benchmark the KC-FEMFRE formulation. The simulation results (e.g., implosion pressure and
predicted crack locations) were in good agreement with test data. Simulations of a high velocity
penetration test were also performed. Two 9.2 kg fragments (geometry not documented),
traveling at 50 m/s (lower fragment seen in Figure 2-14a) and 1000 m/s (upper fragment seen in
Figure 2-14a) impacted a 762 X 457.2 X 101.6 mm concrete slab. The damage index in the
K&C concrete model (defined above in Equation (2-7)) was used as the criterion for converting
solid elements to RKPM formulation. The results of the simulation at different times are shown
in Figure 2-14. The color fringes represent the damage level (0.0 = no damage; 2.0 = severe
damage). A full model was used in the simulation; half of the model is shown to better illustrate
the level of damage through the cross section. The Lagrangian to RKPM conversion is observed
at 0.296 msec (Figure 2-14f). The simulation terminated at 0.296 msec due to instabilities caused
by concrete softening at large deformations. The simulations were not benchmarked using test

data.
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Figure 2-14: High velocity penetration simulation (Wu et al., 2013)
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2.7.9 Hypervelocity Impact Experiments and Numerical Simulations

O’Toole et al. (2015) conducted hypervelocity impact experiments using a gas gun to examine
plastic deformation of steel plates. Cylindrical rods (i.e., Lexan projectiles) with a diameter of
5.58 mm and length of 8.61 mm impacted ASTM A36 steel plates with dimensions of 152.4 X
152.4 X 12.7 mm. The thickness of the target plates was chosen to ensure that perforation would
not occur. The impact velocities of the Lexan projectiles ranged from 4.5 to 6 km/s. In all five
experiments, the projectiles disintegrated upon impact with the target surface. Craters and bulges
were observed on the impact and non-impact faces of the targets, respectively, as shown in
Figure 2-15. Spall cracks were also observed in the targets between the crater and the bulge (also
seen in Figure 2-15). Penetration depths, crater- and bulge-diameters, and spall crack sizes were
documented after each experiment. Additionally, free surface velocities on the back face were

monitored during the experiments.

=

(a) Crater (b) bulge (c) Spall
Figure 2-15: Damage to target plates after impact (O’Toole et al., 2015)

Numerical simulations of the impact experiments were carried out using two different methods
and codes: 1) the smooth particle hydrodynamics (SPH) method in LS-DYNA, and 2) the
Eulerian method in the Eulerian hydrocode CTH!. The SPH and Eulerian based models are
presented below in Figure 2-16a and Figure 2-16b, respectively. The axisymmetric formulation
was utilized in both methods. In the SPH model, the SPH particle spacing in the target was 0.05
mm — the particle spacing in the projectile was selected by matching the SPH particle mass of the
projectile to the SPH particle mass of the target. In the Eulerian model, cell sizes of 0.05 X 0.05
mm were chosen for the projectile and target. Tracer particles were placed on the back face of
the target to monitor the target velocities. The Johnson-Cook material model was used to

represent the Lexan projectiles and the A36 steel targets in the SPH and Eulerian simulations.

! CTH is an Eulerian hydrodynamics computer code developed and maintained by Sandia National Laboratories
(O’Toole et al., 2015).
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The Mie-Gruneisen Equation of State was used to represent the thermodynamic behaviors of the
projectiles and steel targets. No boundary conditions were applied to either model because the

impact is localized.

«—| Projectile
/ Plate I

Projectile
Plate

p*

(a) SPH model

(b) Eulerian model
Figure 2-16: Axisymmetric models of impact simulations

The plate penetration depths and the crater and bulge diameters of the experiment and numerical
simulations are presented in Table 2-4, for a projectile impact velocity of 4.763 km/s. The results
of the impact simulations were in good agreement with the experiments (O’Toole et al., 2015).
The velocity profile on the back face of the target in the SPH and CTH simulations were
compared to the velocities captured in the experiment. Both models were able to recover major
features (e.g., velocity magnitudes and target oscillatory behavior) observed in the experiments

with reasonable accuracy (O’Toole et al., 2015).

Table 2-4: Results summary (O’Toole et al., 2015)

Experiment | SPH model | CTH model
Penetration depth (in.) 4.83 4.44 4.50
Crater diameter (in.) 15.37 16.20 16.20
Bulge diameter (in.) 1.42 1.39 1.40

2.8 Disaggregating the Effects of Strain Rate and Confinement on Concrete Strength

Much has been written in the literature regarding the effect of strain rate on the compressive and
tensile strength of concrete. Chapter 4 of Dusenberry (2010) identifies sources of information on
the subject, including Bischoff and Perry (1991), CEB (1993), Schuler et al. (2006), and Zhou
and Hao (2008). Each of these documents provides data in support of a relationship between
strain rate and uniaxial compressive and/or tensile strength of concrete. Most of the data were

generated from tests using a Split Hopkinson Pressure Bar (SHPB). Little/no data are provided in

36



the summaries on the specimens tested, noting that a specimen less than 3 inches in diameter is

not likely representative of concrete used in the field.

Of interest here are the effects of both strain rate and lateral confinement on the compressive and
tensile strength of concrete. Takeda et al. (1974) conducted uniaxial compressive and tensile
tests on concrete cylinders at a) strain rates ranging from 2x107 s to 2 s, and b) static
confining pressures between 0 and 30 MPa (4.35 ksi). Figure 2-17a, from Takeda et al., presents
uniaxial axial compressive stress-strain curves for three ranges of strain rate: S (0.2 to 2)x 10° s°
1M (0.2 to 2)x 1072 57!, and I (0.2 to 2) s™. The values reported in Figure 2-17a (i.e., 67) are the
lateral confining pressures applied to the specimens. The results clearly show that the uniaxial
compressive strength of the concrete increases for increasing 1) levels of confinement, and 2)
strain rate. Similar plots are presented in Takeda et al. (1974) for confined concrete in tension.
The shear failure surfaces (i.e., axial stress as a function of lateral confining pressure) generated
by Takeda in compression and tension are shown in Figure 2-17b (compression above the origin,
tension below the origin). The shear failure surfaces expand with increasing strain rate. (The data
for tension are difficult to interpret from the available figure.) Figure 2-17c presents octahedral
shear (deviatoric) stress versus octahedral normal (hydrostatic) pressure for tension and
compression. In this figure, the deviatoric and normal stresses are normalized by the unconfined
uniaxial strength of the concrete at the corresponding strain rate. The shear failure surface from
the dynamic tests (i.e., ranges I and III) lie on top of the surface generated from the static tests
(i.e., S), which suggest that strain rate effects in both concrete in compression and tension are

independent of the level of lateral confinement.

Yamaguchi et al. (1989) tested 10-cm diameter, 20-cm tall cylinders in compression, at strain
rates between 107 s! and 107! s!, and at lateral confining pressures between 0 MPa and 90 MPa
(13.0 ksi). Figures in that paper present data that show a) uniaxial compressive strength increases
with strain rate, and b) uniaxial compressive strength increases with lateral confining pressure.
Data at failure, collected from cylinder tests at combinations of strain rate and confining
pressure, were normalized by static uniaxial compressive strength. The normalized data (Figure 7
of Yamaguchi et al.) supported the conclusion of Takeda et al., namely, the effects of strain rate

and lateral confinement can be uncoupled.
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Figure 2-17: Compression and tension test results (Takeda et al., 1974)

(a) Compressive stress-strain (b) Axial stress as a function
curves of confining pressure

Gran et al. (1989) conducted compression tests of nine 100 MPa concrete cylinders at strain rates
ranging from 1 s to 5 s'. The lateral confining pressures ranged from 10 MPa (1.45 ksi) to 124
MPa (18.0 ksi). Failure of specimens was recorded for combinations of strain rate and lateral
confining pressure: (1.3 s, 10 MPa), (2.0 s, 10 MPa), (2.9 s!, 41 MPa), and (5.0 s', 97 MPa).
These four data points were used to develop an approximate shear failure surface for a strain rate
equal to 2 s™. The resultant failure surface was compared to one developed using a strain rate of
10* s (assumed to represent quasi-static behavior). The four order-of-magnitude increase in

strain rate expanded the quasi-static shear failure surface by 30% to 40%.

Li and Meng (2003) summarized past SHPB experiments on concrete in compression and
performed numerical simulations of selected experiments to determine contributions to uniaxial
strength enhancement. At strain rates of the order of 1 s, the dynamic increase factor was
approximately 1.1. At strain rates of the order of 100 s, where the CEB model code (CEB,
1993) suggests a value of the dynamic increase factor of approximately 2, Li and Meng noted the

(13

increase in axial strength is “...strongly influenced by the hydrostatic stress effect due to the
lateral inertial confinement...” and that this effect had been “...wrongly interpreted as strain-rate
effect...”. Zhang et al. (2009) drew a similar conclusion based on SHPB experiments and
concluded the dynamic increase factor of “...concrete-like materials may be greatly enhanced by
the inertial-induced radial confinement, which may be unavoidable in many SHPB tests on brittle

materials [such as concrete]”.
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Schwer (2009c) observed that the percentage increase in deviatoric stresses measured by Gran et
al. for a strain rate of 2 s was consistent with the corresponding dynamic increase factor (=1.3)
calculated using the CEB equations (CEB, 1993). He too suggested that strain rate effects in
concrete were independent of the degree of confinement, stating “...the limited strain rate data
on dynamic compression tests, i.e., up to 2/s, indicates the shear failure surface is shifted
(increased) by about the same factor (DIF) as found in the unconfined compression tests.”
Schwer also noted “...No data is presently available to extend this conclusion much beyond
strain rates of 2/s, which is much lower than the range of interest for practical applications”,

which may be between 10 s and 100 s\

The tests described above used an active lateral confining pressure, typically provided in a
triaxial compression cell. Passive confinement in reinforced concrete is provided by two sources
a) transverse reinforcement (used for increasing the deformation capacity of components
resisting earthquake and blast effects), and b) presence of adjacent, unloaded concrete, which
prevents the unrestricted expansion of the loaded concrete. If the loading in an unconfined
compression test is quasi-static, the concrete will expand radially due to Poisson’s effect. If the
same test is performed dynamically, there will be a delay in the radial expansion of the perimeter
concrete in the cylinder, as this material must first be accelerated in that direction. This delay in
the radial expansion of the surface concrete effectively provides a passive confining pressure,

leading to a momentary increase in uniaxial compressive strength: inertial confinement.

Schwer (2009c¢) studied the effect of strain rate on uniaxial compressive strength, with a focus on
inertial confinement. He simulated the behavior of unconfined and confined concrete cylinders
across a range of strain rates using MAT016 in LS-DYNA. The cylinder is shown in Figure
2-18: a diameter and height of 400 mm, and an unconfined uniaxial compressive strength of 45.6
MPa. Strain rate multipliers (or dynamic increase factors) were set aside, allowing a focus on

inertial confinement.

The simulations of the unconfined cylinders were performed at quasi-static (0.1 s™') and dynamic
(1, 10 and 100 s™) rates of strain. Simulations were validated using SHPB data reported by Li et
al. (2003). Axial stress, defined as the total force at the bottom of the cylinder divided by its
cross-sectional area, was used to gauge the increase in strength associated with strain rate. The

maximum numerical axial stresses for the four selected strain rates of 0.1, 1, 10, and 100 s™' were

39



(a) Isometric view (b) Top view
Figure 2-18: Concrete cylinder simulated by Schwer (2009¢)

45.6, 46.2, 52.2, and 74.9 MPa, respectively, indicating an increase in concrete strength with an
increase in strain rate. The simulated deformation of the cylinder was not uniform at strain rates
of 100 s and greater. Schwer (2009¢c) noted a) this non-uniformity of behavior had been
observed in experiments, and b) non-uniform deformation should disqualify the data for use in

model validation.

Simulations of confined concrete cylinders were performed using the numerical model of Figure
2-18: repeating the numerical experiments of Schwer. The specimen was loaded hydrostatically
(top, bottom, and perimeter) with confining pressures of 5, 10, 20, and 40 MPa and then the top
surface was subjected to strain rates of 0.1, 1, 10, and 100 s!. The axial stress was used to gauge
the increase in strength due to strain rate. Figure 2-19a presents axial stress histories of the
concrete cylinder for strain rates of 0.1, 1, 10 and 100 s at a confinement pressure of 40 MPa.
The confinement pressure of 40 MPa was reached at 4 msec. At 5 msec, a velocity corresponding
to the target strain rate was applied to all nodes at the top of the cylinder. At a strain rate of 0.1 s~
!, assumed by Schwer to represent quasi-static behavior, an axial stress of approximately 133
MPa was reached at 45 msec. The axial stress histories of Figure 2-19a are replotted in Figure
2-19b, with a truncated range on time to highlight the behavior of the cylinder (peaks and
oscillatory behavior) at the higher strain rates (e.g., 10 and 100 s™). The simulations involving
strain rates of 10 and 100 s showed an instantaneous rise to peak stress (used to compute the
dynamic increase factor) and then oscillated back towards a value close to the confined strength

of the concrete. The initial increase in strength at 5 msec is due to inertial confinement of the

inner core of the concrete cylinder. This behavior is further illustrated in Figure 2-20 which
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presents the vertical stress field (in psi) in the cylinder at the instant the axial pressure is applied
at a strain rate of 100 s, for a lateral confinement pressure of 40 MPa. The stress in the core of
the cylinder is greater than that near the circumference, indicating a momentary increase in

strength caused by inertial confinement. The stress field shown in Figure 2-20 is not uniform.

Table 2-5 (adapted from Schwer, 2009¢) summarizes the dynamic increase factors (maximum
recorded axial stress at high strain rate divided by maximum axial stress under static loading)
calculated from the results of the simulations of the response of confined cylinders. The factor of
approximately 1.1 for a strain rate of 10 s (for a range of confining pressures from 5 MPa to 40
MPa) is consistent with the value predicted using the equations of Tedesco and Ross (1998),
Grote et al. (2001), and Li and Meng (2003). Schwer notes that the large values of the factor at a

(13

strain rate of 100 s, which range between 1.30 and 1.78, are “...associated with non-
homogenous deformation of the specimen”: similar to that seen below in Figure 2-20. He
concluded that if the mean value of the long duration stress is used to calculate the dynamic

increase factor, then the factor would be less than 1.10 for strain rates between 1 and 100 s™.

2.9 Finite Element Formulations for Impact Analysis

Finite element analysis is a well-established numerical technique for calculating the response of
components and systems to mechanical and thermal loadings. Explicit time integration analysis
is used for the solution of blast and impact problems. Formulations used for impact analysis
include Lagrangian, Smooth Particle Hydrodynamics (SPH), Element Free Galerkin (EFG),
Discrete Elements, and KC-FEMFRE. The EFG formulation was originally developed to solve
crack propagation problems but has been shown capable of addressing large deformations,
material distortion, and moving discontinuities (Hu et al., 2010). Typical applications for the
EFG formulation include manufacturing (e.g., metal extrusion, cutting, and forging),
crashworthiness (e.g., car seats, barriers, human dummies, and windshields), and fracture (e.g.,
crack propagation). Nothing has been published on the use of the EFG formulation for

penetration and perforation simulations.
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Figure 2-20: Axial stress field in a concrete cylinder at the time instant the upper pressure is
applied at a strain rate of 100 s-1, 40 MPa lateral confinement, units of psi

Table 2-5: Dynamic increase factors calculated from cylinder simulations (Schwer, 2009¢)

Confinement pressure, Static axial stress, Dynamic increase factor
MPa (psi) MPa (psi) 15! 105! 100 s™!
5(725) 64.8 (9398) 1.00 1.08 1.48
10 (1451) 78.7 (11414) 1.00 1.09 1.78
20 (2901) 100 (14504) 1.00 1.10 1.31
40 (5802) 128 (18565) 1.05 1.09 1.30

The two analysis methods investigated in this report for tornado- and hurricane-borne missile
impact are Lagrangian and Smooth Particle Hydrodynamics. The code used for the analysis is
LS-DYNA (LSTC, 2012). The Lagrangian method utilizes solid, shell, beam, and discrete
elements (springs) to solve equilibrium equations describing the conservation of mass,
momentum, and energy in the analyzed system. In Lagrangian impact simulations, the
shortcomings are associated with the deformation and distortion of the solid elements; these
limitations may cause a finite element simulation to terminate. Solid elements are typically used
to model large uniform bodies (e.g., the target) and are defined using four to eight nodes,
depending on whether 2D or 3D systems are being analyzed. The standard elements are based on
linear shape functions and use one integration (Gauss) point at the center of the element. A
limitation of solid and shell elements with a single integration point is the presence of hourglass

modes, which are nonphysical, zero-energy modes of deformation that produce zero strain and
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zero stress (e.g., LSTC, 2012). In LS-DYNA, the keyword *CONTROL HOURGLASS can be
activated to inhibit hourglass modes by applying an artificial stiffness or artificial viscosity to the
affected element. The LS-DYNA Keyword User’s Manual recommends the use of artificial
stiffness and artificial viscosity for static/quasistatic and dynamic/high velocity impact
simulations, respectively. Full integration solid elements are also available to combat zero-

energy modes but these are computationally expensive.

In the Lagrangian formulation, a one-to-one mapping between the solid elements of the physical
space (actual geometry) and solid elements of the iso-parametric space is created by the Jacobian
matrix [J] [llustrations of a four-noded solid element with eight degrees of freedom in the
physical ( X ,Y ) and iso-parametric (r,s) space are shown in Figure 2-21a and Figure 2-21b,
respectively. The element in the iso-parametric space is severely distorted; this phenomenon
often happens in impact simulations using a Lagrangian mesh. In the case where the element is
highly distorted or folds back on itself (as shown in Figure 2-21b), the unique relationship
between the coordinate systems (physical and iso-parametric) no longer exists, causing the
determinant of the Jacobian to be negative, leading to a negative volume error and termination of
the finite element program (e.g., Bathe, 1996). The determinant of the Jacobian for the distorted
element shown in Figure 2-21b is evaluated in Appendix A and compared with the determinant
of the Jacobian for the non-distorted element (shown in Figure 2-21a). The determinant of the
non-distorted element remains positive at all locations within the element, while the determinant
for the distorted element is negative in the top half of the element resulting in termination of the
analysis as discussed above. The stiffness matrices for the distorted and non-distorted elements

are evaluated and presented in Appendix A.

Element erosion is used to help combat issues related to large mesh deformations and
termination of LS-DYNA (and similar) simulations. The distorted elements are removed from
the analysis once a user-specified failure criterion is met. If the analyst chooses to use failure
criteria, they can be applied using the *MAT ADD EROSION keyword in LS-DYNA. Analysts
use effective plastic strain (EPS), minimum time step, and stress- and strain-based erosion

criteria in impact and blast loading simulations. However, each criterion has limitations.
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The most common criterion used for element erosion is EPS and is defined as the unrecoverable
portion of strain beyond the yield limit. Parameters such as EPS are well suited to characterize
isotropic materials like metals (e.g., steel, copper, and iron) but have no physical basis for
anisotropic materials such as concrete (e.g., Shin et al., 2014). The use of EPS as an erosion
criterion in penetration simulations involving concrete panels will result in incorrect
characterization and accumulation of damage in the concrete elements, leading to the erroneous

removal of elements.

Material erosion can also be initiated by a limiting value of time step. A local time step is
computed for each element in a model as a fraction of the time required for the passage of the
dilatational wave across the minimum element dimension (e.g., Shin et al., 2014). The global
time step of the simulation is taken as the minimum value of the local time steps. If elements are
highly distorted, the minimum dimension of all distorted elements can be very small, which
greatly decreases the time step. To combat this, a user defined minimum time step can be used to
remove these highly distorted elements from the simulation. However, in some instances, the
material strength of the element may be drastically reduced but the pressure-volume response of
the material is maintained, which leads to a highly deformed element maintaining a nearly

constant volume, and thus a nearly constant, stable time step (Schwer, 2009b).

Stress-based erosion criteria are also used as the basis for removal of concrete elements, but the
challenge is to select an appropriate value, which is heavily dependent on the co-existing
hydrostatic (confining) pressure. Strain-based erosion criteria are preferred to stress-based

criteria, but the analyst must a) conduct a convergence study to obtain a reasonable value for the
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erosion criterion, and b) perform a mesh convergence study once the value is chosen (Schwer,
2009b). Shin et al. (2015) conducted a series of single element simulations to characterize
erosion strain as a function of variables such as concrete strength, rate of traction loading,
maximum traction loading, and element size. The values of erosion strain were then used to
characterize damage in finite element simulations of a reinforced concrete column subjected to
blast loading. Based on that study, significant effort is needed to produce reasonable results using

strain-based erosion criteria.

Some material models (including MAT159 and MATO072R3) include a damage function, which
is typically used to model both strain softening and modulus reduction. A damage function can
also be used in lieu of erosion criteria such that the elements are deleted once the damage
parameter reaches a specific value (for MAT159, the damage parameter ranges from zero for no
damage to one for complete damage). The use of a material model that incorporates a damage
model will reduce the computational effort required because erosion-related convergence studies
are not needed. In LS-DYNA, the keyword *MAT NONLOCAL can be activated to minimize
the mesh dependency of the criterion by averaging failure values of neighboring elements.
Although the use of erosion in finite elements seems intuitive, it is a numerical work around that
does not have a physical basis and could lead to a loss of mass and momentum in the system. In
LS-DYNA, the ENMASS parameter in the *CONTROL CONTACT keyword gives the user the
option to remove the nodes of eroded elements or allow these nodes to remain active in the
simulation. The removal of the eroded nodes makes the calculation more stable, however in

problems where erosion is important the reduction of mass will lead to incorrect results (LSTC,

2012).

The size of a finite element mesh for an impact simulation is governed by the required accuracy
of the solution and contact of the bodies to avoid penetration of interacting elements. Element
penetration in impact simulations causes an erroneous transfer of energy between the missile and
the target. Smaller elements allow for a more accurate solution and for the contact algorithm to
search for nearby nodes to create the desired interaction between the missile and the target.
Impact problems require a relatively small mesh for the contact algorithm, which greatly reduces
the time step in the simulation. The initial time step, At, of the simulation can be predicted using
equation (2-8) where | is the discrete length or mesh size of the finite element, v is the velocity

at which the compression wave (P-wave) travels through the material as defined in equation
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(2-9), « is the bulk modulus, 4 and g are Lame constants ( ¢ =0 (shear) for gas and liquids)
and p is the density of the material. The time step decreases as the mesh size (1) decreases: the

Courant condition (Bathe, 1996).

At=1 (2-8)

v
V:\/E: //H—Z,u (2-9)
P P

The SPH formulation is an effective way to combat the problems associated with Lagrangian

solutions to impact simulations. SPH particles divide a domain into a set of discrete elements.
These particles have a spatial distance (known as a “smoothing length”), over which their
properties are smoothed by a kernel function (LSTC, 2014). The contribution of each particle to
a property is weighted according to its distance from the particle of interest, usually with a
Gaussian function. This action saves computational time by not including relatively minor
contributions from distant particles (LSTC, 2014). A key difference between SPH particles and
standard Lagrangian finite elements is the interpolation algorithm to determine strain. In
Lagrangian finite elements, constant stress and fully integrated solid elements are available. A
constant stress solid element has one integration point at the center where the values are
computed. For a fully integrated solid element, the strains are calculated at all integration points
and the average is taken at the center. Alternatively, in the SPH formulation there is no node-to-
element connectivity matrix and the algorithm must search for neighboring particles, which can
change at each time step. The neighboring particles that are within the domain of influence of the
SPH particle of interest are used to establish the displacement field, and the spatial derivative of
that displacement field is evaluated at the particle to provide the strain at that particular particle
(Schwer, 2008b). This allows for very large distortions of the SPH mesh (groups of particles)
without convergence problems and permits particles to move apart and no longer interact. This

behavior is not possible in Lagrangian formulations.

The SPH formulation is more computationally expensive than Lagrangian finite elements. An
alternative numerical approach to reduce computational demand is to use SPH particles in the
impact zone where high deformations and nonlinearities are expected and Lagrangian elements

for the remainder of the structure. However, the mesh density requirements in particle-based
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methods are normally more demanding of a finer mesh for good accuracy than Lagrangian
meshes. According to Schwer (2009a), using SPH particles for impact ballistic assessment
requires a spacing of one to three millimeters to obtain reasonable results. To obtain this spacing
between SPH particles for one of the 12-inch panels tested at Sandia, upwards of 6 million
particles are needed in the impact zones, requiring significant computational power. The use of a
quarter model with symmetric boundary conditions does not necessarily reduce computational
demand significantly. Symmetry planes must be utilized to inform the algorithm that interaction
from particles on the other side of the symmetry planes is expected. The algorithm reflects the
SPH particles over the planes and sets up a matrix of ghost nodes. These nodes have a
comparable computational demand to the SPH particles in the quarter model. One numerical
technique that is widely used for impact simulations to limit the number of particles is the
axisymmetric model, which represents a slice of a 3D model. If rotated around the reference
Cartesian coordinate system, the axisymmetric model would recover the 3D structure. This

enables the use of a small particle spacing but limits the computational expense.

3D Lagrangian and axisymmetric SPH models are investigated in this report for wind-borne

missile impact.

2.10 Objectives of this Report

A relatively small number of tests have been performed to judge the impact resistance of
reinforced concrete panels and to develop empirical equations for design. To the knowledge of
the authors, only Tu and Murray (1977) have performed detailed numerical simulations of wind-

borne missile impact on reinforced concrete panels, and these simulations were limited in scope.

Finite element codes such as LS-DYNA (LSTC, 2012) and ABAQUS (SIMULIA, 2012), once
verified and validated for impact analysis, can enable the development of robust empirical
equations for impact design of reinforced concrete panels. Accordingly, the main objectives of

this part of this report are

e Examine the empirical methods used to evaluate reinforced concrete panels for impacting
wind-borne missiles
e Compare predictions using the empirical methods with experimental results obtained at

Calspan and Sandia Laboratory for Schedule 40 pipes
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Discuss how the use of the outer or effective diameter of the missile affects various empirical
formulae

Develop and validate models of reinforced concrete panels in LS-DYNA for impact analysis
of steel pipes

Discuss strategies for modeling impact using the Lagrangian and Smooth Particle
Hydrodynamics formulations

Design a family of numerical experiments and execute the experiments in LS-DYNA to

develop design guidance for impact analysis and design
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SECTION 3
EMPIRICAL FORMULAE FOR IMPACT ASSESSMENT

3.1 Introduction

Although a number of empirical formulae have been developed for the assessment of reinforced
concrete panels subjected to missile impact, their applicability for wind-borne projectiles is
unknown. This chapter examines these formulae for wind-borne missile impact using data from
tests conducted at Sandia Laboratory by the Electric Power Research Institute (EPRI) and
Calspan. The U.S. NRC Regulatory Guides 1.76 (NRC, 2007) and 1.221 (NRC, 2011)
recommend the use of a Schedule 40 pipe as a design-basis projectile due to its high probability
of penetrating concrete panels and scabbing concrete, and so it is the focus of this assessment.
Section 3.2 introduces the terminology and symbols used in this chapter. Sections 3.3 through
3.12 present the empirical formulae introduced in Chapter 2. The predictive equations for
penetration depth, scabbing thickness, and perforation thickness are compared in Section 3.13.
The utility of the formulae are assessed using data from the Sandia tests in Section 3.14. A

summary is provided in Section 3.15.

3.2 Terminology and Symbols

The following terminology and symbols are used in this chapter of the report.

A = cross sectional area of the projectile (ft.%)
d = projectile diameter (in.)
D = W /d*, caliber density of the projectile (Ib. /in.?)
o _ perforation thickness (in.), the minimum thickness of the target for a missile
with a given impact velocity will completely penetrate the panel
o _ perforation thickness computed from the empirical formulae using the effective
e diameter of the missile
e _ perforation thickness computed from the empirical formulae using the outer
out diameter of the missile
f = compressive strength of concrete (psi)

51



g = acceleration due to gravity (32.2 ft. / sec?)

180/ \/TC’ , concrete penetrability factor, providing the resistance of the

K =
concrete to penetration
K, = penetration coefficient (unit less)
N _ projectile shape factor; (0.72 for flat nosed bodies; 0.84 blunt nosed bodies;
1.00 for average bullet nose; and 1.14 for very sharp nose)
s _ scabbing thickness (in.); the thickness required to prevent back face scabbing
for a missile with a given impact velocity
S _ scabbing thickness computed from the empirical formulae using the effective
e diameter of the missile
s _ scabbing thickness computed from the empirical formulae using the outer
out diameter of the missile
L = thickness of the reinforced concrete panel
U = 200 ft./sec; reference velocity used in CRIEPI and CF formulas
Vv = impact velocity of the missile (ft. /sec)
w = weight of the missile (Ib.)
X _ penetration depth (in.) in which a missile will penetrate into an infinitely thick
target
X _ penetration depth computed from the empirical formulae using the effective
et diameter of the missile
X _ penetration depth computed from the empirical formulae using the outer
out diameter of the missile
Xexp = measured penetration depth

3.3 Modified Petry Formulae

The Modified Petry (MP) formulae was developed in 1910 to predict the local effects of hard
missile impact (Kennedy, 1975). Appendix F of ACI 349-13 (2013) cautions against the use of

these formulae for predicting the local effects of wind-borne missiles, but they are included here
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for completeness. Equation (3-1) predicts penetration depth; all variables are defined in Section
3.2. The penetration coefficient, K, is unitless and is set equal to 0.00799 for mass concrete,
0.00426 for normal reinforced concrete, and 0.00284 for specially reinforced concrete (with ties),
and is independent of concrete strength (Kennedy, 1975). In 1950, Amirikian revised K to
account for concrete strength between 2000 and 7000 psi; values are presented in Figure 3-1
(Kennedy, 1975). These values were developed for reinforced concrete, where the front and rear
face rebar curtains were connected with ties. The values of K proposed by Amirikian are also
commonly used for normal reinforced concrete because they are a function of concrete
compressive strength and are expected to yield better predictions of penetration depth (Kennedy,
1975). Figure 3-1 is used in Section 3.14 for the evaluation of the MP formulae for wind-borne
missiles although the front and rear rebar in the Sandia tests were not tied together. The scabbing
thickness and perforation thickness were defined as multiples of the predicted penetration depth;

see equations (3-2) and (3-3), respectively.

X =12k, (V—'\A/‘jlog10 (1+ 21\;(2)00) (3-1)

s=2.2X (3-2)

e=2X (3-3)
0.0045

0.004 \
0.0035 \
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N

~

0.0015
2000 3000 4000 5000 6000 7000

Compressive strength (psi)
Figure 3-1: Penetration coefficient K, as a function of concrete compressive strength (Kennedy,

1975)
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3.4 Army Corps of Engineers Formulae

The Army Corps of Engineers (ACE) formulae were developed in 1946 and were based on

3, and 155 mm* uncapped, explosive

penetration tests conducted in 1943 for 37 mm?, 75 mm
projectiles (Kennedy, 1975). A total of 9 to 15 rounds were fired into each of the 39 slabs tested.
The velocities of the projectiles were not disclosed, but ranged from lowest practical velocity to
above the perforation limit of the slabs (NRCCFD, 1944). Regression analysis of the test results
led to equations for penetration depth (3-4), scabbing thickness (3-5), and perforation thickness
(3-6). Since these formulae were calibrated for a specific data set, usage outside these applicable

ratios of s/d and e/d can lead to unreasonable results (Kennedy, 1975).

X 282Dd*( v )7

AN ( j +0.5 (3-4)

d Ji. L1000

3:2.12+1.36(§J for 3S§£18 (3-5)
X

§=1.32+1.24LEJ for SSSSIS (3-6)

3.5 Modified National Defense Research Committee Formulae

In 1946, the National Defense Research Committee (NDRC) proposed equations for rigid
projectiles penetrating an infinitely thick concrete target (Kennedy, 1975). The impact pressure
(force per unit contact area), P,, at any time, t,, is a function of both the depth of penetration, X,
and the projectile velocity, v, (Kennedy, 1975). Equations (3-7) and (3-8) present the penetration
depth for values of X/d <2 and X /d >2, respectively. All variables are defined in Section
3.2.

The penetrability factor, K, in these equations was calibrated to a set of available test data,
namely, the ACE impact tests involving 37- and 155-mm projectiles, and it ranges between 2 and
5, depending on the concrete strength (Beth, 1946). This factor was not fully developed due to

limited research on the penetration of concrete slabs after World War 2 (Kennedy, 1975). In

2 The 37 mm shell is an armor piercing round from an anti-tank gun.
3 The 75 mm shell is fired by a tank gun, first introduced in World War 1L
4 The 155 mm shell is a high explosive shell from a Howitzer.
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1966, and based on theoretical and experimental considerations, it was suggested that K be
proportional to the square root of the concrete compressive strength, as defined above in Section

3.2 (Kennedy, 1975).

For ratios of required slab thickness to projectile diameter greater than 3, equations (3-7) and
(3-8) can be used with equations (3-5) and (3-6) to predict scabbing and perforation thickness
(Kennedy, 1975). For many impact problems, the ratio is much less than 3. A curve fit
extrapolation of equations (3-5) and (3-6) for ratios less than 3 was proposed, which led to

equations to predict scabbing thickness (3-9) and perforation thickness (3-10) (Kennedy, 1975).

I8
X = \/4KNWd (IOVWJ for X/d <2 (3-7)
v oV
X = KNW (m) +d for X /d>2 (3-8)
2
% _ 7_9(%} _ 5.06[§] for X /d <0.65 (3-9)
2
§=3.19(§j—0.718(§j for X /d <1.35 (3-10)

Since equations (3-9) and (3-10) are extensions of equations (3-5) and (3-6), respectively, the
latter equations can be used for values of the ratio of penetration depth to projectile diameter of

0.65 and 1.35 for scabbing and perforation, respectively (Kennedy, 1975).

3.6 Atomic Energy and Alternative Energies Commission — Electricity of France Formula

The Atomic Energy and Alternative Energies Commission (CEA) — Electricity of France (EDF)
empirical formula was proposed in 1977. It was based on regression analysis of 52 impact tests
on reinforced concrete slabs using solid, flat-nosed cylindrical missiles. The missile velocities
and masses ranged from 25 to 450 m/s and 20 to 300 kg, respectively. The ratio of missile
diameter to slab thickness ranged from 0.24 to 2.9; slab dimensions were 1.5 X 1.5mand 5 X 5
m (Berriaud et al., 1978). The slab reinforcement ratios were not documented. Equation (3-11) is

the CEA-EDF empirical formula to predict the thickness required to prevent perforation.
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e=0.765( 1) (VFVJZ (V)i (3-11)

3.7 Central Research Institute of the Electric Power Industry Formulae

In 1985, the Central Research Institute of the Electric Power Industry (CRIEPI) of Japan
performed impact experiments involving low velocity missiles, and developed empirical
equations to predict scabbing and perforation thicknesses. The experiments consisted of 18
beams and 30 slabs impacted by a steel striking hammer with a diameter of 9.8 cm (3.9 in.) and a
weight of 687 N (154.3 1bs.) at velocities up to 50 m/s (164 ft/sec) (Ohnuma et al., 1985). The
beams ranged in depth from 20 to 50 cm (7.9 to 19.7 in.) and were doubly reinforced (1%
compression and tension reinforcement). The slabs ranged in thickness from 10 to 30 cm (4 to
11.8 in.) with 1% reinforcement each way, each face. The compressive strength of the concrete
in the beams and slabs was 23.4 MPa (3400 psi), although it is unclear if this was the strength on
the day of testing. Equations (3-12) and (3-13) predict the wall thickness required to prevent
scabbing and perforation, respectively. All of the units in equations (3-12) and (3-13) are

specified in Section 3.2, except that d , e, and s are in feet, and f. is in psf.

04
W
U\e [VZJ 3-12
s=1.75 (—j g (3-12)
V dOAZ ( fcl) 8
W 0.5
U 0.25 7V2
e=0.90| — 9 (3-13)
Y df’

3.8 Chang Formulae

In 1981, Chang (CF) proposed an empirical formulae based on a set of published test data
(Alderson et al., 1977; Gupta et al., 1975; Sliter, 1979) to predict the thickness required to
prevent scabbing and perforation of reinforced concrete panels impacted by a rigid cylindrical
steel missile (DOE, 2006). The test data includes missile velocities ranging from 55 fps (16.7
m/s) to 1023 fps (311.8 m/s), missile weights from 0.24 1bs. (1 N) to 756 Ibs. (3363 N), missile
diameters from 0.79 in (2 cm) to 12 in (30.5 cm), concrete strengths from 3300 psi (23 MPa) to

56



6600 psi (46 MPa), slabs with thickness from 2 in (5.1 cm) to 24 in (61 cm), and reinforcement
ratios ranging from 0.3% to 1.5% each way, each face (Chang, 1981). Equations (3-14) and
(3-15) predict the panel thickness required to prevent scabbing and perforation, respectively. All
units used in equations (3-14) and (3-15) are specified in Section 3.2, except that d, e, and s

are in feet, and f. is in psf.

(W 0.4
sz
0.13
s=1.84[9] NG R (3-14)
V d0A2 ( fcr) -
W 0.5
U 0.25 7\/2
e=[Y) | 9 (3-15)
Y df’

3.9 Amman and Whitney Formula

Amman and Whitney (AW) proposed equation (3-16) to predict the penetration depth of small
explosively generated fragments traveling over 1000 ft. /sec (305 m/s). The formula was not

intended for lower velocity missiles, such as those generated by wind (Kennedy, 1975).

X 28NDd*?( VvV "
- (3-16)

d Jro 1000

3.10 Ballistic Research Laboratory Formulae

Equations (3-17) and (3-18) present equations for perforation and scabbing thickness,
respectively, proposed by the Ballistic Research Laboratory (BRL). The scabbing thickness is
defined as a multiple of the predicted perforation thickness. Appendix F of ACI 349-13 (2013)
cautions against the use of these formulae for predicting the local effects of wind-borne missiles,

but they are included here for completeness.

e 427Dd**( v ¥

—= (3-17)
d . Ji/ 1000

s =26 (3-18)
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3.11 Bechtel Formula

Equation (3-19) is the Bechtel (B) formula prediction for scabbing thickness derived from the
Calspan tests conducted at Sandia Laboratory (Rotz, 1975). The formula is based on impact tests

using an 8-inch diameter Schedule 40 pipe.

W 0.4\/ 0.65

\/Fd 02 (3-19)

3.12 EPRI — Modified National Defense Research Committee Formula

s=5.42

EPRI increased the NDRC prediction for penetration depth (equations (3-7), (3-8)) by a factor of
two to predict a thickness required to prevent scabbing (EPRI-NDRC) (Stephenson, 1977). The
predictions fit the test data for scabbing thickness reasonably well for the 12-inch diameter
Schedule 40 pipes. The EPRI document notes this prediction may be inappropriate for either

pipes of other diameters or solid missiles (Stephenson, 1977).

3.13 A Comparison of Predictive Formulae for Local Impact Effects

3.13.1 Predictions Plotted as a Function of Velocity

The penetration depth, scabbing thickness, and perforation thickness, as available, are plotted as
a function of velocity (in fps) to illustrate the differences in the formulae used to predict local
impact effects. Table 3-1 presents the values of weight, W , diameter, d , projectile shape factor,
N , concrete compressive strength, f., and caliber density, D, used to develop the figures. The

outer diameter of the Schedule 40 pipe was used for the predictions.

Table 3-1: Empirical formulae parameters

W (Ibs.) 100
d (in.) 6
N 1

f.) (psi) 3000

D (Ib./in’) | 0.463

Figure 3-2, Figure 3-3, and Figure 3-4 present the predicted penetration depth, scabbing
thickness, and perforation thickness as a function of velocity, respectively. Significant
differences are observed in each figure. These differences can be attributed, in part, to the wide

range of test data used to develop and calibrate each formula.
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3.13.2 Effect of Diameter Definition on Predictions

The outer and effective diameters of Schedule 40 pipe have been used to compare empirical
predictions with experimental data (Kennedy, 1975; Stephenson, 1977). The effective diameter is
defined as the diameter of a solid cylinder of the same cross sectional area, as illustrated in
Figure 3-5. Kennedy (1975) compared the Sandia data with the empirical predictions using the
effective diameter of Schedule 40 pipe. EPRI (Stephenson, 1977) also evaluated formulae but
used the outer diameter of the pipe. Since Kennedy (1975) and Stephenson (1977) used different
definitions of diameter, it is unclear, which diameter, if either, should be used in the predictions.
To better understand the differences in the predictions using the effective and outer diameters,
the MP and NDRC predictions are plotted as function of velocity for five Schedule 40 pipes
(outer diameters of 3, 6, 8, 12, and 16 inches). Table 3-2 and Table 3-3 present the weight of the
pipe, penetration coefficient, area of the pipe, missile shape factor, concrete penetrability factor,
concrete compressive strength, and caliber density of the pipe for the outer and effective

diameters, respectively. All variables are defined in Section 3.2. The areas computed for each
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pipe size in Table 3-2 are based on a solid cross section. The effective area, Ay , and effective

diameter, d, , in Table 3-3 are computed using Equations (3-20) and (3-21), respectively.

Outside diameter (do)

Effective diameter (d.¢)

.

2 2
A%ﬁ _ ﬂjo _ﬂdi =7Z'dot (3_20)
4
d, = Moy d.t (3-21)
T

where d, and d, are inner and outer diameter, respectively, and t is wall thickness, of the

Schedule 40 pipe. The length of each Schedule 40 pipe is 10 feet.

Table 3-2: Empirical formulae parameters based on outer diameter

d,=3in| d,=6in | d,=8in | d,=12in | d,=161n

t (in) 0.216 0.280 0.322 0.406 0.500
W (Ib.) 75.8 190 286 536 780
Ko 0.0035 | 0.0035 | 0.0035 0.0035 0.0035

A (ft%) 0.049 0.196 0.349 0.785 1.40
N 0.84 0.84 0.84 0.84 0.84

K 3.29 3.29 3.29 3.29 3.29

f. (psi) 3000 3000 3000 3000 3000
D (Ib./in®) 2.81 0.878 0.558 0.310 0.190
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Table 3-3: Empirical formulae parameters based on effective diameter

d,=3in| d,=6in | d,=8in| d,=12in | d,=161n

t (in) 0.216 0.280 0.322 0.406 0.500
W (Ib.) 75.8 189.7 285.5 536 780

K, 0.0035 | 0.0035 | 0.0035 | 0.0035 0.0035

Ay (f) 0.015 0.039 0.059 0.109 0.169
d (ft.) 0.140 0.222 0.274 0.373 0.464
N 0.84 0.84 0.84 0.84 0.84

K 3.29 3.29 3.29 3.29 3.29

f! (psi) 3000 3000 3000 3000 3000
D (Ib./in®) | 15.96 10.00 8.05 5.99 4.52

Figure 3-6a and Figure 3-6b present the MP penetration-depth predictions as a function of impact
velocity, using the outer and effective diameters of the pipe, respectively. The 3-inch and 16-inch
diameter pipes predict the largest and smallest penetration depths, respectively, using the outer
diameter (see Figure 3-6a). The depth of penetration (ultimately perforation) is strongly
dependent on the geometry of the shear failure surface, which varies as a function of panel
thickness, pipe diameter, impact velocity, and concrete compressive and tensile strength. The
effects of these parameters on impact resistance (i.e., penetration and perforation) are presented

in Chapter 6.

Figure 3-6b shows the predictions of penetration depth for all five pipes to be virtually identical
for all impact velocities, if effective diameter is used for the calculations. The effective diameter
is based on the contact area of the projectile and is significantly less than the outer diameter of
the pipe. The penetration depths are much greater if effective diameter is used. The MP
predictions of minimum thickness required to prevent scabbing and perforation are multiples of

the penetration depth and show the same trends seen in Figure 3-6. They are not presented here.

As observed in Figure 3-6a and Figure 3-6b, the predicted penetration depths are significantly
different for outer and effective diameter. The effect of missile geometry (i.e., annular vs. solid)

on panel response is investigated numerically in Chapter 5.
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Figure 3-6: MP penetration depth as a function of impact velocity

Figure 3-7a and Figure 3-7b present the NDRC predictions of penetration depth as a function of
velocity, using outer and effective diameters, respectively. There are significant differences in
the predictions: the use of the outer (effective) diameter yields a penetration depth of
approximately 6 (11) inches for a 12-inch diameter pipe with an impact velocity of 200 fps.
Stephenson (1977) documented a penetration depth of approximately 7 inches for a 12-inch
diameter pipe with an impact velocity of 200 fps. The use of the outer diameter in the equations
better predicts penetration depths at velocities typical of wind-borne missiles (i.e., 40 to 100
m/s).

Figure 3-8a and Figure 3-8b present the NDRC predictions of minimum thickness to prevent
scabbing using outer and effective diameters of the pipe, respectively. There are differences in
the predictions: the use of the outer (effective) diameter predict a thickness required to prevent
scabbing of 35 (25) inches for a 12-inch diameter pipe with an impact velocity of 200 fps.
Stephenson (1977) observed no scabbing on the 24-inch panel when impacted by a 12-inch
diameter pipe at 200 fps. In this case, the effective diameter better predicts the thickness required

to prevent scabbing.

The optimal definition of diameter to be used for impact calculations, if one is possible, for

predictions of scabbing, penetration, and perforation is unclear at this time because none of the
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empirical formulae were developed using data from pipe impact tests. Nonetheless, outer and

effective diameters of the pipe are used in Section 3.14 to compare empirical predictions and

experimental results.
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Figure 3-8: NDRC scabbing thickness as a function of impact velocity



3.14 Comparison of Empirical Predictions and Experimental Results

Results from six of the EPRI experiments (Test #5, 8, 3, 12, 10, 11, and 11) and four of the
Calspan experiments (Test # 15F, 16F, 5F, and 6F), with the Schedule 40 pipe as the impacting
projectile, are used to evaluate the empirical equations. The numbers given in parentheses above
are the test numbers from the source documents. Table 3-4 and Table 3-5 show the EPRI and
Calspan test specifications, respectively, including the test number, diameter and weight of the
missile, concrete panel wall thickness, velocity of the missile, and the compressive strength of
the concrete. The penetration depth, scabbing thickness, and perforation thickness are computed
using the nine empirical formulae and the predictions are compared with experimental results.
The results of the empirical formulae have either the subscript out or eff indicating the use of the

outer or effective diameter of the pipe in the predictions, respectively.

Table 3-4: EPRI test specifications (Stephenson, 1977)

Test | d,in (mm) | W, Ibs. (N) | Panel t, in (mm) | V , ft/sec (m/s) | f, psi(MPa)
5 3 (76) 78 (347) 12 (305) 212 (64.6) 3340 (23.0)
8 | 12(305) | 743 (3305) 24 (610) 202 (61.6) 3795 (26.2)
3 | 12(305) | 743 (3305) 18 (457) 202 (61.6) 3350 (23.1)
12 | 12(305) | 743 (3305) 18 (457) 203 (61.9) 4535 31.3)
10 | 12(305) | 743 (3305) 12 (305) 143 (43.6) 3690 (25.4)
11 | 12(305) | 743 (3305) 12 (305) 98 (29.9) 3595 (24.8)

Table 3-5: Calspan test specifications (Vassallo, 1975)

Test | d,in(mm) | W, 1Ibs. (N) | Panel t,in (mm) | V, ft/sec (m/s) | ., psi(MPa)
15F | 8(203) | 202(899) 12 (305) 135 @41.1) | 5210(35.9)
16F | 8(203) | 202 (899) 12 (305) 209 (63.7) | 5770 (39.8)
SE | 8(203) | 205(912) 18 (457) 210 (64.0) | 5210 (35.9)
6F | 8(203) | 209(930) 18 (457) 319(97.2) | 5210 (35.9)

Table 3-6 presents the ratio of the penetration depth predicted by an empirical formula ( X, and

X4 ) to the penetration depth measured in the experiment ( X__ ). The penetration depth is

exp
overestimated when the effective diameter is used. In Test 10, the ratio is low for all predictions
because the panel was perforated in the experiment and the penetration depth was reported as the
panel thickness (=12 inches). Based on these results, the NDRC formula predicts penetration
depth for Schedule 40 pipes within 20 percent if the outer diameter is used. The MP and AW
formulae underestimate, and the ACE formula overestimates, penetration depth if the outer

diameter is used.
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Kennedy (1975) evaluated the empirical formulae by taking the ratio of the predicted thickness,
s, required to prevent scabbing to the thickness of tested panels, t. . An alternate approach is
used here: the appropriateness of a predictive equation is judged by whether scabbing was
predicted and whether scabbing was observed after the experiment or not. Table 3-7 presents
results. None of the empirical formulae are perfect. The NDRC formula using the effective
diameter scores the best using this criterion, with 9 correct answers out of 10. However, the
predicted thickness required to prevent scabbing cannot be fully evaluated without knowing the

actual thickness required to prevent scabbing.

Table 3-6: Ratios of predictions and experimental results for penetration depth

Empirical formula
MP NDRC ACE AW

Test Xexp (1n) )><<eff % )><<eff ;((out )><<eff % )><<eff %
exp exp exp exp exp exp exp exp

5 4.6 3.5 0.80 1.4 0.93 3.4 1.2 1.7 0.45
8 6.8 2.6 0.32 1.7 1.1 3.5 1.4 1.6 0.24
3 7 2.8 0.345 1.7 1.1 3.6 1.4 1.7 0.25
12 7.5 2.1 0.26 1.5 0.94 2.9 1.3 1.3 0.20
10 12 0.8 0.10 0.68 0.45 1.3 0.70 0.49 0.08
11 4.5 1.1 0.13 1.3 0.86 2.1 1.7 0.67 0.10
15F 2.5 1.3 0.19 1.6 1.1 2.5 2.1 0.73 0.13
16F 4 1.5 0.22 1.4 0.96 2.6 1.5 0.95 0.17
SF 4.5 1.7 0.24 1.3 0.88 2.4 1.3 0.91 0.16
6F 7.4 2.1 0.31 1.2 0.79 2.6 1.0 1.2 0.21

The thickness of the panel required to prevent perforation, e, was evaluated using the same yes
or no criterion. Table 3-8 evaluates the ability of the empirical formulae to predict perforation.
Perforation was observed in only one test: Test 10. The MP, BRL, and CRIEPI formulae using
outer diameter predict correctly in 9 out of 10 tests but importantly did not predict perforation in
Test 10. The CF formula using outer diameter also predicted correctly 9 times out of 10 and
predicted perforation in Test 10. Results using the other formula and definitions of diameter
performed were poorer. None of the formulae inspire the level of confidence expected for the

analysis of a nuclear structure.
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Table 3-7: Predictions of thickness required to prevent scabbing

Empirical formulae

EPRI-
MP NDRC NDRC ACE B BRL CRIEPI CF

TeSt texp (11‘1) Scabbing Sout Seff Sout Seff Sout Seff Sout Seff Sout Seff Sout Seff Sout Seff Sout Seff
5 12 No v X X 4 X X X X X X X X X X X X
8 24 No v X X v v X X X v X v | x X X X X
3 18 Yes X v v v v v v v v v X v v v v v
12 18 Yes X v v v v v v v v v X v v v v v
10 12 Yes X v v v v v v v v v X v v v v v
11 12 Yes X v v v X v v v v v X v v v v v
15F 12 No v v X v v v X X v X v N v X x x
16F 12 Yes X v v v X v v v X v e v v v v v
5F 18 No 4 X X 4 4 4 X X v v v | X v 4 4 X
6F 18 No 4 X X X 4 X X X v X v | X X X X X

1. v/ = formula predicted scabbing and it occurred in experiment or formula did not predict scabbing and it not occur in experiment; X = formula did not predict scabbing but it
occurred in experiment or formula predicted scabbing but it did not occur in the experiment
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Table 3-8: Predictions of thickness required to prevent perforation

Empirical formula

MP NDRC ACE BRL CEA-EDF CRIEPI CF

TeSt Perforation eout eeff eout eeff eout eeff eout eeff eout eeff eout eeff eout eeff
5 No vl X v v v X v X v X v x v %
8 No 4 X 4 4 X X v X v X v v v X
3 No 4 X X X X X v X v X v X X X
12 No 4 X X X X X v X v X v X 4 X
10 Yes X v v v v v X v v v X v v v
11 No 4 v v X X X 4 X v X v X v X
15F No v v v v X v v v v v v v v v
16F No 4 v v 4 X X 4 X v X v v v X
5F No v v v v v v v v v v v v v v
6F No 4 X 4 4 X X v X 4 X v v v X

1. v' = formula predicted perforation and it occurred in experiment or formula did not predict perforation and it not occur in experiment; X = formula did not predict perforation
but it occurred in experiment or formula predicted perforation but it did not occur in the experiment
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3.15 Conclusions

Results from six of the EPRI experiments and four of the Calspan experiments using a Schedule
40 pipe as the impacting projectile, were used to evaluate the empirical equations. The
shortcomings with the predictive equations, and the lack of knowledge regarding those
parameters that most affect impact resistance against soft and hard missiles, prompted the
authors to begin an effort to formally validate a numerical tool for impact analysis of reinforced
concrete panels. The development of these numerical tools and results are discussed in the

following chapters.
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SECTION 4
LAGRANGIAN IMPACT SIMULATIONS

4.1 Introduction

Finite element analysis is a well-established numerical technique for calculating the response of
components and systems to mechanical and thermal loadings. One of the most well-known
formulations for impact loading is the Lagrangian method, which utilizes solid, shell, beam, and
discrete elements (springs) to solve equilibrium equations describing the conservation of mass,
momentum, and energy in the analyzed system. In this chapter, the Lagrangian formulation is
used to validate, in part, a numerical model in LS-DYNA for impact analysis using available

data from the EPRI tests.

Table 4-1 summarizes the experiments simulated in this chapter, including test number, concrete
compressive strength, f., panel thickness, t, projectile velocity, v, and observed local damage.
These tests involved 12-inch (305 mm) to 24-inch (610 mm) thick reinforced concrete panels
impacted by a 12-inch (305 mm) diameter Schedule 40 pipe with impact velocities ranging from
98 fps (30 m/s) to 202 fps (62 m/s). Section 4.2 discusses modeling of test components in LS-
DYNA for impact simulations using a Lagrangian finite element model; contact algorithms,
boundary conditions, material models, element formulations, and strain rate effects. The results
of the Schedule 40 pipe impact simulations and partial validation of the numerical models are

presented in Section 4.3. Section 4.4 summarizes the chapter and presents the key conclusions.

Table 4-1: Summary of simulated experiments, Lagrangian formulation

Test Panellt, Vv, f, ‘ Projectile Panel damage per
mm (in) | m/s (fps) | MPa (psi) Stephenson (1977)

1| | 00w | 2usen | ST [Tyt

0| 505t | 4089 |25 o | ST TP prbraedmnd

3| 457(18) | 62 (202) | 23.4 (3400) S"h;cil;ie 40 fg{a’glﬁi‘;ﬁfiﬁa‘gﬁt

8 | 610(24) | 62(202) | 26.2 (3800) SCh‘;Ci‘;ée 40 fﬁggg;ﬁgifgiﬁggk radial
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4.2 Modeling Techniques in LS-DYNA for Lagrangian Impact Simulations

4.2.1 Introduction

This section discusses the modeling of the tested components in LS-DYNA: material models,
element formulations, contact algorithms, mesh sizes, material models, boundary conditions, and
strain-rate parameters are described. The simulations will focus on the experiments presented in
Table 4-1: the normal (90°) impact of 12-, 18-, and 24-inch thick reinforced concrete panels by
12-inch diameter Schedule 40 pipes.

4.2.2 12-inch Panels (Tests 10 and 11)

The Lagrangian model of the 12-inch thick panel and pipe are shown in Figure 4-1; a quarter
model of the pipe and panel was used to reduce the computational demand. The simulation
results were effectively identical to those of a half-symmetry model, confirming the use of a
quarter model in the simulations. The upper left hand corner of the panel was modeled as shown
in Figure 4-2. The displacement vector component perpendicular to the plane and the rotational
vector components parallel to the plane were set to zero on the right side ( RS ) and bottom (B )
of the panel (see Figure 4-2) to simulate the symmetric boundary conditions. One column of
nodes constrained displacement in the X-direction on the left side (LS ) and top of the panel (T )

to simulate the pinned boundary condition imposed in the experiments.

N\

Schedule 40 pipe

(truncated)
Concrete panel /\ Concrete panel
?( Schedule 40 pipe (impact zone)
L X (truncated)
(a) Top view (b) View of impact zone, pipe and panel

Figure 4-1: Lagrangian model, 12-inch thick panel

72



The layout of the longitudinal reinforcement in the panel is presented in Figure 4-3. The same
boundary conditions applied to concrete panel were applied to the reinforcement. Symmetric
boundary conditions were also applied to the edges of the pipe along its total length (=165

inches).
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L

Figure 4-3: Rebar layout, 12-inch panel, Lagrangian model
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The CSCM material model (MAT159) was used to model concrete (see Section 2.3). Table 4-2
presents values of the parameters of the CSCM model for EPRI Test 11 ( f/=3600 psi). The
variables used in Table 4-2 are shear modulus, G ; bulk modulus, K; tri-axial compression
surface constant, « ; tri-axial compressive surface linear constant, &; tri-axial compression
surface nonlinear constant, A; tri-axial compression surface exponent, f; torsion surface
constant, ¢, ; torsion surface linear constant, 6, ; torsion surface nonlinear constant, A, ; torsion
surface exponent, f,; tri-axial extension surface constant, «, ; tri-axial extension surface linear

constant, @,; tri-axial extension surface nonlinear constant, A,; tri-axial extension surface

25
exponent, f,; cap aspect ratio, R; cap initial location, X, ; maximum plastic volume
compaction, Wp ; linear shape parameter, D, ; quadratic shape factor, D, ; ductile shape softening
parameter, B, ; fracture energy in uniaxial stress, G.. ; brittle shape softening parameter, D, ;
fracture energy in uniaxial tension, G, ; fracture energy in pure shear stress, G, ; shear-to-
compression transition parameter, PWRC ; shear to tension transition parameter, PWRT ; rate
effects parameter for uniaxial compressive stress, 77,.; rate effects power for uniaxial
compressive stress, 77, ; rate effects parameter for uniaxial tensile stress, 7, ; rate effects power
for uniaxial tensile stress, 7,; maximum overstress allowed in compression, Overc ; maximum
overstress allowed in tension, Overt; ratio of effective shear stress to tensile stress fluidity
parameters, Srate; and power to increase fracture energy with rate effects, REPOW . The

CSCM model parameters for Tests 10, 3, and 8 are presented in Tables B-1, B-2, and B-3 of
Appendix B, respectively.

Murray et al. (2007b) formulated a set of equations to calculate the dynamic increase factors
(DIF) as a function of strain rate in compression C(¢), and tension T (£). These equations are
defined in terms of the parameters used to characterize the CSCM model and are presented in
equations (4-1) and (4-2), respectively (Murray et al., 2007b). The CSCM model can be fit to any

formulation of C(¢) and T(¢) the analyst chooses.

i E.én

C :1+ Tc oc
©) fcf(é)vc (4-1)

i E..én,
T =1+ Tc™ /ot 4-2
@=1+20 (4-2)

where & is the strain rate and E; is Young’s modulus. All other variables were defined

previously.
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Table 4-2: CSCM concrete model inputs, EPRI Test 11

G (psi) | 1.49E+06 D, (psi) 1.72E-06
K (psi) | 1.63E+06 D, (psi) 1.66E-11
a (psi) | 1989.6723 B, 100
B (psi') | 1.33B-04 D, 0.1
A (psi) | 1522.8963 G, (psi-in) 0.4677
0 2.80E-01 Gy (psi-in) 46.77
a, 0.74735 G (psi-in) 0.4677
B, (psi!) | 5.18E-04 PWRC 5
4 0.17 PWRT 1
6, (psi’") | 9.05E-06 7 0.77
a, 0.66 Mot 1.40E-04
B, (psi) | 5.25B-04 7, 0.69
A, 0.16 Mo 3.90E-04
0, (psi') | 1.06E-05 Srate 1
R 5 Overc (psi) 2866.1
X, (psi) | 1.28E+04 Overt (psi) 2866.1
A 0.05 REPOW 1

The Dynamic Increase Factors (DIFs) for concrete follow the CEB formulation in compression
and the Hao and Zhou formulation in tension (Dusenberry, 2010). Figure 4-4 shows the CEB
formulation in compression as a function of strain rate and the best curve fit using equation (4-1)
in log-space. The curve fit targeted the high strain rates expected in the impact simulations. The

values of 77, and 7, used to fit the CEB formulation for Test 11 are presented in Table 4-2.

Figure 4-5 presents the Hao and Zhou formulation as a function of strain rate and the best curve
fit calculated using equation (4-2) in log-space. The values of 77,, and 7, used to fit the Hao and
Zhou formulation for Test 11 are presented in Table 4-2. The curve fits to the CEB and Hao and
Zhou formulations for Tests 10, 3, and 8 are presented in Figures B-1, B-2, and B-3 of Appendix

B, respectively.
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Figure 4-4: CEB formulation in compression and best fit line, Test 11
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Figure 4-5: Hao and Zhou formulation and best fit line, Test 11
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To help combat issues related to large mesh deformations and simulation termination, erosion
was activated in the CSCM material model using the damage function: elements are deleted once
the damage parameter reaches a value of 1.00 (total loss of stiffness and strength in the element)
and the user-specified maximum principal strain is exceeded. The user-specified maximum
principal strain is implemented in the material model using the ERODE parameter (i.e.,
ERODE=1.05 corresponds to a maximum principal strain of 5%). If the maximum principal
strain is set to a value of 1.00 in LS-DYNA (i.e., ERODE=1), element erosion is independent of
maximum principal strain and the element will erode once the damage parameter reaches a value
of 1.00. A numerical study by Murray et al. (2007a) that investigated the applicability of the
CSCM material model for analysis of a motor vehicle hitting a roadside safety structure (e.g.,
bridge rails and barriers) recommended a maximum principal strain of 5% to 10% based on
calibration studies. An ERODE value of 1.05 was used for the impact simulations presented in

this chapter.

The simplified Johnson-Cook (JC) material model (MAT098) was used for the Grade 60
reinforcement. This model is widely used to describe material behavior at large strains, high
strain rates, and high temperatures and is known for its use in impact and penetration related
problems (Banerjee et al., 2015). The Johnson-Cook formulation (Davidson, 1996) is presented

in equation (4-3); values of the constants for the rebar are presented in Table 4-3.

5=[A+ B(E")n}[HClné*][l—(T*)m} (4-3)

T = (4-4)

where & is von Mises effective flow stress, £° is equivalent plastic strain in the material, A is
yield stress, B and n are hardening coefficients, C is strain rate coefficient, m is softening
coefficient, & is normalized strain rate of the material, and T  is defined in equation (4-4),
where T and T,, are the current and melting temperature of the material in Kelvin, respectively,
and T, is room temperature in Kelvin.

Table 4-3: Johnson-Cook material constants for 60 ksi steel (Davidson, 1996)

A (psi) | B (psi) n C
6.0E4 2.5E5 0.6 0.01
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The MATO15 JC material model was used for the Schedule 40 pipe, with yield strength of 73
ksi. The Borvik et al. (2005) JC material parameters for 71 ksi steel were used and they are
presented in Table 4-4, where EPSO is a strain-rate hardening constant and D1 through D5 are
fracture strain constants. All other parameters were defined previously. Values not specified

below were set to the defaults.

Table 4-4: 71 ksi JC material constants (Borvik, 2005)

A (psi) | 7.11E+04 | | EPSO | 5.00E-04

B (psi) | 1.17E+05 D1 0.0705
n 0.73 D2 1.732
C 0.0114 D3 -0.54
M 0.94 D4 -0.015

T, (K) 1800 D5 0

T, (K) 293

Eight-noded solid elements were used to model the concrete. The mesh was finer in the impact
zone (45 X 45 in) than elsewhere;. the concrete was modeled with 0.4 X 0.4 X 0.4 in. elements
in the impact zone and 1.125 X 1.125 X 1.125 in. elements elsewhere. The total number of
solid elements in the concrete panel was 720750. The reinforcement was meshed with a total of
1600 beam elements. The reinforcement was coupled to the concrete using the
CONSTRAINED LAGRANGE IN SOLID formulation. The pipe was modeled with 0.2 X 0.2
in. shell elements, with a total of 39600 elements. To ensure proper transfer of momentum from
the projectile to the target, the slave elements (concrete) should be approximately twice the size
of the master elements (steel pipe) to avoid penetration of interacting elements. The pipe was
given an initial velocity wusing the INITIAL VELOCITY GENERATION. The
CONTACT AUTOMATIC NODES TO SURFACE algorithm was used to define contact
between the pipe and the panel, with the Schedule 40 pipe and the wall being the master and
slave segments, respectively. This model is a one-way treatment of contact; only the user
specified slave nodes are checked for penetration of the master segment. Inside the contact
keyword, the card SOFT =1 was activated for penalty-based contact modeling, which ensures
stability when dissimilar materials come into contact. The contact card SOFT =2 is
recommended for impact problems but is not applicable for node-to-surface contact models.
Friction between the concrete and the pipe was also considered and applied in the
CONTACT _AUTOMATIC NODES TO_SURFACE keyword; the static coefficient of friction
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FS , and dynamic coefficient of friction FD, were assigned values of 0.57 (Rabbat et al., 1985)
and 0.4 (Hao et al., 2013), respectively.

The cross section integrated beam element (Hughes-Liu beam in LS-DYNA) and the constant
stress formulation (ELFORM=1 in LS-DYNA) was used for the beam and solid elements,

respectively. The Belytschko-Tsay formulation was used for the shell elements.

Contact between the pipe and the reinforcement was not considered in these impact simulations;
the diameter of the pipe and the spacing of the rebar (=12 inches) are the same, which would
allow the pipe to pass through the panel without any resistance from the rebar. The TSSFAC
value was set to 0.33 in the CONTROL TIMESTEP keyword, which allows the user to apply a
penalty to the time step to increase the probability of convergence, but it increases run time

significantly.

4.2.3 18- and 24-inch Panels (Tests 3 and 8)

The Lagrangian models of the 18- and 24-inch panels are shown in Figure 4-6 and Figure 4-7,
respectively. The material models, strain rate effects, boundary conditions, contact algorithms,
and element forms of the pipe, rebar, and the concrete panel were those described previously for
the 12-inch panel. In the concrete panel, the mesh was finer in the impact zone (15 X 15 in.)
than elsewhere; see Figure 4-6b and Figure 4-7b. The concrete was modeled with 0.25 X 0.25
X 0.25 in. elements in the impact zone and 1 X 1 X 1 in. elsewhere. The total number of solid
elements in the 18- and 24-inch thick concrete panels were 128,625 and 165,375, respectively. In
both walls, the reinforcement was meshed with a total of 1600 beam elements. The
reinforcement was coupled to the concrete using the
CONSTRAINED LAGRANGE IN SOLID formulation. The pipe was modeled with 0.1 X 0.1

in. shell elements, with a total of 150,154 elements, in both simulations.
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Figure 4-6: Lagrangian model, 18-inch thick panel
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Figure 4-7: Lagrangian model, 24-inch thick panel
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4.3 Schedule 40 Pipe Impact Simulations

4.3.1 Introduction

The following subsections present the results of the Lagrangian simulations of the EPRI impact
tests for the purpose of model validation. The matrix of simulations was presented in Table 4-1.
The numerically predicted local damage (i.e., front- and back-face crater diameters, scabbing,
conical plug diameter, penetration depth, and perforation) is compared with the results of the
experiments to aid in the validation exercise. Figure 4-8 shows the impact damage terminology
used to evaluate the panels and Figure 4-9 (from Rotz, 1975) cartoons the damage to the panels

observed in the Calspan experiments.

PENETRATION DEPTH
NECK. DBFTH -4 PlUG CEFLECTION

BEONT EACE BACK FACE
prove 4 ] T CesER DA,
HEcK DA, — | v — LG Dia

Figure 4-8: Terminology (Stephenson, 1977) Figure 4-9: Damage description (Rotz,1975)

4.3.2 Test 11

In this test, a 743 Ib. Schedule 40 pipe impacted a 12-inch panel at a velocity of 98 fps. The
missile penetrated the target and caused scabbing on the back (non-impact) face of the panel.
Figure 4-10a and Figure 4-10b show the front and back face views, respectively, 10 msec after

impact. The results show a considerable amount of scabbing on the back face of the panel.
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(a) Front face (b) Back face
Figure 4-10: LS-DYNA predicted damage, 10 msec, Test 11, Lagrangian simulation

The local damage on the impact face of the panel from the numerical simulation and the
experiment are shown in Figure 4-11a and Figure 4-11b, respectively. The LS-DYNA quarter
model was reflected over the XZ and XY planes to present an image of the whole panel. The

predicted penetration depth was significantly less than that measured in the experiment.

[a—
OKE FOOT

(a) LS-DYNA - (b) Eﬁiperiment
Figure 4-11: Damage on impact face, Test 11, Lagrangian simulation

Figure 4-12a and Figure 4-12b show the local damage to the back (non-impact face) of the panel
from the numerical simulation and the experiment, respectively. Significant scabbing of the
concrete on the back face was observed in the experiment and predicted well using the numerical

model.

83



(a) LS-DYNA (b) Experiment
Figure 4-12: Damage on rear (non-impact) face, Test 11, Lagrangian simulation

The numerically predicted formation of the conical plug is shown in Figure 4-13a, 6 msec after
impact, and is similar to the back-face fracture plane observed by Rotz in the experiments (see
Figure 4-9 above). The CSCM concrete model accurately predicts the formation of this conical
plug on the back face of the panel after impact. Figure 4-14 presents the impact force history
from the experiment (Stephenson, 1977) and the LS-DYNA simulation. The time origin is that
from which the missile was accelerated, with impact on the panel at the time shown by the open
circle. After impact, (thick dashed line) the missile decelerates. Impact is simulated by imposing
an initial velocity on the missile at a distance of one inch from the face of the panel; the force is
also calculated as the product of the projectile mass and acceleration to enable a direct
comparison of results. The peak forces in the experiment and the simulation match well: 360 kips
(1601 kN) and 324 kips (1441 kN), respectively. The simulation over predicts the deceleration of

the missile, which is consistent with its under prediction of the penetration.
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Figure 4-14: Impact force history, Test 11

Table 4-5 presents the impulse (area under the force-time curves in Figure 4-14) values from the

numerical simulation and the experiment. The experimental impulse was measured from the

point of impact, which is identified in Figure 4-14 by an open circle at approximately 4 msec.

The impulse is 28% greater in the experiment, which is expected because the simulation over

predicts the deceleration of the missile.

Table 4-5: Impulse values, Test 11, Lagrangian simulation

Experiment

LS-DYNA

| Impulse (kip-msec)

1050

755

Table 4-6 summarizes results obtained from the experiment and the simulation. The simulation

results are presented for the complete panel. The simulation reasonably recovers the front and

back face crater diameters, plug diameter, and impact force. Significant scabbing was observed

in both the experiment and the simulation. However, the model has difficulty recovering the

penetration depth of the pipe.
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Table 4-6: Results summary, Test 11, Lagrangian simulation

Measurement Experiment | LS-DYNA | Difference (%)
Front face penetration (in.) 4.5 1.1 75

Front face crater diameter (in.) 15 14 7

Back face crater diameter (in.) 51 50 2
Conical plug diameter (in.) 31 28 10

Back face damage Scabbing Scabbing -
Maximum impact force, F (kips) 360 324 10

The energy histories for the Schedule 40 pipe and panel are presented in Figure 4-15; the kinetic
and internal energies and their corresponding eroded energies activated by the removal of failed
Lagrangian elements are presented in the figure. The initial energy in the system is the kinetic
(=27,700 lb-ft or 332411.7 Ib-in), and was calculated using equation
(4-5) below, where m is one-fourth the mass of the Schedule 40 pipe (= 5.7675 slugs), and Vv is

energy of the pipe KE . ;
the initial velocity of the pipe during the experiment (= 98 ft/sec). The predicted values of energy
per Figure 4-15 are presented in Table 4-7, where IE ,, is the internal energy of the wall, KE,,

is the kinetic energy of the wall, IE . is the internal energy of the pipe, EE,; is the eroded

pipe
kinetic energy, EE is the eroded internal energy, and E, is the total energy in the system (also

equivalent in this case to KE ;. ..). The values of energy were documented at time t =20 msec: a

pipe,i
point in time when fluctuation in the energy histories was no longer observed. The energy
balance shown in equation (4-6) can be used to ensure that the initial energy in the system is
recovered. The initial energy and the total residual energy of the system are effectively identical.
A significant amount of energy was eroded (41%) due to the removal of failed elements during
the simulation; Figure 4-10 and Figure 4-12 give a sense of the location of the eroded elements

on the back face and through the cross section of the panel.

The predicted reaction force history for the 12-inch panel is shown in Figure 4-16. The initial
spike in negative force (100 kips) at approximately 1.85 msec is the arrival of the compression
wave at the support caused by the pipe impact (0.85 msec for the pipe to reach the wall and 1
msec for the compressive wave to travel from the location of impact to the support). Oscillation
is observed after impact, with the force dissipating by approximately 30 msec. The maximum

reaction is approximately 305 kips.
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Figure 4-15: Energy plot, Test 11, Lagrangian simulation
1
KE e = mv’ (4-5)
KEpipe,i = IEwall + KEwaII + IEpipe + EEKE + EEIE = Et (4'6)

Table 4-7: Summary of energies, Test 11
KE, i | KE IE IE,e | EEe | EEg E,
| Energy (Ib-in) | 332411 0 114,000 | 80,000 | 48,600 | 86,000 | 328,600
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Figure 4-16: Reaction force history, Test 11, Lagrangian simulation

Figure 4-17 shows the evolution of the panel lateral displacement up to 6 msec due to concrete
scabbing, which indicates only local response near the point of impact, which is an expected

result.
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Figure 4-17: Lateral panel displacements, Test 11, Lagrangian simulation

4.3.3 Test 10

A 743 Ib. Schedule 40 pipe impacted 12-inch panel wall at a velocity of 143 fps in Test 10,
causing perforation of the panel and heavy scabbing on the back (non-impact) face of the wall.
The exit velocity of the Schedule 40 pipe was not documented in the experiment. Results of the
simulation are shown in Figure 4-18, 20 msec after impact. Figure 4-18a and Figure 4-18b show
the damage to the front- and back-face of the panel, respectively; perforation of the panel and

scabbing of concrete on the back face are clearly visible.

(a) Front face (b) Back face
Figure 4-18: LS-DYNA predicted damage, 20 msec, Test 10, Lagrangian simulation
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The local damage to the front face of the panel from the simulation and the experiment, are
shown in Figure 4-19a and Figure 4-19b, respectively. Perforation of the concrete panel was

observed in the experiment and predicted using the numerical model.

(a) LS-DYNA (b) Experiment (Stephenson, 1977
Figure 4-19: Local damage on impact face, Test 10, Lagrangian simulation

Figure 4-20a and Figure 4-20b show the damage to the rear (non-impact) face of the panel from

the numerical simulation and the experiment, respectively.

(a) LS-DYNA (b) Experiment (Stephenson, 1977)

Figure 4-20: Rear face damage, Test 10, Lagrangian simulation
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The formation of the conical plug on the back (non-impact) face is presented in Figure 4-21, 5

msec after impact. The plug is similar in geometry to the failure plane observed by Rotz (1975)

in the Calspan experiments (see Figure 4-9). The impact force history is presented in Figure

4-22; the maximum predicted impact force and impulse are approximately 358 kips and 500 kip-

msec, respectively. The impact force history from the experiment was not documented.

Figure 4-21: Formation of conical plug, 5

msec, Test 10
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Figure 4-22: Impact force history, Test 10

A summary of results from the experiment and the simulation are presented in Table 4-8. The

numerical model accurately recovered the front and back face crater diameters, and predicted

perforation of the panel.

Table 4-8: Results summary, Test 10, Lagrangian simulation

Measurement Experiment | LS-DYNA | Difference (%)
Front face crater diameter (in.) 19.5 18.5 5
Back face crater diameter (in.) 64 - 72 70 3
Back face damage Perforation | Perforation -
Maximum impact force, F (kips) - 358 -

Figure 4-23 presents the energy histories of the Schedule 40 pipe, rebar, and wall panel,

including kinetic and internal energies and their corresponding eroded energies activated by

removal of failed Lagrangian elements. The damping and hourglass energies are also included in

Figure 4-23. The initial energy introduced into the system is the kinetic energy of the pipe,
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KE e » (58970 Ib-ft or 707640 Ib-in) and calculated using equation (4-5). The kinetic energy
of the pipe did not reach zero, indicating a constant residual velocity as the pipe passed through
the wall. Table 4-9 presents a summary of energy values taken from Figure 4-23 at 20 msec,

where KE ., is the final kinetic energy of the pipe after perforation of the panel, IE, is the

rebar

internal energy of the rebar, KE is the kinetic energy of the rebar, E,; is the hourglass

rebar
energy, E, is the damping energy, and EE,; is the eroded hourglass energy. All other variables
were defined previously. The energy balance shown in equation (4-7) can be used to ensure that
the initial energy in the system is recovered. The initial energy and the total residual energy of
the system are effectively identical. A significant percentage of the energy (=31%) was eroded
due to the removal of the failed elements during the simulation (see Figure 4-18 and Figure

4-20), which is an expected result since perforation of the panel was observed.
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Figure 4-23: Energy plot, Test 10, Lagrangian simulation

Table 4-9: Summary of energies, Test 10

Energy (Ib-in) Energy (Ib-in)
KE jipe. 707640 E, 42600
IE, i 30300 EE,. 50900
KE 12600 EE,. 142000
IE jine 324000 == 28300
IE cpar 41500 KE jipe. 23900
KE epar 134 E, 698734
Eie 2500
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KE jipe. = 1Ewan + KEyay + 1E e + 1E o + KE oy + Epig + Ep + EE ¢ +
(4-7)

EE, +EE, +KE,,  =E

wal wal

pipe,i

The predicted reaction force history of the panel is shown in Figure 4-24. The initial spike in
negative force (100 kips) at approximately 1.6 msec is the arrival of the compression wave at the
support (0.6 msec for the pipe to reach the wall and 1 msec for the compressive wave to travel
from the location of impact to the support). The maximum reaction is approximately 260 kips.
The evolution of the panel lateral displacement is presented in Figure 4-25; significant local

deformation at the midpoint of the panel is indicative of perforation.
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Figure 4-24: Reaction force history, Test 10
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Figure 4-25: Lateral panel displacements, Test 10, Lagrangian simulation
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4.3.4 Test 3

In Test 3, a 743 1b Schedule 40 pipe impacted an 18-inch thick panel wall at a velocity of 202
fps. The pipe penetrated the target causing heavy scabbing on the back (non-impact) face of the
panel. Figure 4-26 shows the results of the simulation, which terminated at 0.66 msec due to a
negative volume error (significant distortion of the elements in the impact zone). The distortion
of the solid elements also caused a significant reduction in the time step of the simulation. As
discussed in Chapter 2, a local time step is computed for each element in a model as a fraction of
the time required for the passage of the dilatational wave across the minimum element
dimension. The global time step of the simulation is taken as the minimum value of the local
time steps. If elements are highly distorted, the minimum dimension of all distorted elements can
be very small, which greatly decreases the time step of the simulation. Penetration of elements
was also observed in the simulation, which results in the improper transfer of energy from the
projectile to the panel. The keyword MAT000 ADD EROSION was not activated for this

simulation because the goal was to validate, and not the calibrate the numerical model.

Figure 4-26: Simulation results, 18-inch panel, Test 3, Lagrangian simulation

4.3.5 Test 8

In Test 8, a 743 Ib Schedule 40 pipe impact a 24-inch thick concrete panel wall at a velocity of

202 fps. The impact caused penetration of the target and radial cracking on the back (non-
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impact) face of the panel. The simulation results for the 24-inch panel are shown in Figure 4-27.
Significant distortion of solid elements in the impact zone resulted in a diminished time step and

termination of the simulation at 0.66 msec due to a negative volume error.

Figure 4-27: Simulation results, 24-inch panel, Test 8, Lagrangian simulation

4.4 Conclusions

Four concrete panel impact tests conducted by EPRI were used to validate, in part, a numerical
model in LS-DYNA for impact analysis using the Lagrangian formulation. The analyses of the
12-inch panel (Tests 10 and 11) reasonably reproduced the front- and back-face crater diameters,
and the impact force. Perforation of the panel was predicted in Test 10, but the depth of
penetration was underestimated in Test 11. Although the impact simulations of the 12-inch panel
seemed promising, the shortcomings of the Lagrangian formulation for impact loading (e.g.,
significant deformation of elements in the impact zone leading to decreased time steps and
termination of the simulation due to negative volume error) became apparent in the simulations
of the 18- and 24-inch thick panels (Tests 3 and 8). The difficulties in simulating the thicker
panels led to exploration of particle-based methods, in particular the axisymmetric SPH
formulation. Modeling of test components in LS-DYNA for impact analysis and validation of a
numerical model for parametric studies using the axisymmetric SPH formulation are discussed in

Chapter 5.
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SECTION 5
AXISYMMETRIC SPH IMPACT SIMULATIONS

5.1 Introduction

The smooth particle hydrodynamics (SPH) method, as introduced in Chapter 2, is used here to
address some of the shortcomings associated with the use of Lagrangian elements for impact
simulations, namely, severe element distortion leading to reduced time step, and negative volume
errors. The SPH formulation divides the domain of interest into a set of discrete mass particles
that interact over a spacial distance, known as a smoothing length, over which the smoothed
displacement field is computed using a kernel function. In the SPH formulation, there is no node-
to-element connectivity matrix and the algorithm must search for neighboring particles, which
can change at every time step. This allows for very large distortions of an SPH mesh without
convergence problems and permits particles to move apart and no longer interact. Large mesh
distortions are one significant advantage of the SPH formulation, but SPH simulations are more
computationally expensive. One numerical technique that is widely used for impact simulations
to limit the number of particles (which correlates to a reduction in computational demand) is the
axisymmetric model, which represents a slice of a 3D model. If rotated around the reference
Cartesian coordinate system, an axisymmetric model would recover the 3D model. This enables
the use of small particle spacing and limits the computational expense. The axisymmetric SPH

formulation is employed in this chapter for impact simulations.

As noted in Section 2.3, LS-DYNA (LSTC, 2012) includes three concrete material models
compatible with the SPH formulation: Pseudo Tensor (MATO016), Concrete Damage
(MATO072R3), and CSCM (MAT159). The quasi-static behavior of these material models is
investigated using 3D models of a cylinder of concrete comprised of a) SPH particles, and b)
Lagrangian elements. Results are presented in Section 5.2. The failure surfaces in shear for each
material model and their effect on results of the impact simulations on concrete panels are

discussed in Section 5.2.

Data from the EPRI experiments (Stephenson, 1977) are used here to validate, in part, a
numerical model for impact analysis. Formal validation is not possible because insufficient data
were collected from the experiments, as discussed later in this report. Table 5-1 summarizes the

experiments simulated in this chapter, including EPRI test number, concrete uniaxial
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compressive strength, f_', panel thickness, t, projectile velocity at impact, v, and observed local
damage. These tests involved 12-inch (305 mm) to 24-inch (610 mm) thick reinforced concrete
panels normally impacted (i.e., at 90°) by a 12-inch (305 mm) diameter Schedule 40 pipe at
velocities ranging from 98 fps (30 m/s) to 202 fps (62 m/s). Section 5.3 discusses modeling
techniques in LS-DYNA for impact simulations using an axisymmetric SPH finite element
model, including contact, boundary conditions, element formulations, strain-rate effects, and
equations of state. The Grid Convergence Index (GCI), a method used to measure discretization
error in finite element simulations is used to evaluate mesh convergence in the numerical

models; GCI formulae are presented in Section 5.4.

Table 5-1: Simulated experiments

Test | P2mel L, v f/ Projectile Panel damage per
mm (in) | m/s (fps) | pMpa (psi) Stephenson (1977)

1|05 | 0o |saso | SO | Propemmetpr,

o |05 | s || S| P,

3| 457(18) | 62(202) | 23.4 (3400) SChZ‘ilgée 40 fggglﬁi‘;eéffiﬁagit

8 | 610 (24) | 62(202) | 26.2 (3800) SCh;‘il;ée 40 fﬁg:kﬁsge;a{)ea‘iﬂgi’ radial

Section 5.5 investigates wall panel behavior as a function of the three concrete models available
in LS-DYNA for SPH calculations (i.e., MAT016, MATO072R3, and MAT159). Test 11 (see
Table 5-1) is used for this study; the concrete compressive strength was increased to 4500 psi to
accommodate the CSCM material model in the simulations, which is applicable for uniaxial
concrete compressive strengths ranging from 4061 to 8412 psi (Murray et al, 2007). The
uniaxial concrete compressive strength is used in all three material models as an input to
internally generate parameters describing the elastic response and inelastic response including

shear failure envelope, compressibility (compaction) and tensile failure.

Test 11 (see Table 5-1) was simulated using MAT016 and MATO072R3; the reported uniaxial
concrete compressive strength (=3600 psi) was used for the simulations. The values for the
concrete parameters describing the elastic and inelastic response of the concrete were generated
internally by the material-model code using only the uniaxial concrete compressive strength as

input. The two material models estimated the uniaxial tensile strength of the concrete to be
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approximately 10% of the uniaxial compressive strength. Results of these simulations are
presented in Section 5.6. The CSCM material model was not used for these calculations because
the concrete strength (=3600 psi) falls outside the bounds (4061 psi to 8412 psi) identified by
Murray et al. (2007a) for parameter generation. The poor correlation of predicted and observed
damage (e.g., perforation of the panel in the simulations and not in the experiment) seen in
Section 5.6 prompted an investigation of the effects of concrete compressive (Section 5.7) and
tensile (Section 5.8) strength on the impact resistance of reinforced concrete panels. The material
and test parameters from Test 11, and MAT072R3° were used for these studies. The uniaxial
compressive and tensile strengths of the concrete significantly affected the local response of the
panel, especially the perforation resistance. Based on these findings, the Schedule 40 pipe impact
simulations of Tests 11, 10, 3, and 8 (see Table 5-1) were then simulated using MAT072R3 with
concrete tensile strength set equal to 15% of compressive strength (i.e., approximately 5%
greater than that generated internally by the material-model codes in Section 5.6). The results of

these simulations and a comparison with the EPRI test experiments are presented in Section 5.9.

The impact tests conducted by EPRI characterized the behavior of (reinforced) concrete panels
impacted by deformable missiles at velocities consistent with those possible in extreme wind
events such as hurricanes and tornados. Section 5.10 presents results of a study on normal impact
on concrete panels by a) solid cylindrical steel missiles having the same mass as the Schedule 40
pipe, and b) rigid, solid cylindrical missiles having the same mass as the Schedule 40 pipe. EPRI
tests 3, 8, 10 and 11 (see Table 5-1) provide much of the basis for these simulations. Results of
the solid and rigid missile simulations are presented, and these are compared with those of the

Schedule 40 annular pipes of Section 5.9.

The key findings of the chapter are identified in Section 5.11 and provide a framework for the
parametric studies on wind-borne missile impact presented in Chapter 6.

5.2 Benchmarking Concrete Material Models using the SPH Formulation

5.2.1 Unconfined Cylinder Simulations

A concrete cylinder with a diameter and height of 400 mm (Figure 5-1a) was constructed in LS-

DYNA using SPH particles to investigate the quasi-static behavior of different concrete material

5 Of the three concrete material models investigated in this chapter, the MAT072R3 is the only model that allows the
user to specify tensile strength.
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models that are compatible with the SPH formulation. The uniaxial concrete compressive
strength of the concrete was 45.6 MPa. A Lagrangian model with the same dimensions (Figure
5-1b) was created to aid in the comparison of the SPH and Lagrangian formulations for various
material models under quasi-static loading. The material models considered in this study were
MATO016, MAT072R3, and MAT159. The LS-DYNA input parameters are presented in Table

5-2, where p is density, G is shear modulus, f' is concrete compressive strength, ft' is

c

¢ 9

concrete tensile strength, and d,, is aggregate diameter. The in the cells indicates that this

9
parameter was not a required input for the material model.

The Lagrangian cylinder (as seen in Figure 5-1b) was subjected to different rates of loading by
applying a constant velocity to all nodes on the top face of the cylinder, corresponding to a
specific strain rate. The axial stress in the Lagrangian cylinder was calculated by summing the
nodal forces on the bottom face and dividing it by the area of the concrete cylinder. The SPH
cylinder was subjected to different strain rates by applying a constant velocity to a rigid shell
plate (labeled in Figure 5-1a) that contacts and compresses the concrete cylinder in the axial
direction. The contact between the shell elements and SPH particles was defined using the
*CONTACT NODES TO SURFACE keyword. The MST option in the contact keyword,
defined as the shell thickness, was set equal to the particle pitch. Simulations were conducted for
SPH particle spacings of 4, 8, 16, and 25 mm to demonstrate mesh convergence. The meshes for
particle spacings of 4, 8, 16, and 25 mm, are presented in Figure 5-2a through Figure 5-2d,
respectively. The axial stress imposed on the cylinder by the rigid plate was calculated by
summing the nodal forces on the plate and dividing it by the area of the concrete cylinder. The
keyword *BOUNDARY SPH SYMMETRY PLANE was used to create the boundary

conditions at the bottom of the cylinder.

Figure 5-3, Figure 5-4, and Figure 5-5 show the uniaxial stress-strain behavior of the Lagrangian
cylinder (see Figure 5-1b) using concrete material models MAT072R3, MAT016, and MAT159,
respectively, at nominal strain rates of 0.0005/s, 0.005/s, 0.05/s, 0.25/s, and 1/s. The axial stress-
strain curves are similar for strain rates of 0.0005/s, 0.005/s, 0.05/s and 0.25/s, however, dynamic
behavior was observed using a strain rate of 1/s (e.g., oscillation in the stress-strain curve). Since
the axial stress-strain behavior at a strain rate of 0.25/s is similar to that using a strain rate of

0.0005/s, which is representative of quasistatic loading, the strain rate of 0.25/s was used in the
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SPH cylinder simulations to characterize the behavior of the material models using the SPH

formulation. The use of a larger strain rate reduces the computation time.

Rigid shell
plate

SPH concrete
cylinder

SPH symmetry
plane

(a) SPH formulation (b) Lagrangian formulation
Figure 5-1: Concrete cylinder models

Table 5-2: Concrete material inputs

p G f/ f g
(g/mm’) | (MPa) | " (MPa) | (MPa) | (mm)
MATO72R3 | 0.00217 | - |0.15| 45.6 | 4.56 -
MATO016 | 0.00217 | 4600 | 0.15| 45.6 - -

MATI159 | 0.00217 - - 45.6 - 19

(c) 16 mm (d) 25 mm
Figure 5-2: SPH meshes of a 400-mm diameter concrete cylinder
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The uniaxial stress-strain behavior of the SPH concrete cylinder using the MAT072R3 material
model is shown in Figure 5-6a, for a strain rate of 0.25/s. The curves are presented for particle
spacings of 4, 8, 16, and 25 mm. Results of analysis using a particle spacing of 2 mm were

identical to those of the 4 mm mesh, and so 4 mm was assumed to be a converged mesh size.

The particle spacings of 4 and 8 mm reasonably recover the compressive strength (=45.6 MPa)
and elastic modulus of the concrete (=32000 MPa). The elastic moduli (concrete compressive
strength) using the 16 and 25 mm mesh pitches are 20000 MPa (40 MPa) and 16666 MPa (37
MPa), respectively. The underestimation of compressive strength and elastic modulus using the
coarser pitches highlight the effect of particle density on the results of the simulations and the
importance of conducting mesh-refinement studies. Another important observation is that
compressive strength drops immediately to zero in strain space after peak strength is reached,
suggesting there is no post-peak softening of the unconfined SPH cylinder using MAT(072R3.
The effects of confinement on the stress-strain behavior of MAT072R3 in the SPH formulation is
investigated in Section 5.2.2. The stress-strain response of an unconfined Lagrangian cylinder is
also presented in Figure 5-6a for the purpose of comparison. Based on the results of the SPH
cylinder with the finest mesh (=4 mm), both the SPH and Lagrangian formulations predict
similar compressive strengths and elastic moduli, but post-peak softening is observed only with

the Lagrangian model.

The distribution of von Mises stress in the cylinder with a mesh size of 4 mm, at time of peak
strength (=6 msec), shown in Figure 5-6b, is not uniform: the inner core of the cylinder reaches
the compressive strength (=45.6 MPa), the stresses in the particles in contact with the shell
elements are slightly greater than the compressive strength (=48.7 MPa), and the stresses in the

particles on the outer edges of the cylinder are less than the compressive strength (=39 MPa).
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Figure 5-6: Concrete cylinder behaviors, MAT(072R3, SR=0.25/s

Figure 5-7a and Figure 5-8a present the uniaxial stress-strain curves for material models
MATO16, and MAT159, respectively, at a strain rate of 0.25/s. The curves are shown for particle
pitches of 4, 8, 16, and 25 mm. The simulation results using the 4 and 8 mm mesh pitches
reasonably recover the concrete compressive strength (=45.6 MPa) and elastic modulus (=32000
MPa) for MAT016 and MAT159. Similarly to the simulation results using the MAT072R3
material model (see Figure 5-6a), the 16 and 25 mm mesh pitches underestimate the compressive
strength and elastic modulus. The material model MATI159 exhibits post-peak softening
behavior, whereas MATO016 exhibits elastic-plastic behavior, and drops to zero stress after the
failure strain is reached. The failure strain of MATO016 is strongly dependent on the particle
density for the unconfined cylinder. The effects of confinement on MATO016 are investigated in
Section 5.2.2.

The stress-strain behavior of the Lagrangian cylinder is also presented in Figure 5-7a and Figure
5-8a for material models MAT016 and MAT159, respectively, at a strain rate of 0.25/s. The
behavior of the concrete material models using the Lagrangian formulation is similar to that
using the SPH formulation. The distribution of von Mises stresses in the SPH cylinders at time of
peak strength is presented in Figure 5-7b and Figure 5-8b for material models MATO016 and
MAT159, respectively. Similar to the behavior observed using the MAT072R3 material model, a
relatively uniform distribution of von Mises stresses was observed using MAT016 and MAT159;
non-uniformities exist for the particles on the outer perimeter of the cylinder and directly in

contact with the rigid plate.
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(a) Stress-strain curves

The uniaxial stress-strain curve for all three material models using the SPH formulation (4 mm
particle spacing) is presented in Figure 5-9. All three material models recover similar peak
strengths and elastic moduli. However, the material responses are significantly different post
peak: MAT159 softens, MATO072R3 drops to zero stress, and MATO016 exhibits elastic-plastic
behavior. Impact simulations using all three material models are discussed later in this chapter to

investigate the effects of panel response as a function of concrete material model.

103



9]
(=]

| MAT159, SPH, 4 mm ||
— I \ —MAT072R3, SPH, 4 mm
£ 40 / —MATO16, SPH, 4 mm ||
\2'/ 30 /
% /
(]
% 20 /
.S
Z10 /

0 0.002 0.004 0.006 0.008 0.01
Strain (mm/mm)

Figure 5-9: Stress-strain behavior, all concrete materials
5.2.2 Confined Cube Simulations

5.2.2.1 Introduction

The unconfined, quasi-static SPH cylinder simulations presented in Section 5.2.1 showed that: 1)
MATO72R3 predicts an elastic modulus and compressive strength similar to that of the
Lagrangian cylinder, but does not predict the post-peak softening observed in the Lagrangian
simulation, and 2) the elastic-plastic behavior of MATO016 is similar to that of the Lagrangian
cylinder, but the stress in the SPH cylinder drops immediately to zero after the failure strain is
reached: behavior not observed in the Lagrangian simulation. The SPH formulation suffers from
tensile instabilities (e.g., bunching of nodes and formation of artificial voids (Mehra et al., 2012))
and this is likely the cause of the differences in response of the SPH and Lagrangian cylinders

using concrete models MAT072R3 and MATO16.

This section investigates the quasi-static behavior of MAT072R3 and MATO016 for small
magnitudes of confinement (on the order of 0.2% to 2% of the concrete compressive strength
(=45.6 MPa). The goal is to overcome the tensile instabilities of the SPH formulation observed in
the unconfined simulations and predict stress-strain behavior similar to that of the unconfined
Lagrangian cylinder without enhancing its strength due to confinement. A 400 mm X 400 mm
X 400 mm concrete cube (Figure 5-10a) was constructed using SPH particles due to the ease of
imposing a confining pressure on a flat surface of particles. A Lagrangian cube with the same
dimensions (Figure 5-10b) was created to aid in the comparison of results using the SPH and
Lagrangian formulations. The uniaxial concrete compressive strength of the concrete was 45.6

MPa; the LS-DYNA input parameters for MAT072R3 and MATO16 are those presented in Table
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5-2. The methods used to load the cubes at different strain rates and the calculation of the axial
stresses for the SPH and Lagrangian cubes are similar to those described in Section 5.2.1 for the
unconfined simulations. The contact between the shell elements and SPH particles (see Figure
5-10a) was defined using the *CONTACT NODES TO_ SURFACE keyword. The MST option
in the contact keyword, defined as the shell thickness, was set to the particle pitch. The keyword
*BOUNDARY_SPH SYMMETRY PLANE was used to create the boundary conditions at the
bottom of the cube, as shown in Figure 5-10a. The confining pressure was imposed on the faces
of SPH cube using the *LOAD NODE SET keyword.

Rigid shell
plate

SPH concrete
cube

SPH symmetry
plane

(a) SPH formulation (b) Lagrangian formulation
Figure 5-10: Concrete cube models

5.2.2.2 Karagozian and Case (MATO072R3)

The unconfined axial stress-strain behavior of the SPH concrete cube using the MATO072R3
material model is shown in Figure 5-11, for a strain rate of 0.25/s. The curves are presented for
particle spacings of 4, 8, 16, and 25 mm to identify a converged mesh. The unconfined stress-
strain behavior of the Lagrangian cube is also presented in Figure 5-11. Similar to the unconfined
cylinder simulations presented in Section 5.2.1, the results using a mesh spacing of 4 and 8 mm
predict an elastic modulus and compressive strength similar to that of the Lagrangian cube, but

post-peak softening is not predicted.

Figure 5-12 presents the unconfined stress-strain behavior of the Lagrangian cube and the

unconfined and confined stress-strain behavior of the SPH cube. Confining pressures of 0.1 MPa,
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0.5 MPa, and 1 MPa were considered in this study, which correspond to 0.2%, 1%, and 2% of
the concrete compressive strength. Since the 4 and 8 mm particle spacings predicted similar
results in the mesh convergence study (see Figure 5-11), the cube simulations with the 8 mm
particle spacing were used to generate the stress-strain curves to reduce the computational
demand. The SPH cube with a confinement pressure of 0.1 MPa predicts an elastic modulus,
peak strength, and post-peak strain softening similar to that of the unconfined Lagrangian cube.
Confinement pressures of 0.5 MPa and 1 MPa, predict the elastic modulus with reasonable
accuracy, but overestimate the compressive strength by 3% and 10%, respectively. The results
indicate that small magnitudes of confinement (on the order of 0.2% of the concrete compressive
strength) does not enhance the strength of the concrete and enables the SPH formulation to
predict results similar to that of the Lagrangian cube simulation using MAT072R3. Schwer
(2008b) stated that confining pressures on the order of 100 MPa are typically observed in
penetration simulations, which is approximately 1000 times greater than the confining pressure

required to recover the behavior similar to that of the Lagrangian formulation.
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Figure 5-11: Unconfined concrete cube behavior, MAT072R3, SR=0.25/s
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5.2.2.3 Pseudo Tensor (MAT016)

Figure 5-13 shows the unconfined axial stress-strain behavior of the SPH concrete cube using
MATO16, for a strain rate of 0.25/s. The results are shown for particle spacings of 4, 8, 16, and
25 mm. The stress-strain behavior of the Lagrangian cube is also presented in Figure 5-13. The 4
and 8 mm particle spacings reasonably recovered the elastic modulus and elastic-plastic behavior
predicted using the Lagrangian cube, but the failure strain of the SPH cube is strongly dependent
on the chosen particle spacing; similar behavior was observed in the simulations of the

unconfined SPH cylinder presented in Section 5.2.1.

—Lagrangian —SPH, 16 mm—=SPH, 4 mm
SPH, 25 mm—SPH, 8§ mm

200/

Axial stress (MPa)

0 0.002 0.004 0.006 0.008 0.01
Strain (mm/mm)

Figure 5-13:Unconfined concrete cube behavior, MAT016, SR=0.25/s

The unconfined and confined stress-strain behavior of the SPH cube are presented in Figure 5-14
for a particle spacing of 8 mm. Confinement pressures of 0.1 MPa, 0.5 MPa, and 1 MPa were

considered. The unconfined behavior of the Lagrangian cube is also presented in Figure 5-14.
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The failure strains of the SPH cube are 0.0086, 0.0089, 0.0093 in/in for the unconfined case,
confining pressure of 0.1 MPa, and confining pressure of 0.5 MPa, respectively. As the confining
pressure on the SPH cube increases, the failure strain increases and eventually achieves elastic-
plastic behavior to large strains at a confining pressure of 1 MPa (2% of the compressive strength
of the concrete), similar to that of the Lagrangian cube. The confinement pressure of 1 MPa
results in a 6% increase in uniaxial compressive strength. According to Schwer (2008b), the
confining pressures at the interface between a projectile and target during impact are of the order
of 100 MPa (i.e., 100 times greater than the confining pressure required (=1 MPa) to predict
behavior similar to that of the Lagrangian formulation using MAT016).

——Lagrangian, unconfined —SPH, confined, 0.5 MPa
—SPH, unconfined —SPH, confined, 1 MPa
SPH, confined, 0.1 MPa
50 I — — I
] —_—

- //

= /

=30 /

2 /

=

22 /)

.8

Z10 /

OO 0.002 0.004 0.006 0.008 0.01

Strain (mm/mm)

Figure 5-14: Confined concrete cube behavior, MAT016, SR=0.25/s

5.2.3 Shear Failure Surfaces for Different Concrete Material Models

The shear failure surface, defined as the variation of von Mises stress or stress difference, SD , as
a function of the applied mean stress or pressure, P, can be obtained from a triaxial compression
testS, which is used to measure the compressive shear strength of concrete. The shear failure
surface can be calculated using equation (5-1) for material models MAT(072R3 and MATO016
(LSTC, 2012), and equation (5-2) for material model MAT159 (Murray et al., 2007a):

P
SD=a,+—— -
" a+aP (5-1)
SD=a-Aexp " +01, (5-2)

®The test specimen is loaded hydrostatically until a desired confining pressure is attained. After that point, the lateral
confining stress is held constant and the vertical stress is increased (Schwer et al., 2005).
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where a,, a,, and a, are parameters determined by a regression fit of equation (5-1) to available
test data, ¢, 4, f, and € are parameters determined by a regression fit of equation (5-2) to

available test data, and |, is the first invariant of the stress tensor defined as 3P .

The values of the parameters shown above in equations (5-1) and (5-2) are internally generated
by the material-model code, based on the user-specified uniaxial concrete compressive strength.
The values used to define the shear failure surfaces for material models MAT072R3, MATO16,
and MATI159 for a uniaxial concrete compressive strength of 45.6 MPa are presented in Table
5-3.

Table 5-3: Shear failure surface inputs, 45.6 MPa concrete

Material Model Values of input parameters
MATO072R3 a,=13.5 a,=0.4463 a,=1.77e-3 -
MATO16 a,=11.4 a,=0.3333 a,=7.04e-3 -
MATI159 a=15.89 A=10.5 B =1.93e-2 0=0.349

The generated shear failure surfaces for material models MATO072R3, MATO016, and MAT159
are presented in Figure 5-15. Although the surfaces intersect at a von Mises stress of 45.6 MPa
(unconfined compressive strength), the models have significantly different strengths at different
levels of mean stress. For a confining pressure of 100 MPa (defined by Schwer (2008b) to be a
representative level of confinement in penetration simulations), the shear strengths are 108 MPa,
174 MPa, and 210 MPa for MATO016, MATO072R3, and MAT159, respectively. The responses of
a concrete panel during impact loading are expected to vary as a function of the concrete model
used, due to these significant differences in shear strengths. A comparison of panel responses to

impact using the different material models is presented in Section 5.5.
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= | —MATI159
& 500 —MATO72R3
2 | —MATO16
2 400
o — =
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—
= 200 /
g |
100
> e
00 50 100 150 200 250 300 350 400

Pressure (MPa)
Figure 5-15: Shear failure surfaces, 45.6 MPa concrete
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5.3 Modeling Impact Simulations Using Axisymmetric Elements

5.3.1 Introduction

Data from the EPRI experiments (see Table 5-1) are used in this chapter to validate, in part, a
numerical model for impact analysis. Modeling of the EPRI experiments using an axisymmetric
SPH-Lagrangian finite element model, including contact, boundary conditions, element
formulations, strain rate effects, and equations of state for the concrete panel and steel pipe is
discussed in this section. Modeling of the 12-inch (305 mm) thick, and 18-inch (457 mm) and
24-inch (610 mm) thick panels is discussed in Sections 5.3.2 and 5.3.3, respectively. The thicker
panels (18- and 24-inches) are discussed separately from the 12-inch panels because different
modeling techniques are employed at the boundaries (e.g., axisymmetric solid elements), with

the goal of reducing the computational effort for the thicker panels.

5.3.2 12-inch panels (Test 10 and 11)

Increases in uniaxial compressive and tensile strengths due to strain rate was implemented using
Dynamic Increase Factors (DIFs). The DIFs in concrete in compression follow the CEB
formulation, and the Hao and Zhou formulation for concrete in tension (Dusenberry, 2010).
Equations (5-3) and (5-4) present the CEB equations for concrete in compression, where
Cees (€) is the ratio of dynamic to static strength, f is the dynamic compressive strength at

strain rate £ in the range of 30X 10° s™' to 300 s™', f_ is the static compressive strength at a

Cs

reference strain rate £, of 30x10° s, logY=6.156a-2, a=1/(5+9f /f,), and
f,, =1450 psi (Dusenberry, 2010).

¢ \1.026c

o ted _| €

Cees (€)= P —(8] £<30s™ (5-3)
L N\0.33

Cems (£) = Y(gij £>305" (5-4)

Equations (5-5), (5-6), and (5-7) present the Hao and Zhou equations for concrete in tension,
where T,,(€) is the ratio of dynamic to static strength and ¢ is the strain rate in the range of
30%10° s to 10° s™' (Dusenberry, 2010).
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T, (£)=1.0

£<10*s™ (5-5)
T, (£)=2.06+0.26log (&) 102 s <g<]s! (5-6)
T, (£)=2.06+2.0log (&) 1s'<£<10°s™ (5-7)

Figure 5-16 presents the DIFs as a function of strain rate. Positive and negative strain rate
indicate compression and tension, respectively. According to Bischoff et al. (1991), strain rates
observed in hard impact scenarios range from 1 s™' to 100 s™'; a range of +300 s~ was

considered in the impact simulations, reported here.

8
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Figure 5-16: Dynamic increase factors as a function of strain rate

The Johnson-Cook (JC) material model (MATO15) was used for the Schedule 40 pipe; yield
strength was set equal to 73 ksi. The Borvik et al. (2004) JC material parameters for 71 ksi steel
were used because values are not available for 73 ksi steel. Values of the parameters are
presented in Table 5-4, where A is yield stress, B and n are hardening coefficients, C is a
strain-rate coefficient, m is a softening coefficient, EPSO is a strain-rate hardening constant,
TM is melting temperature in Kelvin, TR is room temperature in Kelvin, and D1 through
D5 are fracture-strain constants. Although the slab reinforcement is expected to affect the global
behavior of the concrete panel, it will have minimal effect on local behavior (i.e., scabbing and
spalling of concrete), and so was ignored for the axisymmetric simulations. The pipe was given
an initial velocity using INITIAL VELOCITY GENERATION.
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Table 5-4: JC material constants for 71 ksi steel (adapted from Borvik et al., 2005)

A (psi) | 7.11E+04 m 0.94 D2 | 1.732

B (psi) | 1.17E+05 | TM (K) | 1800 | D3 | -0.54
n 0.73 EPSO | 5.00E-04 | D4 | -0.015
C 0.0114 DI 0.0705 | D5 0

SPH particles were used to represent the concrete panel and the pipe. The spacing of the concrete
particles, h,, is twice that of the spacing of the pipe particles, h,, to ensure that each particle has
the same mass, which provides for optimal transfer of momentum between two bodies consisting
of SPH particles (i.e., concrete panel and Schedule 40 pipe) with different material densities (i.e.,
concrete and steel) (Schwer, 2015). The steps for determining the relationship between h, and
h, are presented in equations (5-8) through (5-14) below. Setting the mass of a steel element,
m

equal to the mass of a concrete element, m provides a basis for the

element ,steel » element ,concrete >

calculations where p, is density of the steel in the Schedule 40 pipe, p, is the density of the
concrete in the panel, A .. and A, are the area of each concrete and steel element,
respectively (for SPH particles, it is the particle spacing squared), and h is the height of the
element, which is constant in the axisymmetric formulation. All other variables were defined

previously. These calculations assume the elements have equal lengths and widths.

m =m

element.steel — | element.concrete (5-8)
PpAseaN = P AvoncreeN (5-9)
PoPest = PoPuoncrere (5-10)
A.,=h?and A, _.=h’ (5-11)
p.h? = p.h)? (5-12)
P Ny

h’ (5-13)

P Ty

h_ [P _ 74464 )

h \p V224e-4 (5-14)
Figure 5-17a shows the axisymmetric model of 12-inch thick concrete panel and the pipe. If the

model is rotated about the axis of symmetry (labeled in Figure 5-17a), the axisymmetric model
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will approximately recover the panel and impacting pipe. The boundary conditions are not
recovered exactly but the effect is small because response is local to the point of impact. Two
columns of SPH particles constrained displacement in the Y-direction on the outer edge of the
panel (also labeled in Figure 5-17a) to simulate the pinned boundary condition imposed in the
experiments. Two columns were chosen to avoid stress concentrations at the boundary. The
default particle approximation theory (ELFORM=0 in LS-DYNA) was used for the SPH
particles. More information regarding the default particle approximation theory can be found in
Lacome (2000). The equation of state keyword EOS LINEAR POLYNOMIAL was activated
for the JC material model by setting the variable C1 equal to the bulk modulus of steel (2.3e7
psi). A full equation of state for metals is only required for modeling of hypervelocity impact or
shocks to account for the sudden pressure, temperature, energy, and density changes in front of
the shock wave (O’Toole et al., 2015) and so was not activated for these simulations. Monaghan-
type artificial viscosity was activated by setting the variable TAVIS to zero in the
*CONTROL _SPH keyword, which is required for axisymmetric simulations and variables Q1
and Q2 were set equal to one in the *CONTROL BULK VISCOSITY keyword per Liu et al.
(2003). A close-up view of the particles at the point of impact of the panel and the pipe is
presented in Figure 5-17b.

5.3.3 18- and 24-inch Panels (Test 3 and 8)

The axisymmetric models of the 18- and 24-inch thick panels are shown in Figure 5-18 and
Figure 5-19, respectively. The impact zone is modeled with SPH particles. The material models,
strain rate effects, particle spacing requirements (concrete particle spacing twice that of pipe
spacing), and element forms of the pipe and panel in the impact zone were those described
previously for the 12-inch panel (Section 5.3.2). Outside the impact zone, axisymmetric solid
elements are used for the concrete panel to reduce the computational demand; see Figure 5-18
and Figure 5-19 for details. The axisymmetric solid elements are 1 X 1 in (25.4 X 25.4 mm).
The 18-inch and 24-inch thick panels have 540 and 720 elements, respectively. The volume
weighted element form (ELFORM=15 in LS-DYNA) was used for the axisymmetric solid
elements. The area weighted element form (ELFORM=14 in LS-DYNA) is also available, but
this algorithm was developed (LSTC, 2012) to solve issues in the axisymmetric and spherically
symmetric formulations related to axisymmetric elements close to the line of symmetry.

Considering that the axisymmetric elements are far away from the line of symmetry, both
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Figure 5-17: Axisymmetric model, 12-inch thick panel

element forms will give the same results for the problem studied here (Schwer, 2015). A
limitation of solid and shell elements with a single integration point is the presence of hourglass
modes, which are nonphysical, zero-energy modes of deformation that produce zero strain and
zero stress (LSTC, 2012). In LS-DYNA, the keyword *CONTROL HOURGLASS or
*CONTROL BULK VISCOSITY can be activated to prevent hourglass modes by applying an
artificial stiffness or artificial viscosity to the affected element. The LS-DYNA Keyword User’s
Manual recommends the use of artificial stiffness and artificial viscosity for static/quasi-static
and dynamic/high velocity impact simulations, respectively (LSTC, 2012). The
*CONTROL BULK VISCOSITY keyword was activated and the variables Q1 and Q2 were set
to values of 1.5 and 0.06 (default values), respectively, for the axisymmetric solid elements; the
values of Q1 and Q2 for the SPH particles are the same as those described previously for the 12-
inch panel. Five nodes constrained displacement in the Y-direction on the outer edge of the solid
elements (see Figure 5-18 and Figure 5-19) to simulate the pinned boundary condition imposed

in the experiments.
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Figure 5-18: Axisymmetric model, 18-inch thick panel
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Figure 5-19: Axisymmetric model, 24-inch thick panel

simulation is the correct modeling of the interface between the two formulations (seen in Figure
5-20). The interface between the SPH particles and the axisymmetric solid elements in the
numerical model shown in Figure 5-20 is identified as the SPH-axisymmetric solid element

boundary.

A 3D beam model with a square cross section 1 X 1 in (25.4 X 25.4 mm) and a length of 39.4
in. (1000 mm) was created in LS-DYNA to investigate the behavior at a SPH-solid element
boundary and confirm modeling assumptions for the impact simulations. The 3D beam model is
used to investigate: 1) the propagation of compression waves (P-waves) in an elastic medium,
and 2) the behavior of these waves crossing the SPH-solid element boundary. The number of

SPH particles required to meet each solid element at a boundary to ensure complete transfer of
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the stress wave from one formulation to the other is identified and used for the subsequent
impact simulations. An LS-DYNA model of the beam consisting of Lagrangian solid elements,
shown in Figure 5-21a, is used first to simulate the propagation of a compression wave through
an elastic material. The results of this simulation are compared to a model of the beam in which
40 mm of solid elements are replaced with SPH particles, as shown in Figure 5-21b. An elastic
material model MATO01 was used for the SPH particles and the solid elements; the inputs are
density ( p=7.89x10° ton/mm?), elastic modulus (E=2.07x10° MPa), and Poisson’s ratio
(v=0.3). The LS-DYNA consistent units for mass, length, time, force, and stress, are ton,
millimeters, seconds, Newtons, and MPa, respectively. The beam was modeled with 0.25 X 0.25
X 0.16 in. (6.35 X 6.35 X 4 mm) solid elements, with a total of 4000 elements in the full
Lagrangian model (beam without SPH particles). SPH particle spacings of 6.4, 3.2, 1.6, and 1.05
mm, which correspond to 2, 3, 5, and 7 SPH particles coming into contact with each solid
element at the SPH-solid element boundary, respectively, were considered in the investigation;
an illustration of each boundary is presented in Figure 5-22. The constant stress formulation
(ELFORM=1 in LS-DYNA) and the default particle approximation theory (ELFORM=0 in LS-
DYNA) was wused for the solid elements and SPH particles, respectively. The
*CONTACT _TIED NODES TO SURFACE keyword was used to constrain the SPH particles

and the solid elements at the interface.

Y

SPH particles, X
pipe

o

SPH particles, :
panel '
Axisymmetric solid ’\
/ elements, panel SPH-axisymmetric
/ solid element
boundary

Figure 5-20: SPH-axisymmetric solid element boundary
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Figure 5-22: SPH-solid element boundaries in the beam model

model are presented in Table 5-5.

The left end of the beam is fixed in both models and an instantaneous pressure of 500 MPa is
applied to the free end of the beam at time zero using the keyword *LOAD SEGMENT SET;

see Figure 5-21a and Figure 5-21b. A summary of the simulations and a description of each

The movement of the stress wave was monitored at two locations along the length of the beam.
Monitoring points 1 and 2 (one on each side of the boundary) were used to monitor the stress
waves induced by the applied pressure, and are labeled in Figure 5-21a and Figure 5-21b.

Monitoring locations 1 and 2 are 651 and 922 mm from the free end, respectively.

Table 5-5: Beam simulations for SPH-solid element boundary investigation

Simulation | Beam model | SPH particle spacing Description
Solid Solid only Not applicable Lagrangian elements used
2P| Soha. SoH o4 solid clemen a th boundary
IPH | Sohd, SPH 32 Sold clementat the boundry
SPH | ol SPH 16 soid element at the boundry
POPH | Sohd, SPH 105 “old lement a the boundary.
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The axial stress histories for monitoring points 1 (element 737) and 2 (element 805) are shown in

Figure 5-23a and Figure 5-23b, respectively. The compression wave arrives at monitoring points




1 and 2 at 0.13 and 0.18 msec, respectively, which are consistent with one-dimensional wave
propagation theory calculations using a compression wave speed, C,, of 5.12% 10° mm/sec
(c, = \/m ) (Doyle, 1997). The amplitude of the compression wave upon arrival at the
monitoring locations is equivalent to the instantaneous pressure imposed on the free end at the
start of the simulation (=-500 MPa). The compression wave reaches the fixed end and is reflected
back with an amplitude of -1000 MPa, which reaches monitoring points 2 and 1 at 0.21 and 0.26
msec, respectively. The compression wave then travels to the free end, and is reflected back as a
tension wave with an amplitude of -500 MPa (-1000 MPa + 500 MPa = -500 MPa), which
reaches monitoring points 1 and 2, at 0.52 and 0.57 msec, respectively. Finally, the tension wave
travels to the fixed end and is reflected back as a tensile wave of the same amplitude (-500 MPa

+ 500 MPa = 0 MPa), reaching monitoring points 2 and 1, at 0.60 and 0.65 msec, respectively.

The axial stress histories in simulation 2SPH are in poor agreement with the results observed
using the model with all solid elements; a significant percentage of the wave is reflected back
once it reaches the boundary (see monitoring point 1 in Figure 5-23a at 0.15 msec), indicating a
need to increase the number of particles contacting each solid element. The axial stress histories
in simulations 3SPH, 5SPH, and 7SPH are in good agreement with the results observed using the
model with all solid elements; the results improve as the number of SPH particles contacting
each solid element are increased. Based on the results of this study, at least three particles should
contact each solid element to ensure adequate transfer of the propagating wave over the SPH-

solid element boundary.
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----2SPH----7SPH ----2SPH---- 7SPH:
i 0 0.1 0203040.50.60.70809 1 i 0 0.1020304050.60.70.809 1
Time (msec) Time (msec)
(a) Monitoring location 1, element 737 (b) Monitoring location 2, element 805

Figure 5-23: Axial stress histories for all simulations
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The same methods used above in the 3D beam simulations can be applied to the axisymmetric
formulation (i.e., the case where SPH particles meet axisymmetric solid elements). In the impact
models (shown in Figure 5-18 and Figure 5-19), the CONTACT 2D NODE TO SOLID TIED
keyword was used to constrain the SPH particles and the axisymmetric solid elements at the
interface. Particle spacings in the concrete of 10, 5, 4, 3, and 2 mm were considered in the impact
simulations to investigate mesh convergence, which correspond to approximately 3, 5, 6, 9 and
12 SPH particles contacting each axisymmetric solid element with dimensions of 25.4 X 25.4
mm (1 in. X 1 in.) at the boundary, respectively. The coarsest of these meshes used in the impact
simulations meets the requirements of having at least three SPH particles meeting each

axisymmetric solid element to ensure adequate transfer of the propagating wave.

5.4 Grid Convergence Index

Finite element analysis is a well-established numerical technique for calculating the response of
components and systems to mechanical and thermal loadings. These numerical techniques solve
coupled partial differential equations describing the physics of the problem by discretizing time
and space variables (Schwer, 2008a). Even though a numerical solution matches the
experimental results, discretization error still exists in the solution due to the choice of finite time
(i.e., time step) and space resolution (i.e., mesh size). Traditional methods of estimating
discretization error (i.e., Richardson Extrapolation) are available, but require the mesh to be
refined by a factor of two for each iteration (Schwer, 2008a). The Grid Convergence Index,
GCl, a method developed by Roache (1994) to estimate discretization error in a numerical
solution, does not require the mesh to be refined by a factor of two for each iteration. This allows
the user to reduce computational demand and show evidence of a converged mesh. Another
advantage of using the GCI is that the analytical solution, typically unknown for complex
simulations (i.e., blast and impact loading of concrete panels), is not required to estimate the

discretization error (Schwer, 2008a).

A metric, f, is established first, which is representative of the damage or a response parameter
being estimated (e.g., velocity, displacement, penetration depth). The value of this metric is
calculated for the three finest meshes, f,, f,, and f,, where f, represents the finest mesh and
f, represents the coarsest mesh. Perforation velocity was chosen here as the metric; penetration

depth was used when perforation did not occur. In this study, grid refinement ratios, r, defined
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as ry=h;/h and r,=h /h;, where h, h, and h_ are the i", j", and k™ mesh spacing
(h < hj <h,), were not constant. The grid refinement ratios must be greater than 1.3 (e.g.
r, =r, /1 >1.3) to obtain reasonable estimations of discretization error using the GCI (Schwer,

2008a).

The observed order of convergence, p, for the three mesh sizes is

p=‘1n|f32/ f21|+q(p)‘ (5-15)

Inr,,

where f; =f,—f and f,=f —f,, where f,, f,,and f_arethe i", j", and k" metric value
(Schwer, 2008a).

Equation (5-15) must be solved iteratively using a trial value for q(p)=0. A value for
g(p) corresponding to the trial value chosen for q(p) can be calculated using equations (5-16)
and (5-17). If the calculated value of gq(p) given by equation (5-16) matches the trial value input

with sufficient accuracy, the iterations have converged.
r,”—s
=In| 21—
a(p) (rﬂp_sJ (5-16)
s=sign(f,,/f,) (5-17)

The estimated discretization errors GCI,, and GCI,, can be predicted using equations (5-18)

and (5-19), respectively.

| &
Gclzl - FerZIp _IJ (5_18)
| &
GCI32—F{ - J (5-19)
r, —1

where €,, and e,, are the relative metric errors and are computed using equations (5-20) and
(5-21), respectively. The factor, F, is applied to the relative error and can be thought of as

representing a bound on the estimated relative error with 95% confidence (Schwer, 2008a).
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Roache (1994) examined numerous CFD calculations and determined that a value of 1.25 for F,

gave the best results for 95% of the cases he examined using the GCI .

€ = (5-20)

—|_3
e32 -

(5-21)

Based on the observed convergence rate and the results of the analysis using the two finest
meshes, an estimate of the numerically converged solution, f, *, can be computed using
equation (5-22). The converged numerical solution, CI
(5-23) with a 95% confidence level.

o5 » lies in the interval given by equation

f * r21pfl_f2
2 = L1 (5-22)
Cl, =[f,(1-GCl,)), f,(1+GCl,)] (5-23)

An asymptotic check value, AC, can be computed using equation (5-24) to determine the level
of convergence. A value near unity indicates that the calculated results from the simulations are

in the asymptotic regime.

GCl,,

C=——— -
r,,"GCl,, (5-24)

The GCl method is used hereafter to evaluate mesh discretization error in the impact

simulations.

5.5 Impact Simulations using Different Concrete Material Models

5.5.1 Introduction

EPRI Test 11 specifications (see Table 5-1 above) were used in this study to investigate wall
panel behavior as a function of the three concrete models available in LS-DYNA that are
compatible with the SPH formulation (i.e., MAT016, MATO072R3, and MAT159). In the Test 11
experiment, a 12-inch (305 mm) panel was impacted by a 12-inch (305 mm) diameter Schedule

40 pipe at a velocity of 98 fps (30 m/s). The compressive strength of the concrete in Test 11
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(=3600 psi (24.8 MPa)) was increased to 4500 psi (31 MPa) to accommodate the CSCM material
model in the simulations, which is applicable for uniaxial concrete compressive strengths
ranging from 4061 to 8412 psi (28 to 58 MPa) (Murray et al., 2007a). The values for the concrete
parameters describing the elastic and inelastic response of the concrete were generated internally
by each material-model code using only the uniaxial concrete compressive strength as input. The
shear failure surfaces for material models MAT016, MAT072R3, and MAT159 (described in
more detail in Section 5.2) are shown in Figure 5-24 for a uniaxial concrete compressive strength
of 4500 psi (31 MPa); the surfaces can be calculated for concrete material models MATO016 and
MATO072R3 using equation (5-1) and for MAT159 using equation (5-2). The parameters used to
generate the shear failure surfaces for each material model are presented in Table 5-6 (in units of
psi). Based on the generated shear failure surfaces, the results of the impact simulations using the
different concrete material models are expected to be different. For a confining pressure of
14500 psi (100 MPa) (defined by Schwer (2008b) to be a representative level of confinement in
impact and penetration problems), the shear strengths are 11400 psi (78.6 MPa), 21900 psi (151
MPa), and 25500 psi (155 MPa) for MATO016, MATO072R3, and MAT159, respectively. The
concrete material model MAT159 (MATO016) will provide the greatest (least) resistance to

penetration and perforation of the panel based on shear strength.
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Figure 5-24: Shear failure surfaces, 4500 psi (31 MPa) concrete
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Table 5-6: Shear failure surface inputs, 4500 psi (31 MPa) concrete, units of psi
Material model Values of the input parameters
MATO72R3 | a,=1330 | a,=0.4463 | a,=1.796x107 -

MATO016 a,= 1125 | a,=0.3333 | a,=7.407%x107 _
MATI159 a=2123 A=1524 B=133%x10* 0=0.2998

The simulations conducted in this section are summarized in Table 5-7. For each material model,
concrete particle spacings of 10, 5, 4, 3, and 2 mm were considered to achieve a converged mesh.

The numerical model used in the simulations is shown in Figure 5-17.

Table 5-7: Numerical simulations, MAT072R3, MATO016, and MAT159

: : Concrete mesh | Pipe mesh Concrete f.

Simulation . ! .
mm (in.) mm (in.) model MPa (psi)

1 10 (0.39) 5.35(0.21) | MATO72R3 | 31 (4500)

2 5 (0.20) 2.67(0.11) | MATO72R3 | 31 (4500)

3 4(0.16) 2.14(0.09) | MATO72R3 | 31 (4500)

4 3(0.12) 1.6 (0.06) | MATO72R3 | 31 (4500)

5 2 (0.08) 1(0.04) | MATO72R3 | 31 (4500)

6 10(0.39) | 5.35(021) | MATI59 | 31 (4500)

7 5 (0.20) 2.67(0.11) | MATI59 | 31 (4500)

8 4(0.16) 2.14(0.09) | MATI59 | 31 (4500)

9 3(0.12) 1.6 (0.06) | MATI59 | 31 (4500)

10 2 (0.08) 1(0.04) | MATI5O | 31 (4500)
11 10(0.39) | 5.35(021) | MATOI6 | 31 (4500)
12 5 (0.20) 2.67(0.11) | MATO16 | 31 (4500)
13 4(0.16) 2.14(0.09) | MATO16 | 31 (4500)
14 3(0.12) 1.6 (0.06) | MATO16 | 31 (4500)
15 2 (0.08) 1(0.04) | MATOI6 | 31 (4500)

The values of the input parameters for each material model are presented in Table 5-8 where p
is the mass density, G is the shear modulus, v is Poisson’s ratio, and f/ is concrete

(132

compressive strength. An in a cell indicates that it is not a required input parameter for that

material model.

Table 5-8: Input parameters for MAT072R3, MAT016, and MAT159

p g/mm’ G f/
(Ibf-s¥in) (X 10%) | MPa(ks) | ' | MPa (psi)
MATO27R3 | 2.17 (0.22) - 0.15 | 31 (4500)
MATO16 2.17(022) | 11462 (1662) | 0.15 | 31 (4500)
MAT159 2.17 (0.22) - = | 31(4500)
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For the purpose of this investigation, the tensile strength, f, was not specified for the
MATO072R3 material model because it is not an input parameter for MAT159 and MATO16. The
tensile strength will be internally generated by the concrete material model and is based on the
user specified concrete compressive strength. Equations (5-25) (Schwer, 2005), (5-26) (CEB,
1993), and (5-27) (LSTC, 2012) are used to calculate the tensile strength for MAT072R3,
MATI159, and MATO16, respectively. For a uniaxial compressive strength of 4500 psi (31 MPa),
the calculated tensile strengths for MAT072R3, MAT159, and MATO016 are 431 psi (2.9 MPa),
432 psi (3.0 MPa), 463 psi (3.2 MPa), respectively.

1/3
: (f)

f 2/3
= ¢k
fctm - fctkom[ kaoj (5-26)
1/3
f)°
f/=1.7 [QJ (5-27)
a‘O

where &, is a unit conversion factor: unity for f/ measured in standard English stress units of
is 1.40 MPa, f,, is 10

MPa, and f, is the specified characteristic compressive strength (in MPa).

psi, and 145 for MPa, f_ . is the mean tensile strength (in MPa), f

ctkom

The results of the impact simulations using the MAT072R3, MAT159, and MATO016 material
models are presented in Sections 5.5.2, 5.5.3, and 5.5.4, respectively. A comparison of panel

responses using the various concrete models is presented in Section 5.5.5.

5.5.2 Karagozian and Case Material Model (MATO072R3)

Results of simulations 1 through 5 (described in Table 5-7) are presented in this section. The
concrete mesh refinement study for these simulations is shown in Figure 5-25, using residual
pipe velocity (also termed the exit velocity) as the convergence criterion. Results are shown for
concrete particle spacings of 2, 3, 4, 5, and 10 mm; the pipe velocities begin to converge as the
mesh is refined. Results of the simulation using the finest mesh (2 mm) (simulation 5 in Table
5-7), are shown in Figure 5-26, 20 msec after impact. Spalling of the concrete on the front face

and perforation of the panel are shown in Figure 5-26a and Figure 5-26b, respectively.
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Figure 5-25: Pipe velocity histories, MAT072R3, 4500 psi (31 MPa) concrete

(a) Spalling of concrete and perforation
of panel
Figure 5-26: Simulation results, 20 msec, MAT072R3, 2 mm mesh, simulation 5, 4500 psi (31
MPa) concrete

(b) Perforation of panel

The monitoring points for lateral displacement on the back face of the panel are identified in
Figure 5-27 using solid black circles. The displacements are plotted every 381 mm (15 in) near
the supports and every 25.4 mm (1 in) near the point of impact (see Figure 5-27); this drawing is
not to scale. The lateral displacement of the back face of the panel over the duration of the
simulation is presented in Figure 5-28. The displacements are shown for the finest mesh (2 mm)

(i.e., simulation 5 in Table 5-7). The response is local to the point of impact, as expected.
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Figure 5-27: Description of panel back-face lateral displacements (not to scale)
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Figure 5-28: Panel back-face lateral displacement, MAT072R3, 2 mm mesh, simulation 5, 4500
psi (31 MPa) concrete

5.5.3 Continuous Surface Cap Material Model (MATI159)

Simulations 1 through 5 were re-analyzed in this section using the CSCM material model and
identified as simulations 6 through 10 in Table 5-7. Figure 5-29 shows the mesh refinement
study using the pipe velocity history as the convergence criterion. The results converge as the

mesh is refined. Figure 5-30 shows the simulation results using the finest mesh (2 mm) (see
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simulation 10 in Table 5-7), 20 msec after impact. Figure 5-30a and Figure 5-30b show spalling

of the concrete and perforation of the panel, respectively.
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Figure 5-29: Pipe velocity histories, MAT159, 4500 psi (31 MPa) concrete

IS R

(a) Spalling of concrete and perforation
of panel
Figure 5-30: Simulation results, 20 msec, MAT159, 2 mm mesh, simulation 10, 4500 psi (31
MPa) concrete

(b) Perforation of panel

Figure 5-31 shows the evolution of the panel back-face lateral displacement using the finest

mesh (2 mm) (i.e., simulation 10 in Table 5-7). The results show significant deformation of the

panel on the back face, opposite the point of impact.
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Figure 5-31: Panel back-face lateral displacement, MAT159, 2 mm mesh, simulation 10, 4500
psi (31 MPa) concrete

5.5.4 Pseudo Tensor Material Model (MAT016)

Results of simulations 11 through 15 (described in Table 5-7), are presented in this section. The
mesh refinement study is presented in Figure 5-32, using the residual pipe velocity as the
convergence criterion. The simulation using the finest mesh (2 mm) (i.e., simulation 15 in Table
5-7) is presented in Figure 5-33, 20 msec after impact. The full model and a close-up view of the
panel perforation are presented in Figure 5-33a and Figure 5-33b, respectively. Minimal concrete

spalling is seen in the simulation.
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Figure 5-32: Pipe velocity histories, MATO016, 4500 psi (31 MPa) concrete
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(a) Full model (b) Close up view of impact zone
Figure 5-33: Simulation results, perforation of panel, 20 msec, MATO016, 2 mm mesh, simulation
15, 4500 psi (31 MPa) concrete

The evolution of the panel back-face lateral displacement over time is presented in Figure 5-34.
The results are shown for the simulation using the finest mesh (2 mm) (i.e., simulation 15 in

Table 5-7). Significant deformation at the point of impact is seen.
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Figure 5-34: Panel back-face lateral displacement, MAT016, 2 mm mesh, simulation 15, 4500
psi (31 MPa) concrete

5.5.5 Comparison of Panel Responses using Different Material Models

The simulation results using the finest mesh (2 mm) for concrete material models MAT072R3

(simulation 5), MAT159 (simulation 10), and MATO016 (simulation 15) are compared in this
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section. The hydrostatic pressure fringes at the instant in time the conical plug starts to form
using MAT072R3, MAT159, and MATO16 are shown in Figure 5-35, Figure 5-36, and Figure
5-37, respectively; the plug is identified by black lines in the figures. The predicted hydrostatic
pressure ranges observed at the interface between the pipe and the panel are presented in Table
5-9 and are consistent with a confining pressure of 14500 psi (100 MPa), typically observed in
impact and penetration problems (Schwer, 2008b).

The conical plug forms at 1.29, 5.29, and 5.49 msec using material models MATO016, MAT159,
and MATO072R3, respectively. The concrete shear strength at a confinement level of 20600 psi
(142 MPa) (average of the maximum confinement pressures observed in Table 5-9) are 12200
psi (84.1 MPa), 34800 psi (240 MPa), and, 26200 psi (181 MPa) using material models
MATO016, MAT159, and MATO072R3, respectively. The formation of the conical plug occurs
much earlier using MATO016 (=1.29 msec), which is expected, because the shear strength of
MATO16 at the predicted level of confinement (=20600 psi (142 MPa)) is significantly less than
that of MATO072R3 and MAT159. Since the shear strength of MATO16 is considerably less, it is

expected to provides the least resistance to perforation of the three material models.
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Figure 5-35: Hydrostatic pressure fringes, MAT072R3, 4500 psi concrete, 5.49 msec, units of psi
(1 psi=0.0069 MPa)
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Figure 5-36: Hydrostatic pressure fringes, MAT159, 4500 psi concrete, 5.29 msec, units of psi
(1 psi=0.0069 MPa)
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Figure 5-37: Hydrostatic pressure fringes, MATO016, 4500 psi concrete, 1.29 msec, units of psi
(1 psi=0.0069 MPa)

Table 5-9: Ranges of hydrostatic pressure during impact, 4500 psi (31 MPa) concrete

Material model Hydrostatic pressure, psi (MPa)
MATO072R3 2300 to 19640 (15.9 to 135)
MATI159 2752 to 20000 (18.9 to 138)
MATO016 3580 to 22250 (24.7 to 153)

The pipe velocity histories are shown in Figure 5-38. The residual velocities using concrete
models MAT159, MATO072R3, and MATO016 are -77 in/sec (-1.9 m/sec), -105 in/sec (-2.7
m/sec), and -785 in/sec (-19.9 m/sec), respectively. The magnitudes of the residual velocities are
consistent with the predictions of perforation resistance using the generated shear failure surfaces

(see Figure 5-24). The model using MATO016 provides the least resistance to perforation and
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achieves the greatest residual velocity of the three material models. MAT159 provides the
greatest resistance to perforation and achieves the smallest residual pipe velocity. The predicted
residual velocity of the pipe using the MAT072R3 model is similar to that using the MAT159
model because the concrete shear strengths at the predicted level of confinement, 26200 psi and

34800 psi, respectively, are similar.

oH MA"‘F159 0
- ——MATO16
3 || —MAT072R3 //" @
E £
=] N
< 400 // -10 3
‘S / | 8
= 3
=800 / 20 2
o - /— -20 g
= =
£ / pF

-1200— 5-30
0 4 8 12 16 20

Time (msec)

Figure 5-38: Pipe velocity histories, all material models, 2 mm mesh, 4500 psi (31 MPa)
concrete

The panel back-face displacements, 20 msec after impact, using material models MATO072R3,
MATO16, and MAT159 are shown in Figure 5-39. Results are presented for the finest concrete
mesh used in each study (=2 mm). The predicted size of the conical plug was similar for all three

material models.
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Figure 5-39: Back-face panel displacements, 2 mm mesh spacing, 4500 psi (31 MPa) concrete
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5.5.6 Summary and Conclusions

EPRI Test 11 specifications (see Table 5-1) were used to investigate wall panel behavior as a
function of concrete models in LS-DYNA (i.e., MAT016, MATO072R3, and MAT159); the
concrete compressive was increased (=4500 psi (31 MPa)) from that specified in the physical test
(=3600 psi (24.8 MPa)). The shear failure surfaces were developed and used to make predictions
of panel resistance to perforation. The confining pressures at the interface between the pipe and
the panel at the instant in time that the conical plug formed on the back face were estimated for
all three material models. The order-of-magnitude of the pressures at the interface were
consistent with the values reported in Schwer (2008b) for impact simulations. The model based
on MATO016 (MAT159) provided the least (greatest) resistance to panel perforation, which is
consistent with the calculated shear failure surfaces.

5.6 Comparison of EPRI Test 11 Impact Simulations using Different Concrete Material
Models

5.6.1 Introduction

In this section, EPRI Test 11 (see Table 5-1) is simulated using MAT016 and MATO072R3; the
reported uniaxial concrete compressive strength (=3600 psi (24.8 MPa)) was used for the
simulations. The values for the concrete parameters describing the elastic and inelastic response
of the concrete were generated internally by the material-model codes using only the uniaxial
concrete compressive strength as input. The CSCM material model was not used for these
calculations because the concrete strength (=3600 psi (24.8 MPa)) falls outside the bounds (4061
psi to 8412 psi (28 MPa to 58 MPa)) identified by Murray et al. (2007a) for parameter
generation. Table 5-10 presents the simulations performed in this study. Simulations were
conducted for concrete particle spacings of 3, 4, 5, and 10 mm to study mesh convergence. The

numerical model used in the simulations is shown in Figure 5-17.

The values of the parameters for each material model are presented in Table 5-11, where p is
the mass density, G is the shear modulus, v is Poisson’s ratio, and f, is concrete compressive

(Y32

strength. An “-” in a cell indicates that it is not a required input for that material model.
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Table 5-10: Numerical simulations, MAT072R3 and MATO016

. : Concrete mesh | Pipe mesh Concrete f,
Simulation . : )
mm (in.) mm (in.) model MPa (psi)
1 10 (0.39) 5.35(0.21) | MATO72R3 | 24.8 (3600)
2 5(0.20) 2.67 (0.11) | MATO72R3 | 24.8 (3600)
3 4(0.16) 2.14(0.09) | MATO72R3 | 24.8 (3600)
4 3(0.12) 1.6 (0.06) | MATO72R3 | 24.8 (3600)
5 10 (0.39) 5.35(0.21) MATO016 | 24.8 (3600)
6 5 (0.20) 2.67(0.11) | MATO16 | 24.8 (3600)
7 4(0.16) 2.14(0.09) | MATO16 | 24.8 (3600)
8 3(0.12) 1.6 (0.06) | MATO16 | 24.8 (3600)

Table 5-11: Input parameters for MAT072R3 and MATO016

p g/mm’ G f)
(Ibf:s¥in) (x 10%) | MPa(ksi) | © | MPa (psi)
MATO027R3 2.17 (0.22) - 0.15 | 24.8 (3600)
MATO16 2.17 (0.22) 4600 (667) | 0.15 | 24.8 (3600)

The shear failure surfaces for concrete material models MAT072R3 and MATO016 are presented
in Figure 5-40, calculated using equation (5-1). The input for the generation of these surfaces is
presented in Table 5-12, in units of psi. The impact simulations of Section 5.5, which
investigated the behavior of the panel as a function of different material models for EPRI Test 11
predicted a maximum confinement pressure on the order of 20300 psi (140 MPa) (see Table 5-9)
for MAT072R3 and MATO16. For this confining pressure, Figure 5-40 predicts concrete shear
strengths of 23600 psi (163 MPa) and 10100 psi (70 MPa) for MAT072R3 and MATOI6,
respectively. Since the concrete shear strength of MATO072R3 is approximately twice that of
MATO16, the MAT072R3 material model is expected to provide greater resistance to perforation

and predict a smaller residual velocity, if perforation occurs, than the MATO016 material model.

The tensile strength of concrete is generated internally by the material model and is based on the
user-specified value of concrete compressive strength. For a compressive strength of 3600 psi
(24.8 MPa), the tensile strengths for MAT072R3 and MATO16 are 371 psi (2.6 MPa) and 399
psi (2.8 MPa), respectively, calculated using equations (5-25) and (5-27), respectively.

Table 5-12: Shear failure surface inputs, 3600 psi (24.8 MPa) concrete, units of psi

Material model Values of the input parameters
MATO072R3 a,= 1064 a,=0.4463 a,=2.24x107
MATO16 a,= 900 a,=0.3333 a,=9.26x10°
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Figure 5-40: Shear failure surfaces, 3600 psi (24.8 MPa) concrete

5.6.2 Karagozian and Case Material Model (MAT072R3)

The results of simulations 1 through 4 (see Table 5-10) are presented in this section The concrete
mesh refinement study for these simulations is shown in Figure 5-41. Residual pipe velocity is
used as the convergence criterion. The pipe velocity begins to converge as the mesh is refined.
Simulation results using the finest mesh (3 mm) are presented in Figure 5-42, 20 msec after

impact. Spalling of the concrete on the front face and perforation of the panel are shown in

Figure 5-42a and Figure 5-42b, respectively.
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Figure 5-41: Pipe velocity histories, Test 11, MAT072R3, 3600 psi (24.8 MPa) concrete
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(a) Concrete spalling and perforation of panel (b) Perforation of panel
Figure 5-42: Simulation results, 20 msec, Test 11, MATO072R3, 3 mm mesh, simulation 4

Results are summarized in Table 5-13. Perforation (P) was predicted in all of the simulations but
was not observed in the experiment. Based on the results of the analysis using the finest mesh (3
mm, simulation 4), the numerical model predicts the front face crater diameter reasonably well,
but overpredicts the back face crater diameter by 41%. The conical plug diameter is not
presented for these simulations because the panel was perforated. The evolution of panel back-
face lateral displacement is presented in Figure 5-43 (simulation 4). The back-face displacement

monitoring locations are presented in Figure 5-27.

Table 5-13: Summary of results, Test 11, MAT072R3
- Concrete mesh spacing mm (in.)
3(0.12) 4(0.16) | 5(0.20) | 10(0.39) | Experiment

P P P P 114 (4.5)

Penetration depth,
mm (in.)

Front face crater
diameter, mm (in.)
Conical plug
diameter, mm (in)
Back face crater
diameter, mm (in.) 1829 (72) | 1372 (54) | 1829 (72) | 762 (30) | 1295 (51)
Residual pipe -10.6 -11.7 -6.7 -9.5
velocity, m/s (in./sec) (-416) (-460) (-262) (-373)

457 (18) | 457 (18) | 457 (18) | 457 (18) | 570 (18.5)

] ] ] - 787 (31)
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Figure 5-43: Panel back-face lateral displacement, Test 11, MAT072R3, 3 mm mesh, simulation
4

5.6.3 Pseudo Tensor Material Model (MAT016)

Simulations 1 through 4 were revisited in this section using the MATO016 material model, and are
identified as simulations 5 through 8 in Table 5-10. A mesh refinement study was conducted and
results are presented in Figure 5-44. The pipe velocities converge as the mesh is refined. Figure
5-45 shows results of the simulation using the finest mesh (3 mm, simulation 8), 20 msec after
impact. Spalling of concrete and perforation of the panel are shown in Figure 5-45a and Figure

5-45b, respectively.
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Figure 5-44: Pipe velocity histories, Test 11, MATO016, 3600 psi (24.8 MPa) concrete
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(a) Concrete spalling and perforation of panel (b) Perforation of panel
Figure 5-45: Simulation results, 20 msec, Test 11, MATO016, 3 mm mesh, simulation 8

Table 5-14 presents the results of the simulations and the experiment; perforation (P) of the panel
was predicted in all four numerical simulations but was not observed in the experiment. The
simulation results are presented for the complete panel. Based on the results of the finest mesh (3
mm), the front and back face crater diameters are in reasonable agreement with the results of the
experiment; the conical plug diameter is not reported for the numerical simulations because the
panel was perforated. Figure 5-46 shows the evolution of the panel back-face lateral
displacement for the simulation using the finest mesh (3 mm, simulation 8). Significant local

deformation at the point of impact is observed.

Table 5-14: Summary of results, Test 11, MATO016
Concrete mesh spacing mm (in.)
3(0.12) | 4(0.16) | 5(0.20) | 10(0.39) | Experiment

P P P P 114 (4.5)

Penetration depth,
mm (in.)

Front face crater
diameter, mm (in.)
Conical plug
diameter, mm (in)
Back face crater
diameter, mm (in.) 1372 (54) | 1270 (50) | 1067 (42) | 1118 (44) | 1295 (51)
Residual pipe -17.8 -17.8 -17.8 -17.8
velocity, m/s (in./sec) (-700) (-700) (-700) (-700)

457 (18) | 508 (20) | 508 (20) | 457 (18) | 570 (18.5)

] ] ] - 787 (31)
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Figure 5-46: Panel back-face lateral displacement, Test 11, MAT016, 3 mm mesh, simulation 8

5.6.4 Summary and Conclusions

The EPRI Test 11 experiment was simulated in this section using the MAT072R3 and MATO016
material models. The values of the parameters used to define the elastic and inelastic response of
the concrete were internally generated using the user-defined uniaxial concrete compressive
strength as input. The two material models estimated the tensile strength of the concrete to be
approximately 10% of the uniaxial compressive strength. Mesh refinement studies were
conducted using the residual pipe velocity as the convergence criterion. Simulations using both
material models predicted perforation of the panel, which was not observed in the experiment.
Further, MATO072R3 did not accurately predict the damage to the back face of the panel. The
poor agreement between the predicted and observed damage prompted an investigation of the
effects of concrete compressive and tensile strength on the impact resistance of reinforced

concrete panels, which are presented next.

5.7 Effect of Concrete Compressive Strength on Impact Resistance

A study was conducted using the MAT072R3 material model to investigate the effect of uniaxial
unconfined concrete compressive strength on panel response. Test 11 (12-inch (305 mm) panel
impacted by a 12-inch (305 mm) Schedule 40 pipe at a velocity of 98 fps (30 m/s) was used as
the basis for the calculations. Concrete compressive strengths of 2000 psi (13.8 MPa), 3000 psi
(20.7 MPa), 3500 psi (24.1 MPa), 4000 psi (27.6 MPa), 4500 psi (31.0 MPa) and 6000 psi (41.4

MPa) were considered. The tensile strength of the concrete was held constant for all analyses at
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450 psi (3.1 MPa): 7.5% to 22.5% of the concrete compressive strength. A summary of the

numerical simulations performed in this study is presented in Table 5-15.

The shear failure surface for these six values of unconfined compressive strength as a function of
confining (hydrostatic) pressure are presented in Figure 5-47, calculated using equation (5-1).
The values of the input parameters for the generation of these surfaces are presented in Table
5-16; the values are in units of psi. The application of a confining (hydrostatic) pressure
substantially increases the shear strength of the concrete. For a given confining pressure, an
increase in the uniaxial compressive strength (see legend in Figure 5-47) will lead to an increase
in concrete shear strength. Table 5-17 presents shear strength data for a confining pressure of
19640 psi (135 MPa): the hydrostatic pressure calculated in Section 5.5.5 at the contact surface
between a pipe and a reinforced concrete panel, at the instant a conical plug has formed. At this
confining pressure, a three-fold increase in uniaxial compressive strength will lead to an 80%
increase in shear strength. The impact resistance of a panel will improve with an increase in the

uniaxial compressive strength of the concrete.

The pipe velocity history for each compressive strength is presented in Figure 5-48. Mesh
convergence studies were conducted for each value of compressive strength; the pipe velocity
histories for compressive strengths of 2000 psi (13.8 MPa), 3000 psi (20.7 MPa), 3500 psi (24.1
MPa), 4000 psi (27.6 MPa), 4500 psi (31.0 MPa), and 6000 psi (41.4 MPa) are presented in
Figures C1 through C6 (in Appendix C), respectively. The estimated rates of convergence and
values of GCI for each compressive strength are presented in Table C-1 in Appendix C. The
results for the simulations using a concrete compressive strength of 3000 psi were discarded
because the residual pipe velocities did not converge as the mesh was refined (see Figure C-2).
The particle spacing of 3 mm used in the simulation with a concrete compressive strength of
4000 psi was discarded because the results were significantly different from those with other
particle spacings (see Figure C-4). The converged mesh size used for each value of compressive
strength is presented in the legend in Figure 5-48. The pipe did not perforate the panel for
concrete compressive strengths of 4500 psi (31.0 MPa) and 6000 psi (41.4 MPa). Residual pipe
velocities of -26 fps (-8 m/s), -12 fps (-3.7 m/s), and -9 fps (-2.7 m/s) were predicted for the
panels with compressive strengths of 2000 psi (13.8 MPa), 3500 psi (24.1 MPa), and 4000 psi
(27.6 MPa), respectively. The results of the simulations suggest that unconfined compressive

strength has a significant effect on penetrability of a panel.
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Table 5-15: Numerical simulations, MAT072R3, concrete compressive strength

. : Concrete mesh | Pipe mesh f) f/

Simulation s i . .
mm (in.) mm (in.) MPa (psi) | MPa (psi)

1 10 (0.39) 5.35(0.21) | 13.8 (2000) | 3.1 (450)
2 5(0.20) 2.67(0.11) | 13.8 (2000) | 3.1 (450)
3 4(0.16) 2.14(0.09) | 13.8(2000) | 3.1 (450)
4 3(0.12) 1.6 (0.06) | 13.8 (2000) | 3.1 (450)
5 2(0.08) 1(0.04) | 13.8(2000) | 3.1 (450)
6 10 (0.39) 535 (0.21) | 20.7 (3000) | 3.1 (450)
7 5(0.20) 2.67(0.11) | 20.7 (3000) | 3.1 (450)
8 4(0.16) 2.14(0.09) | 20.7 (3000) | 3.1 (450)
9 3(0.12) 1.6 (0.06) | 20.7 (3000) | 3.1 (450)
10 2 (0.03) 1(0.04) | 20.7 (3000) | 3.1 (450)
1 10 (0.39) 535 (0.21) | 24.1 (3500) | 3.1 (450)
12 5 (0.20) 2.67(0.11) | 24.1 (3500) | 3.1 (450)
13 4(0.16) 2.14(0.09) | 24.1 (3500) | 3.1 (450)
14 3(0.12) 1.6 (0.06) | 24.1 (3500) | 3.1 (450)
15 2 (0.08) 1(0.04) | 24.1(3500) | 3.1 (450)
16 10 (0.39) 535 (0.21) | 27.6 (4000) | 3.1 (450)
17 5 (0.20) 2.67(0.11) | 27.6 (4000) | 3.1 (450)
8 4(0.16) 2.14(0.09) | 27.6 (4000) | 3.1 (450)
19 3(0.12) 1.6 (0.06) | 27.6 (4000) | 3.1 (450)
20 2 (0.08) 1(0.04) | 27.6 (4000) | 3.1 (450)
21 10 (0.39) 535(0.21) | 31.0 (4500) | 3.1 (450)
2 5 (0.20) 2.67(0.11) | 31.0 (4500) | 3.1 (450)
23 4(0.16) 2.14(0.09) | 31.0 (4500) | 3.1 (450)
24 3(0.12) 1.6 (0.06) | 31.0 (4500) | 3.1 (450)
25 10 (0.39) 535(0.21) | 41.4 (6000) | 3.1 (450)
26 5 (0.20) 2.67(0.11) | 41.4 (6000) | 3.1 (450)
27 4(0.16) 2.14(0.09) | 41.4 (6000) | 3.1 (450)
28 3(0.12) 1.6 (0.06) | 41.4 (6000) | 3.1 (450)
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Figure 5-47: MATO072R3 shear failure surfaces for different concrete compressive strengths

Table 5-16: Shear failure surface inputs, MATO072R3, units of psi

f' (psi) Values of the input parameters
2000 | a,=591 | a,=0.4463 | a,=4.04x10%
3000 | a,=887 | a,=0.4463 | a,=2.69% 10"
3500 | a,=1040 | a,=0.4463 | a,=2.31x10?
4000 | a,=1180 | a,=0.4463 | a,=2.02x 107
4500 | a,=1330 | a,=0.4463 | a,=1.80x 107
6000 | a,=1770 | a,=0.4463 | a,=1.35x 107

Table 5-17: Concrete shear strengths for different uniaxial unconfined concrete compressive
strengths at a confining pressure of 19640 psi (135 MPa), MAT(072R3
r 2000 | 3000 3500 | 4000 | 4500 6000
fe , psi (MPa) (13.8) | 20.7) | 24.1) | 27.6) | 31.0) | (41.4)
Concrete shear 16400 | 21000 | 22900 | 24500 | 25900 | 29400
strength, psi (MPa) | (113.1) | (144.8) | (157.9) | (168.9) | (178.6) | (202.7)
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Figure 5-48: Pipe velocity histories for different concrete compressive strengths

5.8 Effect of Concrete Tensile Strength on Impact Resistance

The effect of concrete tensile strength on panel impact resistance was investigated using
MATO072R3 and EPRI Test 11: 12-inch (305 mm) panel normally impacted by a 12-inch (305
mm) Schedule 40 pipe at a velocity of 98 fps (30 m/s). The concrete compressive strength was
held constant for this study at a value of 3600 psi (24.8 MPa) to investigate the effect of tensile
strength of concrete. Tensile strengths of 180 psi (1.24 MPa), 360 psi (2.48 MPa), 540 psi (3.72
MPa) and 720 psi (4.96 MPa) were studied, which correspond to 5%, 10%, 15%, and 20% of the
concrete compressive strength, respectively, and 3, 6, 9, and 12 \/ft' , respectively. Table 5-18

lists the numerical simulations performed in this study.

The pipe velocity history for each tensile strength is presented in Figure 5-49. The mesh
convergence study for each tensile strength is presented in Appendix C; the pipe velocity
histories for tensile strengths of 180 psi (1.24 MPa), 360 psi (2.48 MPa), 540 psi (3.72 MPa), and
720 psi (4.96 MPa) are presented in Figures C-7, C-8, C-9, and C-10, respectively. The
converged mesh size for each tensile strength is shown in the legend in Figure 5-49. The
estimated rates of convergence and values of GCI for each tensile strength are presented in
Table C-2 in Appendix C. The pipe did not perforate the panel for tensile strengths of 540 psi
(3.72 MPa) and 720 psi (4.96 MPa). The residual pipe velocities for the panels with a tensile
strength of 180 psi (1.24 MPa) and 360 psi (2.48 MPa) were -52 fps (-16 m/s) and -29 fps (-8.8
m/s), respectively. The results indicate that concrete tensile strength has a very significant effect

on the impact resistance of concrete panels.
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Table 5-18: Numerical simulations, MAT072R3, concrete tensile strength

. : Concrete mesh | Pipe mesh f, f/
Simulation . : ) )

mm (in.) mm (in.) MPa (psi) | MPa (psi)

1 10 (0.39) 5.35(0.21) | 24.8 (3600) | 1.24 (180)

2 5(0.20) 2.67 (0.11) | 24.8 (3600) | 1.24 (180)

3 4 (0.16) 2.14 (0.09) | 24.8 (3600) | 1.24 (180)

4 3(0.12) 1.6 (0.06) | 24.8 (3600) | 1.24 (180)

5 2 (0.08) 1(0.04) |24.8(3600) | 1.24 (180)

6 10 (0.39) 5.35(0.21) | 24.8 (3600) | 2.48 (360)

7 5(0.20) 2.67 (0.11) | 24.8 (3600) | 2.48 (360)

8 4 (0.16) 2.14 (0.09) | 24.8 (3600) | 2.48 (360)

9 3(0.12) 1.6 (0.06) | 24.8 (3600) | 2.48 (360)

10 2 (0.08) 1(0.04) |24.8(3600) | 2.48 (360)

11 10 (0.39) 5.35(0.21) | 24.8 (3600) | 3.72 (540)

12 5(0.20) 2.67 (0.11) | 24.8 (3600) | 3.72 (540)

13 4(0.16) 2.14 (0.09) | 24.8 (3600) | 3.72 (540)

14 3(0.12) 1.6 (0.06) | 24.8 (3600) | 3.72 (540)

15 10 (0.39) | 5.35(0.21) | 24.8 (3600) | 4.96 (720)

16 5(0.20) 2.67 (0.11) | 24.8 (3600) | 4.96 (720)

17 4(0.16) 2.14 (0.09) | 24.8 (3600) | 4.96 (720)

18 3(0.12) 1.6 (0.06) | 24.8 (3600) | 4.96 (720)
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Figure 5-49: Pipe velocity histories for different concrete tensile strengths

5.9 EPRI Impact Simulations and Validation of Numerical models for Wind-borne Missile
Impact

5.9.1 Introduction
The following subsections present results of axisymmetric simulations of the EPRI impact tests
listed in Table 5-1. Modeling in LS-DYNA, including element formulations, strain rate effects,
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material models, and SPH particle spacing requirements for the pipe and panels are those
presented in Section 5.3. Figure 4-8 identifies the terminology used to evaluate the performance
of the panels and is used as a basis for the comparison of results from numerical predictions and
experiments. Discretization error in the numerical models is evaluated using GCI . The material
model MAT(072R3 was used for these simulations, and the tensile strength of concrete was set

equal to 15% of the unconfined uniaxial compressive strength.

5.9.2 Test 11

5.9.2.1 Introduction

In EPRI Test 11, a 743 1b (337 kg) Schedule 40 pipe normally impacted a 12-inch (305 mm)
panel wall at a velocity of 98 fps (30 m/s). The missile penetrated the target and caused scabbing
on the back (non-impact) face of the panel. Table 5-19 lists the simulations performed.
Simulations were conducted for a particle spacing of 3, 4, 5, and 10 mm to study mesh

convergence. The axisymmetric model used in the simulations is that described in Figure 5-17.

Table 5-19: Numerical simulations, MAT072R3, Test 11

. . Concrete mesh | Pipe mesh f) f/
Simulation s ) i )
mm (in.) mm (in.) MPa (psi) | MPa (psi)
1 10(0.39) | 5.35(0.21) | 24.8 (3600) | 3.7 (540)
2 5 (0.20) 2.67(0.11) | 24.8 (3600) | 3.7 (540)
3 4(0.16) 2.14(0.09) | 24.8 (3600) | 3.7 (540)
4 3(0.12) 1.6 (0.06) | 24.8 (3600) | 3.7 (540)

5.9.2.2 Simulation Results

Figure 5-50a shows simulation results 20 msec after impact. Results are presented for the finest
mesh (3 mm), which corresponds to simulation 4 in Table 5-19. Spalling (ejecta) of the concrete
on the front face and local deformation on the back face, opposite the point of impact, is
apparent. Figure 5-50b through Figure 5-50d show the formation of the conical plug at 10, 15,

and 20 msec after impact, respectively.

The numerically predicted damage to the panel is presented in Table 5-20 for concrete particle
spacings of 3, 4, 5, and 10 mm: penetration depth, front- and back-face crater diameters, conical
plug diameter, and perforation velocity (if applicable) are reported. The results of the simulation

are presented for the entire panel. The damage to the panel observed in the experiment is
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presented in the last column of Table 5-20. Based on the results of the finest mesh (3 mm), the
numerical model reasonably reproduces the front- and back-face plug diameters. The penetration
depth measured in the experiment was underpredicted by a factor of three using the finest (3
mm). Since the 3 and 4 mm meshes recovered the same penetration depth (the metric used to
estimate discretization error in the meshes where perforation did not occur), the numerical
simulation is assumed to have converged. The GCIl is not an appropriate metric in this case
because the order of convergence (see equation (5-15)) is undefined: the difference between

metrics, f, and f, defined as f,,, is zero.

21

(a) Spalling of concrete on front face at 20 (b) Conical plug at 10 msec
msec

(c) Conical plug at 15 msec (d) Conical plug at 20 msec
Figure 5-50: Simulation results, Test 11, 3 mm mesh, simulation 4

Figure 5-51 presents the pipe velocity histories for particle spacings of 3, 4, 5, and 10 mm; the
results converge as the mesh is refined. The evolution of the panel back-face displacement over
the duration of the simulation is shown in Figure 5-52 using a particle spacing of 3 mm

(simulation 4). The panel displacement indicates local response only, near the point of impact.
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Table 5-20: Results summary, Test 11

Pipe velocity (in/sec)

Distance below top of panel (in.)

Concrete particle spacing mm (in.)

3(0.12) 4 (0.16) 5(0.20) 10 (0.39) | Experiment
Penetration depth, 38.1 (1.5) | 38.1(1.5) | Perforation | Perforation | 114 (4.5)
mm (in.)
Front face crater
diameter, mm (in.) 431 (17) | 431 (17) 406 (16) 406 (16) | 570 (18.5)
Conical plug diameter,
mm (in.) 813 (32) | 813(32) | 1143 (45) | 1219 (48) 787 (31)
Back face crater
diameter, mm (in.) 813 (32) | 813(32) | 1143 (45) | 1219 (48) | 1295(51)
Residual pipe
velocity, m/s (in./sec) i ) -1.2(-48) | -0.6(-24) )
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Figure 5-51: Pipe velocity histories, Test 11
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Figure 5-52: Panel back-face lateral displacement, Test 11, 3 mm mesh, simulation 4
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5.9.2.3 Impact Force and Energy Balance using the SPH Formulation

The impact force from simulation 4 (Table 5-19) was evaluated using the SPHOUT and
MATSUM options in the ASCII output files. The predicted forces were multiplied by 27z to

obtain the total force.

Figure 5-53 presents the SPH impact force history from the SPHOUT output. The corresponding
maximum force is 13.5 kips (=2.15x2x kips), which is significantly different from the
experimental value of 360 kips reported in Chapter 4. The impact forces were also checked twice
using MATSUM output: 1) multiplying the acceleration time history by the mass of the Schedule
40 pipe, and 2) differentiating the momentum of the concrete panel and Schedule 40 pipe. Figure
5-54 shows the rigid body acceleration history of the Schedule 40 pipe for the first 20 msec of
the simulation. The maximum deceleration (=776.4g) occurs at approximately 1 msec, which is
the time at which the pipe contacts the panel. Multiplying this value by the mass of the pipe in
the axisymmetric simulation (=3.67 slugs), gives a maximum force of approximately 578 kips

(=92 %27 kips), which overpredicts the 360 kips calculated in the experiment.

Figure 5-55 shows the momentum history of the concrete panel and the Schedule 40 pipe.
Differentiating these histories gives the impact-force history of both parts and these are shown in
Figure 5-56. The maximum impact force on the panel and the Schedule 40 pipe are 1005 kips
and 616 kips, respectively. The impact force predicted using the product of the mass of the pipe
and the acceleration history (=578 kips) is similar to that predicted by differentiating the
momentum of the Schedule 40 pipe (=616 kips).

The impact force obtained from the SPHOUT of 13.5 kips is a factor of 43 smaller than the
impact force computed from the MATSUM results (=578 kips) and both predictions are
significantly different from that calculated from the experimental data (=360 kips). Since, the
maximum impact force predicted in the Lagrangian simulation is similar to that calculated in the

experiment (see Figure 4-14), forces output from the SPH calculations are incorrect.
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The energy calculations from the axisymmetric simulation are presented in Figure 5-57. The
kinetic and internal energies of the Schedule 40 pipe and panel are presented. The initial energy
in the system is the kinetic energy of the Schedule 40 pipe (KE, = 0.5mv?). In this case, the
mass, M, is 16% (57.29°/360°) of the total mass of the Schedule 40 pipe (= 22.94 slugs), and v
is the velocity of the pipe at impact (= 98 ft/sec). The kinetic energy of the pipe was calculated as

17,630 Ib-ft (or 211,556 Ib-in per Figure 5-57).

250000 ‘
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C)
£ 150000 \
=
en
5 100000
(==
8]
50000
0 T o T P AT
; 2 10 12 14

Time (msec)
Figure 5-57: Energy plot, Test 11, simulation 4

The numerically predicted values of energy of Figure 5-57 are presented in Table 5-21, where

IE,., and IE . are the internal energies of the wall and pipe, respectively. In this case, the total

pipe
energy, E,, should recover the initial kinetic energy of the pipe. The results show that 71% of the
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energy is unaccounted for in the SPH simulation and the energy dissipated due to bulk viscosity

is not the source of the energy imbalance.

Table 5-21: Numerically predicted energy values, Test 11, simulation 4
KE jine IE IE . E,
| Energy (Ib-in) | 211,556 | 40,900 | 21,300 | 62,200

wall

The SPH-based calculation of impact force and energies are clearly incorrect. In the next section,
the robustness of the SPH formulation for impact simulations and predictions of damage is

demonstrated using two independent analyses.

5.9.2.4 Robustness of the SPH Formulation for Impact Analysis

5.9.2.4.1 Introduction

The impact forces and energy histories presented in Section 5.9.2.3 for the SPH-simulation of
EPRI Test 11 (see Section 5.9.2), were dramatically different from those calculated using the
Lagrangian formulation (see Section 4.3.2). To demonstrate the robustness of the SPH
formulation, aside from the calculations of local force and energies, results of SPH and

Lagrangian analyses are presented here.

5.9.2.4.2 Elastic Impact of an Annular Pipe on a Rigid Plate

A 3D model of a 12-inch (305 mm) diameter Schedule 40 pipe and a 40 in x 40 in (1016 mm x
1016 mm) rigid plate was built to predict impact forces on a rigid plate. Simulations were
performed using a) Lagrangian elements, and b) SPH particles for the Schedule 40 pipe to
determine if the force histories on the rigid plate were similar. The models of the Lagrangian
pipe and SPH pipe are presented in Figure 5-58 and Figure 5-59, respectively. The elastic
material model MATO001 was used for the SPH particles and the solid elements in the Schedule
40 pipe; the inputs are density (p=7.41x10* Ib-sec’/in* (7919 kg/m’)), elastic modulus
(E=2.9x107 psi (2.0x10° MPa)), and Poisson’s ratio (v=0.3). The rigid material model
MATO020 was assigned to the shell elements of the rigid plate. The Schedule 40 pipe was
modeled with 0.25 in x 0.25 in (6.35 mm x 6.35 mm) solid elements in the impact zone and
0.25 in x 3 in (6.35 mm x 76.2 mm) elements, elsewhere (see Figure 5-58). The plate was
modeled with 2 in x 2 in (50.8 mm x 50.8 mm) shell elements. An SPH particle spacing of 0.2
in (5.08 mm) was used for the Schedule 40 pipe (see Figure 5-59). The constant stress
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formulation (ELFORM=1 in LS-DYNA), the default particle approximation theory
(ELFORM=0 in LS-DYNA), and the Belytschko-Tsay formulation (ELFORM=2 in LS-DYNA)
were used for the solid elements, SPH particles, and shell elements, respectively. The
*CONTACT _AUTOMATIC NODES TO SURFACE keyword was used to define contact
between the Schedule 40 pipe and the rigid plate in both models. The Schedule 40 pipe had a
mass of 22.94 slugs (334.8 kg) and impacted the rigid plate at a velocity of 98 fps (29.9 m/s) in

both simulations.

Rigid plate,
/ shell elements
Schedule 40 pipe,
— solid elements

(non-impact zone)
Schedule 40 pipe,
solid elements
(impact zone)

(a) Isometric view (b) Front view
Figure 5-58: 3D model of Lagrangian Schedule 40 pipe and rigid plate

Rigid plate,
/ shell elements
Schedule 40 pipe,
&« SPH particles

(a) Isometric view (b) Front view
Figure 5-59: 3D model of SPH Schedule 40 pipe and rigid plate

The contact force histories on the rigid plate caused by the impact of the Lagrangian and SPH

Schedule 40 pipes are presented in Figure 5-60. The histories are effectively identical, making it
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clear that the transfer of force and energy are the same for both the Lagrangian and SPH models

of the pipe.
3500 —1 15000
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~ 1000 = 5000 =
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Figure 5-60: Impact force history on a rigid plate

The magnitude of the impact force is approximately 2900 kips (12900 kN) for both simulations.
Since the contact between the pipe and the rigid plate is elastic (i.e., both momentum and kinetic
energy are conserved), the impact force can also be predicted using equation (5-28)
£ _Ap_maAv (5-28)
At At
where F is the impact force, Ap/At is the time rate of change of momentum, Av/At is the rate
of change of velocity with respect to time, and m is the mass of the Schedule 40 pipe (=1.92 1b-
sec?/in (336 kg)). The time At is defined as the duration of contact between the Schedule 40 pipe
and the rigid plate before rebound (=0.00175 sec) and calculated from the simulations to predict
the impact force per equation (5-28). The computed impact force is 2655 kips (11810 kN), which

is similar to that predicted in the simulations.

5.9.2.4.3 EPRI Test 11

In this section, results of the simulation of EPRI Test 11 using Lagrangian and SPH
formulations, presented previously in Sections 4.3.2 and 5.9.2, respectively, are compared, with a
focus on damage. Figure 5-61a and Figure 5-61b show the formation of the conical plug, 20
msec after impact, using the Lagrangian and SPH formulations, respectively. The predicted
values of penetration depth, and conical plug diameter using the Lagrangian and SPH
formulations are 1.1 in (27.9 mm) and 1.5 in (38.1 mm), and 28 in (711 mm) and 32 in (813
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mm), respectively. The predicted values are essentially identical, providing more evidence the
two formulations are delivering similar forces and energy to the reinforced concrete panel. Given
that the Lagrangian output of force and energies are similar to those measured in the experiment
(and described previously), the SPH formulation in LS-DYNA can be used for predictions of

damage, including spalling, scabbing, conical-plug formation and perforation. Subsequent

presentations of analysis results using the SPH formulation do not include force and energy

histories.

(a) Lagrangian formulation

(b) SPH formulation
Figure 5-61: Formation of conical plug, EPRI Test 11, 20 msec after impact

5.9.3 Test 10

5.9.3.1 Introduction

In EPRI Test 10, a 743 1b (337 kg) Schedule 40 pipe normally impacted a 12-inch (305 mm)
panel at a velocity of 143 fps (44 m/s), perforating the panel and causing heavy scabbing on the
back face. The exit velocity of the Schedule 40 pipe was not documented. Table 5-22 presents
the simulations performed in this subsection. The axisymmetric model is shown in Figure 5-17.
Concrete mesh spacings of 2, 3, 4, 5, and 10 mm were considered in the study to evaluate mesh

convergence.
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Table 5-22: Numerical simulations, MAT072R3, Test 10

) . Concrete mesh | Pipe mesh f) f/

Simulation . . ) )
mm (in.) in. (mm) MPa (psi) | MPa (psi)

1 10 (0.39) 5.35(0.21) | 25.5(3700) | 3.8 (555)

2 5(0.20) 2.67 (0.11) | 25.5(3700) | 3.8 (555)

3 4 (0.16) 2.14 (0.09) | 25.5(3700) | 3.8 (555)

4 3(0.12) 1.6 (0.06) | 25.5(3700) | 3.8 (555)

5 2 (0.08) 1.1 (0.04) | 25.5(3700) | 3.8 (555)

5.9.3.2 Simulation Results

Figure 5-62a and Figure 5-62b show spalling of the concrete on the front face and perforation of

the panel, respectively, 20 msec after impact. The simulation results are presented for the finest

mesh (i.e., 2 mm, simulation 5).

(a) Concrete spalling and perforation of panel

(b) Perforation of panel
Figure 5-62: Simulation results, 20 msec, Test 10, 2 mm mesh, simulation 5

The results of the concrete mesh refinement study are presented in Figure 5-63, using residual
pipe velocity as the convergence criterion. Results are shown for particle spacings of 2, 3, 4, 5,
and 10 mm. The 5 mm mesh results are an outlier: the pipe velocities begin to converge as the
mesh is refined. The evolution of panel back-face lateral displacement is presented in Figure

5-64; significant local deformation at the midpoint of the panel is indicative of perforation.

A summary of local damage to the panel for all five simulations and the experiment is presented
in Table 5-23. Based on the results of the analysis using the finest mesh (2 mm), the results of

the experiment were reproduced with reasonable accuracy (i.e., front and back face crater

diameters and perforation of the panel).
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Figure 5-63: Pipe velocity histories, Test 10
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Figure 5-64: Panel back-face lateral displacement, Test 10, 2 mm mesh, simulation 5

Table 5-24 shows the estimated rates of convergence and values of the GCI for Test 10.
Residual pipe velocity was used as the metric to calculate the mesh discretization error. Results
of simulations using particle spacings of 2, 3, and 4 mm (shaded in Table 5-23) were used for the
GCI calculations. The estimated value of the converged residual velocity, f,", (=-477 in/sec) is
in good agreement with the result obtained using the 2 mm mesh (=-479 in/sec). The asymptotic-
check (see equation (5-24)) calculation yields a value of 0.96, indicating that the numerical

results are in the asymptotic regime.
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Table 5-23: Results summary, Test 10

Concrete mesh size mm (in.)

2(0.08) | 3(0.12) | 4(0.16) | 5(0.2) | 10 (0.39) | Experiment
Penet.ration depth, P P P P p p
mm (in.)
Front face crater 457 457 457 457 457 495 (19.5)
diameter, mm (in.) (18) (18) (18) (18) (18) ’
Back face crater 1524 1626 1372 1778 1016 1626 (64)
diameter, mm (in.) (60) (64) (54) (70) (40)
Residual pipe -12.2 -12.7 -15.2 -7.6 -12.6
velocity, m/s (in/sec) | (-479) (-500) | (-599) | (-298) | (-498) i

Table 5-24: Estimated rates of convergence and GCI, Test 10

0 1.5 p 5.77
r, 1.3 GCl,, 0.0059
€, 0.044 GCl,, 0.058
e, | 0.198 | f,” m/s (in/sec) -12.1 (-477)
F, 1.25 AC 0.96
Cl,, m/s (in/sec) | [-12.1,-12.2]([-476.17, -481.83])

5.9.4 Test 3

5.9.4.1 Introduction

In EPRI Test 3, a 743 1b (337 kg) Schedule 40 pipe normally impacted an 18-inch (457 mm)
thick panel wall at a velocity of 202 fps (62 m/s). The pipe penetrated the target, causing heavy
scabbing on the back face of the panel. Table 5-25 lists the simulations of Test 3. Concrete

particle spacings of 1, 2, 3, 4, 5, and 10 mm were considered to study mesh convergence. The

axisymmetric model is shown in Figure 5-18.

Table 5-25: Numerical simulations, MAT072R3, Test 3

. . Concrete mesh | Pipe mesh f) f/

Simulation ! . ) ]
mm (in.) mm (in.) MPa (psi) MPa (psi)

1 10 (0.39) 5.35(0.21) | 23.4 (3400) 3.5(510)

2 5(0.20) 2.67 (0.11) | 23.4 (3400) 3.5(510)

3 4 (0.16) 2.14(0.09) | 23.4 (3400) 3.5(510)

4 3(0.12) 1.6 (0.06) 23.4 (3400) 3.5(510)

5 2 (0.08) 1.1 (0.04) 23.4 (3400) 3.5(510)

6 1 (0.04) 0.5 (0.02) 23.4 (3400) 3.5(510)
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5.9.4.2 Simulation Results

Figure 5-65 shows spalling of concrete on the front (impact) face and formation of the conical
plug. The panel was perforated in the simulation but not in the experiment. The results shown in
Figure 5-65 are for a mesh size of 2 mm; the results of the simulation using the 1 mm particle

spacing was run up to 14 msec.

(a) Conical plug formation at 10 msec

(b) Concrete spalling on front face and formation
of conical plug on back face at 20 msec
Figure 5-65: Simulation results, Test 3, 2 mm mesh, simulation 5

A summary of results is presented in Table 5-26 for all six simulations and the experiment.
Although the simulation using the 2 mm mesh (simulation 5) predicted perforation of the panel
(P), which was not observed in the experiment, it reproduced other observed results reasonably

well (e.g., front and back face crater diameter and conical plug diameter).

Table 5-26: Summary of results, Test 3

Concrete mesh size mm (in.)

1(0.04) | 2(0.08) | 3(0.12) | 4 (0.16) | 5(0.2) (0139) Experiment
Penet‘ra‘uon depth, P P P P P p 178 (7)
mm (in.)
Front face crater 508 508 483 508 508 508 610 (24)
diameter, mm (in.) (20) (20) (19) (20) (20) (20)
Conical plug 2134 1270 1270 1778 762 1524 1143 (45)
diameter, mm (in.) (84) (50) (50) (70) (30) (60)
Back face crater 2134 2286 1270 1778 762 1524 2159 (85)
diameter, mm (in.) (84) (90) (50) (70) (30) (60)
Residual pipe -9.3 -2.8 -11.6 -5.3 -0.64 | -1.9
velocity, m/s (in/sec) | (-367) | (-117) | (-457) | (-207) | (-25) | (-73) i
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Results of the concrete mesh refinement study are presented in Figure 5-66. Results are shown
for particle spacings of 1, 2, 3, 4, 5, and 10 mm. The residual velocities of the pipe in Test 3 for
concrete particle spacings of 1, 2, and 3 did not converge, and so the GCI calculation was not
particularly useful to estimate discretization error. The calculated values of q(p) (equation

(5-16)) did not converge after multiple iterations.
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Figure 5-66: Pipe velocity histories, Test 3

The evolution of panel back-face lateral displacement is presented in Figure 5-67 for the analysis
using the 2 mm mesh; significant local deformation at the midpoint of the panel is apparent,

opposite the point of impact.
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Figure 5-67: Panel back-face lateral displacement, Test 3, 2 mm mesh, simulation 5
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5.9.5 Test 8

5.9.5.1 Introduction

In EPRI Test 8, a 743 1b (337 kg) Schedule 40 pipe normally impacted a 24-inch thick concrete
panel wall at a velocity of 202 fps (62 m/s). The pipe penetrated the target and caused radial
cracking on the back (non-impact) face of the panel. Table 5-27 identifies the simulations
performed for this test. Concrete particle spacings of 3, 4, 5, and 10 mm were considered to

investigate mesh convergence. The axisymmetric model is shown in Figure 5-19.

Table 5-27: Numerical simulations, MAT072R3, Test 8

) ) Concrete mesh | Pipe mesh f) f/
Simulation s ) . .
mm (in.) mm (in.) | MPa (psi) | MPa (psi)
1 10(0.39) | 5.35(0.21) | 26.2 (3800) | 3.9 (570)
2 5(020) | 2.67(0.11) | 26.2 (3800 | 3.9 (570)
3 4(0.16) | 2.14(0.09) | 26.2 (3800) | 3.9 (570)
4 3(0.12) 1.6 (0.06) | 26.2 (3800) | 3.9 (570)

5.9.5.2 Simulation Results

Spalling of the concrete on the front face and limited scabbing on the back face of the panel are
presented in Figure 5-68a and Figure 5-68b, respectively, 20 msec after impact based on the
simulation using the finest mesh (3 mm). The pipe velocity histories are shown in Figure 5-69.
The pipe does not perforate the panel in any of the simulations; the residual pipe velocity is zero.
A summary of the penetration depths for all four simulations and the experiment is presented in
Table 5-28. The penetration depth was underpredicted by a factor of three based on the analysis
using the finest mesh (3 mm). Since the 3 and 4 mm meshes (shaded in Table 5-28) predict the
same penetration depth (the metric used to estimate discretization error in the meshes where
perforation did not occur), the numerical simulation is assumed to have converged. The GCI
was not used here because the order of convergence is undefined: the difference between

metrics, f, and f, defined as f,,, is zero.

21>
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(a) Spalling of concrete on front face (b) Limited scabbing on back face
Figure 5-68: Simulation results, 20 msec, Test 8, 3 mm mesh, simulation 4
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Figure 5-69: Pipe velocity history, Test 8

Table 5-28: Penetration depth, Test 8
Concrete mesh size mm (in.)
3(0.12) | 4(0.16) 5(0.2) | 10(0.39) | Experiment

Penetration
depth mm (in) | 2 @D | 53@D | 51@) | S51@) | 173(68)

The evolution of panel back-face displacement is presented in Figure 5-70. Global deformation
of the panel dominated the response; limited local damage is observed. The panel rebounded
after 7 msec and a small amount of scabbing was predicted. In the experiment, radial cracks
formed on the back face of the panel, opposite the point of impact, but scabbing was not

observed.
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Figure 5-70: Panel back-face lateral displacement, Test 8, 3 mm mesh, simulation 4

5.9.6 Summary and Conclusions

The axisymmetric models of Section 5.3 were used to simulate four concrete panel impact tests
conducted by EPRI per Table 5-1, in an effort to partially validate a numerical model for the
analysis of reinforced concrete panels impacted by wind-borne missiles. Based on the results of

the simulations, the numerical model:

e Reasonably reproduced the front and back face crater diameters and perforation of the
panel in Test 10

e Predicted perforation of the panel in Test 3, which was not observed in the experiment
but predicted the front and back face crater diameters with reasonable accuracy

e Predicted the formation and size of the conical plug on the back face and non-perforation
of the panel in Test 11

e Reasonably reproduced the global response of the panel observed in Test 8

e Underpredicted the depth of penetration of the pipe by a factor of three in Tests 11 and 8.

5.10 Solid Missile Impact

5.10.1 Introduction

The response of a concrete panel impacted by a solid missile having the same mass as the
Schedule 40 pipe was investigated using information from EPRI Tests 11, 10, 3, and 8 (see Table
5-1). The solid missile had a diameter and length of 12 inches (305 mm) and 24 inches (610
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mm), respectively. The impact velocities identified in the EPRI tests were used in the solid
missile impact simulations to ensure that the kinetic energy transferred to the panel was equal to

that of the physical tests.

5.10.2 Test 11 Data, Solid Missile

The response of a concrete panel impacted by a solid missile having the same mass as a Schedule
40 pipe was investigated using data from EPRI Test 11: 12-inch (305 mm) panel impacted by a
12-inch (305 mm) diameter Schedule 40 pipe at a velocity of 98 fps (30 m/s). Figure 5-71
presents the axisymmetric model of the 12-inch (305 mm) thick concrete panel and solid missile.
The material models, strain rate effects, particle spacing requirements (e.g., concrete particle
spacing twice that of projectile spacing), and element formulations used here were those
described in Section 5.3. Outside the impact zone, axisymmetric solid elements were used for the
concrete panel to reduce computational demand; see Figure 5-71. The model had a total of 180 1
X 1in. (25.4 X 25.4 mm) axisymmetric solid elements. In this case, the radius of the wall was
modeled with 15 inches (381 mm) of axisymmetric solid elements and 75 inches (1905 mm) of
SPH particles. The volume weighted element form (ELFORM=15 in LS-DYNA) was used for
the axisymmetric solid elements. The *CONTROL BULK VISCOSITY keyword was activated
and the variables Q1 and Q2 were set to values of 1.5 and 0.06 (default values), respectively. The
*CONTACT 2D NODE TO SOLID TIED keyword was used to constrain the SPH particles
and the axisymmetric solid elements at the interface. Five nodes constrained displacement in the
Y-direction on the outer edge of the solid elements to simulate the pinned boundary condition
imposed in the experiments. The location of the boundary is shown in Figure 5-71. A summary
of the simulations conducted in this section is presented in Table 5-29. Concrete particle

spacings of 10, 5, 4, 3, and 2 mm were used to study mesh convergence.

Table 5-29: Numerical simulations, MATO072R3, solid missile, Test 11

. . Concrete mesh | Solid missile f, f/
Simulation ! i . )

mm (in.) mesh mm (in.) | MPa (psi) MPa (psi)
1 10 (0.39) 5.35(0.21) 24.8 (3600) | 3.72 (540)
2 5(0.20) 2.67 (0.11) 24.8 (3600) | 3.72 (540)
3 4 (0.16) 2.14 (0.09) 24.8 (3600) | 3.72 (540)
4 3(0.12) 1.6 (0.06) 24.8 (3600) | 3.72 (540)
5 2 (0.08) 1 (0.04) 24.8 (3600) | 3.72 (540)
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Figure 5-71: Axisymmetric model, 12 inch (305 mm) panel, solid missile, Test 11

Results of the simulation using the finest mesh (2 mm) are shown in Figure 5-72. Perforation of
the panel and ejection of concrete from the back face are shown in Figure 5-72a and Figure

5-72b, respectively, 20 msec after impact.

(a) Perforation of panel (b) Ejection of concrete on back face
Figure 5-72: Simulation results, 20 msec, solid missile, Test 11, 2 mm mesh, simulation 5

The results of the concrete mesh refinement study are presented in Figure 5-73, using residual
missile velocity as the convergence criterion. Results are shown for concrete particle spacings of
2,3,4,5, and 10 mm. The residual velocity for each simulation is presented in Table 5-30. The
estimated rates of convergence and GCI are presented in Table 5-31; concrete particle spacings
of 2, 3, and 4 mm (highlighted in Table 5-30) were used to make the calculations. The estimated
value of the converged residual velocity, f,,", (=-15.4 m/s (-606 in/sec)) is in good agreement

with the residual velocity predicted using the 2 mm mesh (=-15.2 m/s (-600 in/sec)).
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Figure 5-73: Velocity histories, solid missile, Test 11
Table 5-30: Residual velocities, solid missile, Test 11
Concrete mesh size,
mm (in.) 2 (0.08) | 3(0.12) | 4(0.16) | 5(0.20) | 10(0.39)
Residual velocity, -15.2 -14.8 -13.9 -13.4 -11.7
m/s (in/sec) (-600) (-584) (-548) | (-526) (-462)
Table 5-31: Estimated rates of convergence and GCI, solid missile, Test 11
I, 1.5 p 3.44
r;, 1.33 GCl,, -0.011
€, -0.027 GCl,, -0.046
e, |-0.061| f,~ m/s(in/sec) -15.4 (-605)
F, 1.25 AC 1.03
Clys nv/s (in/sec) | [-15.4,-15.1] ([-606.6, -593.4])

Missile velocity (m/s)

The evolution of panel back-face lateral displacement is presented in Figure 5-74; significant

local deformation at the midpoint of the panel is indicative of local damage and perforation.

The location of the SPH-axisymmetric solid element boundary is especially important in these

impact simulations due to the possibility of instabilities at the interface between the

axisymmetric solid elements and the SPH particles (i.e., distortion of the axisymmetric solid

elements leading to negative volume errors and separation of the groups of SPH particles due to

the distortion of the solid elements). Figure 5-75 shows the simulation results using the finest

mesh (2 mm), where the panel consisted of 30 inches (762 mm) of axisymmetric solid elements

and 60 inches (1524 mm) of SPH particles. Significant distortion of the axisymmetric solid
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elements and separation of the SPH particles was observed and these were eliminated by
reducing the annular radius of the axisymmetric solid elements at the outer boundary of the panel
to 15 inches (381 mm) (see Figure 5-71). The simulation results presented in this section utilized

the model shown in Figure 5-71.
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Figure 5-74: Panel back-face lateral displacement, solid missile, Test 11, 2 mm mesh, simulation
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Figure 5-75: Instabilities at SPH-axisymmetric solid element boundary, Test 11, 2 mm mesh
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5.10.3 Test 10 Data, Solid Missile

The response of a concrete panel impacted by a solid missile was investigated using data from
EPRI Test 10 (see Table 5-1). The solid missile had the same mass and initial velocity (=143 fps
(43.6 m/s)) as the Schedule 40 pipe in Test 10. The axisymmetric model used in the simulations
is presented in Figure 5-76. The material models, strain rate effects, particle spacing
requirements, and element formulations for the panel and the pipe are the same as those

described in Section 5.10.2. Table 5-32 identifies the simulations performed for Test 10.

Axisymmetric solid

SPH particles, -
Axis of solidpmissile elements, panel (outside Pinned
symmetr impact zone)
ymmetry / SPH particles, panel bou(rllfigry
condition

(impact zone)

/

N\

T,

Figure 5-76: Axisymmetric model, 12 inch (305 mm) panel, solid missile, Test 10

Table 5-32: Numerical simulations, MATO072R3, solid missile, Test 10

. . Concrete mesh | Solid missile f) f/
Simulation . : ) )

mm (in.) mesh mm (in.) | MPa (psi) MPa (psi)
1 10 (0.39) 5.35(0.21) 25.5(3700) | 3.83 (555)
2 5(0.20) 2.67 (0.11) 25.5(3700) | 3.83 (555)
3 4 (0.16) 2.14 (0.09) 25.5(3700) | 3.83 (555)
4 3(0.12) 1.6 (0.06) 25.5(3700) | 3.83 (555)
5 2 (0.08) 1 (0.04) 25.5(3700) | 3.83 (555)

Figure 5-77 presents the results of the simulation using the finest mesh (2 mm), which
corresponds to simulation 5 in Table 5-32. Perforation of the panel and ejection of the concrete

on the back face are shown in Figure 5-77a and Figure 5-77b, respectively.
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(b) Ejection of concrete on the back
face
Figure 5-77: Simulation results, 20 msec, solid missile, Test 10, 2 mm mesh, simulation 5

(a) Perforation of panel

Results of the mesh refinement study are presented in Figure 5-78, using the residual velocity of
the solid missile as the convergence criterion. The residual velocities are summarized in Table
5-33. The estimated rates of convergence and GCI are presented in Table 5-34. The residual
velocities of the solid missile for concrete particle spacings of 2, 3, and 4 mm (highlighted in
Table 5-33) were used in the calculations. The estimated value of the converged residual
velocity, f,", (=-35.1 m/s (-1381 in/sec)) is significantly different from the residual missile
velocity predicted using the 2 mm mesh (=-25.4 m/s (-1000 in/sec)). Since the parameter f,, (=-
1.0 m/s (-41 in/sec)) is slightly greatly than f,, (=-0.7 m/s (-28 in/sec)), the GCI indicates that
the solution has not converged numerically. However, the differences in the metrics used to
establish the converged numerical solution (e.g., f,, and f,,) are tiny compared to that of the
initial pipe velocity (=-43.6 m/s (-1716 in/sec)), indicating that the velocities are not likely to

converge as the mesh is refined beyond 2 mm.

Table 5-33: Residual velocities, solid missile, Test 10

Concrete mesh size,

mm (in.) 2(0.08) | 3(0.12) | 4(0.16) | 5(0.20) | 10(0.39)
Residual velocity, -25.4 -24.4 -23.6 -23.1 -21.4
m/s (in/sec) (-1000) | (-959) | (-931) | (-908) (-844)

The evolution of panel back-face displacement is presented in Figure 5-79; significant
deformation at the point of impact and displacements on the order of three times the panel
thickness indicate perforation of the panel. Results are shown for the simulation using the finest

mesh (2 mm).
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Figure 5-78: Velocity histories, solid missile, Test 10

Table 5-34: Estimated rates of convergence and GCI, solid missile, Test 10

I, 1.33 p 0.22
I, 1.25 GCl,, -0.55
e, -0.03 GCl,, -0.6
e, |-0.024 | f,” m/s (in/sec) -35.1 (-1381)
F, 1.25 AC 1.03
Clys m/s (in/sec) | [-53.3, -15.8], ([-2100, -622])

Displacement (mm)
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Figure 5-79: Panel back-face lateral displacement, solid missile, Test 10, 2 mm mesh, simulation
5
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5.10.4 Test 3 Data, Solid Missile

The response of a concrete panel impacted by a solid missile is investigated here using data from
EPRI Test 3 (see Table 5-1). The solid missile had the same mass and initial velocity (=202 fps
(61.6 m/s)) as the Schedule 40 pipe in Test 3. The dimensions of the solid missile are described
in Section 5.10.1. The axisymmetric model used for these simulations is presented in Figure
5-80. SPH particles are used for the panel and the solid missile. The material models, strain rate
effects, particle spacing requirements, and element formulations for the SPH particles in the
panel and the missile are those described in Section 5.3. Two columns of SPH particles
constrained displacement in the Y-direction on the outer edge of the panel to simulate the pinned

boundary condition imposed in the experiment. The location of the boundary is shown in Figure

5-80.

Axis of
symmetry

. .

Y

i

Figure 5-80: Axisymmetric model, 18-inch (457 mm) panel, solid missile, Test 3

The numerical simulations of Test 3 are listed in Table 5-35. Figure 5-81 presents results of the
simulation using the finest mesh (3 mm), 20 msec after impact. Perforation of the panel and

ejection of concrete on the back face are shown in Figure 5-81a and Figure 5-81b, respectively.

SPH particles,
solid missile

- / SPH particles, panel

boundary
condition

Table 5-35: Numerical simulations, MAT072R3, solid missile, Test 3

. . Concrete mesh | Solid missile f) f/
Simulation . . ) )
mm (in.) mesh mm (in.) | MPa (psi) | MPa (psi)
1 10 (0.39) 5.35(0.21) | 23.4(3400) | 3.45 (500)
2 5(0.20) 2.67 (0.11) | 23.4 (3400) | 3.45 (500)
3 4 (0.16) 2.14 (0.09) | 23.4 (3400) | 3.45 (500)
4 3(0.12) 1.6 (0.06) 23.4 (3400) | 3.45 (500)
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(a) Perforation of panel (b) Ejection of concrete on back face
Figure 5-81: Simulation results, 20 msec, solid missile, Test 3, 3 mm mesh, simulation 4

The missile velocity histories are presented in Figure 5-82. Predicted residual velocity is used as
the convergence criterion; results are summarized in Table 5-36 for all particle spacings. The
estimated rates of convergence and GCI are presented in Table 5-37. Concrete particle spacings
of 3, 4, and 5 mm were used for the calculations (highlighted in Table 5-36). The estimated value
of the converged residual velocity, f,", (=-30.0 m/s (-1180 in/sec)) is significantly different
from the residual missile velocity predicted using the 3 mm mesh (=-24.3 m/s (-955 in/sec)).
Since the parameter f,, (=-0.66 m/s (-26 in/sec)) is slightly smaller than f,, (=-0.76 m/s (-30
in/sec)), the GCI indicates that the solution has not yet converged. The residual velocity is not
likely to converge further as the mesh is refined below 3 mm because the difference in the

residual velocities used to compute the converged numerical solution (e.g., f,, and f,,) are tiny

compared to the initial missile velocity (=-61.6 m/s (-2424 in/sec)).
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Figure 5-82: Velocity histories, solid missile, Test 3
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Table 5-36: Residual velocities, solid missile, Test 3

r(;l‘r’;“gflt;’ mesh size. | 30.12) | 4 (0.16) | 5(0.20) | 10 (0.39)
Residual velocity, -24.3 -23.5 -22.8 -21.7
m/s (in/sec) (-955) | (-925) | (-899) (-854)
Table 5-37: Estimated rates of convergence and GCI, solid missile, Test 3
r, 1.33 p 0.435
r, 1.25 GCl,, -0.29
e, -0.03 GCl,, -0.34
e, |-0.028 | f,  m/s(in/sec) -30 (-1180)
F, 1.25 AC 1.03

Cl

o TV/s (in/sec) | [-38.7, -21.3] ([-1522, -838])

The evolution of the panel back-face displacement is presented in Figure 5-83. The displacement

profile indicates a purely local response.
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Figure 5-83: Panel back-face lateral displacement, solid missile, Test 3, 3 mm mesh, simulation 4

5.10.5 Test 8 Data, Solid Missile

EPRI Test 8 data (see Table 5-1) are used here to investigate the response of a concrete panel

impacted by a solid missile. The axisymmetric model used in the simulations is presented in

Figure 5-84; SPH particles are used for the solid missile and the concrete panel. The solid missile

has the same mass and initial velocity (=202 fps (61.6 m/s)) as the Schedule 40 pipe. The

dimensions of the solid missile are presented in Section 5.10.1. The material models, strain rate
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effects, particle spacing requirements, element formulations, and boundary conditions for the
SPH particles in the missile and panel are those described in Section 5.3. The numerical

simulations of Test 8 are listed in Table 5-38.

Solid missile,

SPH particles
Axis of i
. / ' Pinned
symmetry _ Panel, SPH particles boundary
' condition

/

Y
L
Figure 5-84: Axisymmetric model, 24-inch (610 mm) panel, solid missile, Test 8

Table 5-38: Numerical simulations, MATO072R3, solid missile, Test 8

. . Concrete mesh | Solid missile f) f/
Simulation . : ) .
mm (in.) mesh mm (in.) | MPa (psi) | MPa (psi)
1 10 (0.39) 5.35(0.21) |26.2(3800) | 3.9 (570)
2 5(0.20) 2.67 (0.11) | 26.2(3800) | 3.9 (570)
3 4 (0.16) 2.14 (0.09) | 26.2(3800) | 3.9 (570)
4 3(0.12) 1.6 (0.06) 26.2 (3800) | 3.9 (570)

Figure 5-85a and Figure 5-85b show perforation of the panel and ejection of the concrete on the
back face, respectively, 20 msec after impact. Results are shown for the simulation using the
finest mesh (3 mm). Figure 5-86 presents the missile velocity history for each particle spacing. A

summary of the residual velocities is presented in Table 5-39.

Table 5-39: Residual velocities, solid missile, Test 8

Concrete mesh size, mm (in.)

3(0.12)

4(0.16)

5 (0.20)

10 (0.39)

Residual velocity, m/s (in/sec)

“11.8 (-463)

-10.5 (-415)

9.4 (-369)

7.3 (-288)
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(g) Perforation of panel (h) Ejection of concrete on back face
Figure 5-85: Simulation results, 20 msec, solid missile, Test 8, 3 mm mesh, simulation 4
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Figure 5-86: Velocity histories, solid missile, Test 8

The estimated rates of convergence and GCI are presented in Table 5-40. Concrete particle
spacings of 3, 4, and 5 mm are used for the calculations (highlighted in Table 5-39). The
estimated value of the converged residual velocity, f,,, (=-16.3 m/s (-641 in/sec)) is different
from the residual velocity predicted using the finest mesh (3 mm) (=-11.8 m/s (-463 in/sec)).
Since, the metric f,, (=-1.1 m/s (-46 in/sec)) is slightly smaller than f,, (=-1.2 m/s (-48 in/sec)),
the GCI indicates that the analytical solution has not converged. However, f, and f,,, are tiny
compared to the initial velocity of the solid missile (=-61.6 m/s (-2424 in/sec)), indicating the
numerical results are not likely to converge further as the mesh is refined below 3 mm. The
evolution of the panel lateral displacement is shown in Figure 5-87 using results from the
simulation using the finest mesh (3 mm). Significant local deformation at the midpoint of the

panel is indicative of perforation.
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Table 5-40: Estimated rates of convergence and GCI, solid missile, Test 8

I, 1.33 p 0.832
I, 1.25 GCl,, -0.479
e, | -0.10 GCl,, -0.680
e, -0.11 f,,” m/s (in/sec) -16.3 (-641)
F, 1.25 AC 1.1
Clys m/s (in/sec) | [-24.1,-8.5], ([-948, -334))

Displacement (mm)
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Figure 5-87: Panel back-face lateral displacement, solid missile, Test 8, 3 mm mesh, simulation 4

5.10.6 Rigid Missile Impact

Simulation 5 (see Table 5-32) and simulation 4 (see Table 5-35) from the solid missile impact
studies of EPRI Tests 10 (see Section 5.10.3) and 3 (see Section 5.10.4), respectively, were
repeated using a rigid missile. The elastic modulus of the solid cylindrical steel missile
(=2.9x107 psi (2.0x10° MPa)) was increased by a factor a 10 to determine whether a rigid
missile would cause more/less damage than a solid missile. The numerical models used for the
simulations are shown in Figure 5-76 and Figure 5-80, for Tests 10 and 3, respectively. The two
simulations used the finest concrete particle spacing determined from mesh convergence studies:

2 mm and 3 mm for Tests 10 and 3, respectively.

Figure 5-88 shows the velocity histories of the rigid missiles (RMs) for EPRI Tests 10 and 3.
The velocity histories of the solid missiles (SMs) using the finest meshes are also shown in this

figure to enable a comparison. The residual velocities for the solid missiles and rigid missiles are
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presented in Table 5-41. The results indicate that the panel response to the solid and rigid
missiles are identical (i.e., equal exit velocities) for each test, and so the solid missiles used
above are effectively rigid. The rigid missile impact simulations of EPRI Tests 10 and 3 were

terminated at 3.2 and 6 msec, respectively.

0 0
3 -600 (15 @
g g
= 1200 [ 130 £
5 | E
—_— O
> -180074 145 =
[0 =
% ——Test 10 - SM | | 2
= 2400 Tt 10-ru| 1760 S
——Test3-SM | 1§
Test 3 - RM
-3000 : 3-75
0 4 8 12 16 20

Time (msec)
Figure 5-88: Velocity histories for SMs and RMs, Tests 10 and 3

Table 5-41: Residual velocities for SMs and RMs
Test 10 Test 3

SM RM SM RM

Residual velocity, -25.4 -25.4 -243 | -243

m/s (in/sec) (-1000) | (-1000) | (-955) | (-955)

5.10.7 Comparison of Solid and Annular Missile Impact Simulations

The response of a concrete panel impacted by a solid missile having the same mass as the
Schedule 40 pipe was investigated using data from EPRI Tests 11, 10, 3, and 8 (see Table 5-1).
These simulations involved 12-inch (305 mm) to 24-inch (610 mm) thick reinforced concrete
panels normally impacted by a solid missile with impact velocities ranging from 98 fps (30 m/s)
to 202 fps (62 m/s). In this section, the results of these simulations are compared to the impact

simulations using the Schedule 40 pipe shown in Section 5.9.

Damage to the panel impacted by a solid missile is significantly different from that predicted
using the Schedule 40 pipe, as shown in Figure 5-89. Results are presented for the Schedule 40
pipe (solid missile) in Figure 5-89a (b), Figure 5-89c¢ (d), Figure 5-89e (f), and Figure 5-89g (h)

for Tests 11, 10, 3, and 8§, respectively, 20 msec after impact.
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(a) Schedule 40 pipe, 3 mm mesh, Test 11

--;__il'":.-_n_ P

r C R T RLH

ek

LY ..._..:,I-n:_;:.
o e T

(g) Schedule 40 pipe, 3 mm mesh, Test 8§ (h) Solid missile, 3 mm mesh, Test 8
Figure 5-89: Predicted damage to the panel from Schedule 40 pipe and solid missile, 20 msec
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The finest (converged) mesh for each simulation is used for the comparison. Significant spalling
of concrete on front face is observed for the pipe impact but not for the solid missile impact. The
damage to the panel caused by pipe and solid missile impact varied significantly, with the

likelihood of perforation greater with the solid missile.

5.11 Summary and Conclusions

The overarching goal of this chapter was to validate, in part, a numerical model, to be used in
parametric studies for the development of design guidance for wind-borne missile impact. This
chapter discussed the steps taken toward the partial validation of the numerical model. Data from
the EPRI experiments (seen in Table 5-1) were used to aid in the validation process. The SPH
formulation was used in this chapter to overcome the shortcomings associated with the
Lagrangian formulation identified in Chapter 4. An axisymmetric formulation was used to
reduce the high computational demand associated with the SPH formulation. Three concrete
material models compatible with the SPH formulation in LS-DYNA (e.g., MATOI16,
MATO072R3, and MAT159) were used to explore the behavior of the panel during and after

impact.

The quasi-static behavior of these three concrete material models was investigated using 3D
models of a cylinder comprised of a) SPH particles, and b) Lagrangian elements. Mesh
refinement studies were conducted for the SPH cylinder; the study highlighted the importance of
mesh density in predicting compressive strength and elastic modulus. Using the finest mesh, the
unconfined SPH cylinder reasonably recovered the elastic modulus and peak strength of the
Lagrangian cylinder for MAT016, MAT072R3, and MAT159, but the post-peak softening using
MATO072R3 and the elastic-plastic behavior at large strains using MATO016, both observed in the
Lagrangian cylinder, were not predicted using the SPH cylinder. To further investigate the post-
peak behavior of MATO072R3 and MATO016, confined cube simulations were conducted using the
SPH and Lagrangian formulations. The results showed that for extremely low levels of
confinement (on the order of 0.2% of the concrete compressive strength), the post-peak softening
behavior of the SPH cube using MAT(072R3 was recovered and was similar to that of the
unconfined Lagrangian cube. Further, the elastic-plastic behavior at large strains using the
MATO016 material model was recovered using a confinement pressure of 1 MPa (2% of the

concrete compressive strength). Considering that the confining pressures at the interface between

180



the pipe and the panel during impact are expected to be on the order of 150 MPa, as was
observed in the simulations, the SPH formulation is fully capable of recovering the behavior of

the Lagrangian formulation using all three concrete material models.

The wall panel behavior was investigated as a function of the three concrete material models
available for SPH calculations. Data from EPRI Test 11 (see Table 5-1) were used for this study;
the concrete compressive strength was increased (=4500 psi) from that specified in the physical
test (=3600 psi) to accommodate the CSCM material model in the simulations. The input
parameters for all three material models describing the elastic response and inelastic response
including shear failure envelope, compressibility, and tensile failure were internally generated,
using only the uniaxial concrete compressive strength as input. The shear failure surfaces of the
three material models were generated and used to make predictions of panel resistance to
perforation. The impact simulations using the three material models predicted significantly
different results: MATO016 (MATI159) provided the least (greatest) resistance to panel
perforation, results that were consistent with the predictions based on the generated shear failure
surfaces. The confining pressures at the interface between the pipe and the panel were also
investigated and were consistent with the order-of-magnitude pressures identified in Schwer

(2008b) for impact simulations.

EPRI Test 11 (see Table 5-1) was simulated in LS-DYNA using MAT016 and MAT072R3; the
reported uniaxial compressive strength (=3600 psi) was used for the simulations. The uniaxial
concrete compressive strength was used to generate material model parameters; the estimated
tensile strength was 10% of the uniaxial concrete compressive strength. The numerical
simulations predicted perforation of the panel using both material models, which was not
observed in the experiment. The poor correlation of predicted and observed damage prompted an
investigation of the effects of concrete compressive and tensile strength on the impact resistance
of reinforced concrete panels. The concrete material model MATO072R3 was used in the
simulations as it is the only material model (of the three studied here) that allows the user to
input tensile strength. The results show an increase in panel perforation resistance as the
compressive and tensile strength are increased. Based on these findings, the Schedule 40 pipe
impact simulations of Test 11, 10, 3, and 8 (see Table 5-1) were then repeated using MAT072R3
with a concrete tensile strength set equal to 15% of compressive strength (i.e., 5% greater than

that generated internally by the material model codes). The numerical simulations reasonably
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reproduced the results of the experiments (i.e., front and back face crater diameters and
perforation of the panel in Test 10, formation and size of the conical plug on the back face in
Test 11, and the global response of the panel in Test 8). However, perforation was predicted in
Test 3 but not observed in the experiment. In addition, the depth of penetration of the pipe was

underestimated by a factor of three in Tests 8 and 11.

The reasonable agreement between the EPRI experiments and the numerical simulations using
MATO072R3 and a tensile strength corresponding to 15% of the concrete compressive strength,
provides a level of confidence in the robustness of the numerical model. However, the lack of
information and metadata from the experiments poses a challenge to fully validate the numerical
model for impact analysis. The partially validated numerical model is used in Chapter 6 to
investigate the effects of panel thickness, Schedule 40 pipe diameter, impact velocity, and

concrete compressive and tensile strength on impact resistance.

The response of reinforced concrete panels impacted by solid (and effectively rigid) cylindrical
missiles having the same mass as the Schedule 40 pipe was studied. EPRI Tests 3, 8, 10, and 11
(see Table 5-1) provided much of the basis for these simulations. Results were compared with
those of simulations using Schedule 40 annular pipes. A solid missile will generate more damage

on the back face of a panel than an annular missile of the same mass.
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SECTION 6
A PARAMETRIC STUDY OF WIND-BORNE MISSILE IMPACT

6.1 Introduction

The results of 153 finite element analyses of concrete panels are used to investigate the effects of
panel thickness, Schedule 40 pipe size (mass and diameter), pipe velocity, and uniaxial concrete
compressive and tensile strength on the response of reinforced concrete panels to normal impact
by wind-borne missiles. The results are used to provide design guidance. The numerical model
used in the simulations was validated to the degree possible in Section 5.9 using results of the
EPRI experiments (see Table 5-1). The 6 in (152 mm) diameter Schedule 40 pipe is included in
the set of missiles to be used for the design of exterior, above grade, walls and slabs specified by
Regulatory Guides (RG) 1.76 (2007) and 1.221 (2011) for nuclear power plants. The Schedule
40 pipe is capable of penetrating concrete panels and scabbing concrete on the back face, and so

it is the focus of this parametric study.

Section 6.2 describes the LS-DYNA models and the design parameters chosen for the parametric
study. Analysis results and key findings are presented in Section 6.3. Results are used to provide
guidance on the assessment of reinforced concrete panels impacted by wind-borne missiles in
Section 6.4. The focus of Section 6.4 will be on the design requirements specified by RG 1.76
(2007) and RG 1.221 (2011) for Schedule 40 pipes.

6.2 Modeling of Reinforced Concrete Panels

The general-purpose finite element code LS-DYNA is used to simulate the response of 153

concrete panels to normal impact of wind-borne missiles.

6.2.1 Design Parameters

A significant number of parameters affect the impact resistance of reinforced concrete panels,
including panel thickness, and uniaxial concrete compressive strength and tensile strength. The
mass and diameter of the Schedule 40 pipe and the impact velocity also play a significant role in
the response of the panel. Panel thicknesses of 12 in (305 mm), 15 in (381 mm), 18 in (460 mm),
and 25.6 in (650 mm), typical of walls in nuclear power plants, were investigated. Table 6-1
identifies parameters and their magnitudes examined in this study. In this table, d is the outer

diameter of the Schedule 40 pipe, v is the impact velocity of the pipe, and f. and f, are the
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concrete compressive and tensile strengths, respectively. Three magnitudes of each parameter
were considered: low, medium, and high. Schedule 40 pipe diameters of 6 in. (152.4 mm), 8 in
(203 mm), and 10 in (254 mm) were used in the study. Their masses, for a 15 ft. (4.58 m) length,
are 0.74 Ib-sec’/in (130 kg), 1.11 Ib-sec?/in (195 kg), and 1.57 Ib-sec?/in (276 kg), respectively.
(Fifteen feet (4.58 m) is the length of the 6-inch (152.4 mm) diameter Schedule 40 pipe
identified in RG 1.76 (2007) and RG 1.221 (2011).) Schedule 40 pipes with diameters of 8 in
(203.2 mm) and 10 in (254 mm) were included in this study to expand the dataset and the utility

of the conclusions.

Table 6-1: Variables used in parametric study

Low Medium High
d, in (mm) 6 (152) 8 (203) 10 (254)
Vv, in/sec (m/sec) | 1575 (40) | 2756 (70) | 3937 (100)
f., psi (MPa) 4351 (30) | 5801 (40) | 7251 (50)
f., psi (MPa) 435 (3) 580 (4) 725 (5)

Three magnitudes of impact velocity were investigated: 1575 in/sec (40 m/s), 2756 in/sec (70
m/s), and 3937 in/sec (100 m/s). The chosen velocities envelope the maximum velocities
recommended by RG 1.76 (=1620 in/sec (41 m/s)) and RG 1.221 (=3696 in/sec (94 m/s)) for the
design of panels to resist impact by Schedule 40 pipes. Concrete compressive strengths of 4351
psi (30 MPa), 5801 psi (40 MPa), and 7251 psi (50 MPa) were examined: enveloping concrete
strengths in nuclear power plant structures. Concrete tensile strength also has a significant effect
on the impact resistance of reinforced concrete panels as seen in Section 5.8. Tensile strengths
ranging from 435 psi (3 MPa) to 725 psi (5 MPa) were considered in this study and these are
10% of the compressive strengths for 4351 psi (30 MPa) and 7251 psi (50 MPa) concrete,

respectively.

Figure 6-1 describes the simulations conducted for the 12-inch (305 mm) thick panel. Since a 12-
inch (305 mm) thick panel is more vulnerable to concrete scabbing (e.g., ejection of concrete on
the back face) and perforation (e.g., complete penetration of the panel) than the 15 in (381 mm),
18 in (460 mm), and 25.6 in (650 mm) thick panels, all 81 combinations of Schedule 40 pipe
diameter, pipe velocity and compressive and tensile strength identified in Table 6-1 were

simulated. These combinations are presented in Table 6-2 (rows 1 through 81).
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Figure 6-2 identifies the simulations for the 15 in (381 mm), 18 in (460 mm), and 25.6 in (650
mm) thick panels. The red outline in Figure 6-2 shows the path used to identify the simulations
considered in this part of the study. Simulations were conducted for each diameter of Schedule
40 pipe (e.g., 6 in (152 mm), 8 in (203 mm), and 10 in (254 mm)), for each panel thickness.
Simulations were performed for the low and high values of projectile velocity and concrete
compressive and tensile strength identified in Table 6-1 for each pipe diameter. Simulations for
the 15 in (381 mm), 18 in (460 mm), and 25.6 in (650 mm) thick panels are presented in rows 82
through 105, 106 through 129, and 130 through 153 of Table 6-2, respectively.

Figure 6-1: Simulations for the 12 in (305 mm) thick panel

Diameter . Concrete Concrete

Panel Pipe

. of Schedule .
thickness . velocity
40 pipe

in (mm)

compressive tensile
strength strength

in (mm) psi (MPa)  psi (MPa)

in/sec (m/s)

435 (3)
| 4351(30) 580 (4)
(725 (5) |
435 (3)
[ 1575 (40) 5801 (40) 580 (4)
[725(5) ]
435 (3)
| 7251(50) 580 (4)
[725(5)]
435 (3)
4351 (30) 580 (4)
725 (5)
435 (3)

/I
2756 (70) 5801 20) k{3804
‘I

6(152), 8 (203),
10(254)

12(305)

725 (5)
435 (3)
7251 (50) 580 (4)
725 (5)
435 (3)
| 4351(30) 580 (4)

725 (5)
435 (3)
| 3937 (100) 5801 (40) 580 (4)

725 (5)
435 (3)
| 7251(50) 580 (4
725 (5)
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Figure 6-2: Simulations for the 15 in (381 mm), 18 in (480 mm) and 25.6 in (650 mm) thick
panels

Diameter of Pipe Concrete Concrete
Schedule velocity compressive tensile
40 pipe in/sec strength strength
in (mm) (m/s) psi (MPa) psi (MPa)

Panel
thickness
in (mm)

4351 (30

| 1575400 H{5801(40) 580 (4)

7251 (50) 580 (4)

235 (3)
1351 (30) K580 (D
725 (5)
15(381), 435 (3)
18(460), H® (1??@85(42303)’ 5801 (40) ¥K{580(4)
25.6 (650) - Eig;
7251 (50) K580 (4)
725 (5)
435 (3)
| 4351(30) 580 (4)

725 (5)

/ 135 (3)

3937(100) 5801 (40) K-{580 ()
725 (5)
13503
7251(50) {580 ()]
725 (5)
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Table 6-2: Simulations conducted in parametric study

No. Wall thic1.<ness psiggﬁgfle‘}[gr Pipe Velgcity f/ f'
t mm (11’1.) mm (11’1) vV m/s (ll’l/S) MPa (pSl) MPa (pSl)
1 152 (6) 40 (1575) 30 (4351) 3 (435)
2 152 (6) 40 (1575) 30 (4351) 4 (580)
3 152 (6) 40 (1575) 30 (4351) 5(725)
4 152 (6) 40 (1575) 40 (5801) 3 (435)
5 152 (6) 40 (1575) 40 (5801) 4 (580)
6 152 (6) 40 (1575) 40 (5801) 5(725)
7 152 (6) 40 (1575) 50 (7251) 3 (435)
8 152 (6) 40 (1575) 50 (7251) 4 (580)
9 152 (6) 40 (1575) 50 (7251) 5(725)
10 152 (6) 70 (2756) 30 (4351) 3 (435)
11 152 (6) 70 (2756) 30 (4351) 4 (580)
12 152 (6) 70 (2756) 30 (4351) 5(725)
13 152 (6) 70 (2756) 40 (5801) 3 (435)
14 152 (6) 70 (2756) 40 (5801) 4 (580)
15 152 (6) 70 (2756) 40 (5801) 5(725)
16 152 (6) 70 (2756) 50 (7251) 3 (435)
17 152 (6) 70 (2756) 50 (7251) 4 (580)
18 152 (6) 70 (2756) 50 (7251) 5(725)
19 152 (6) 100 (3937) 30 (4351) 3 (435)
20 152 (6) 100 (3937) 30 (4351) 4 (580)
21 152 (6) 100 (3937) 30 (4351) 5(725)
22 _ 152 (6) 100 (3937) 40 (5801) 3 (435)
23 R 152 (6) 100 (3937) 40 (5801) 4 (580)
24 % 152 (6) 100 (3937) 40 (5801) 5(725)
25 g 152 (6) 100 (3937) 50 (7251) 3 (435)
26 & 152 (6) 100 (3937) 50 (7251) 4 (580)
27 § 152 (6) 100 (3937) 50 (7251) 5(725)
28 203 (8) 40 (1575) 30 (4351) 3 (435)
29 203 (8) 40 (1575) 30 (4351) 4 (580)
30 203 (8) 40 (1575) 30 (4351) 5(725)
31 203 (8) 40 (1575) 40 (5801) 3 (435)
32 203 (8) 40 (1575) 40 (5801) 4 (580)
33 203 (8) 40 (1575) 40 (5801) 5(725)
34 203 (8) 40 (1575) 50 (7251) 3 (435)
35 203 (8) 40 (1575) 50 (7251) 4 (580)
36 203 (8) 40 (1575) 50 (7251) 5(725)
37 203 (8) 70 (2756) 30 (4351) 3 (435)
38 203 (8) 70 (2756) 30 (4351) 4 (580)
39 203 (8) 70 (2756) 30 (4351) 5(725)
40 203 (8) 70 (2756) 40 (5801) 3 (435)
41 203 (8) 70 (2756) 40 (5801) 4 (580)
42 203 (8) 70 (2756) 40 (5801) 5(725)
43 203 (8) 70 (2756) 50 (7251) 3 (435)
44 203 (8) 70 (2756) 50 (7251) 4 (580)
45 203 (8) 70 (2756) 50 (7251) 5(725)
46 203 (8) 100 (3937) 30 (4351) 3 (435)
47 203 (8) 100 (3937) 30 (4351) 4 (580)
48 203 (8) 100 (3937) 30 (4351) 5(725)
49 203 (8) 100 (3937) 40 (5801) 3 (435)
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Table 6-2: Simulations conducted in parametric study (contd.)

50 203 (8) 100 (3937) | 40 (5801) | 4 (580)
51 203 (8) 100 (3937) | 40 (5801) | 5 (725)
52 203 (8) 100 (3937) | 50 (7251) | 3 (435)
53 203 (8) 100 (3937) | 50 (7251) | 4 (580)
54 203 (8) 100 (3937) | 50 (7251) | 5 (725)
55 254 (10) 40 (1575) | 30 (4351) | 3 (435)
56 254 (10) 40 (1575) | 30 (4351) | 4 (580)
57 254 (10) 40 (1575) | 30 (4351) | 5 (725)
58 254 (10) 40 (1575) | 40 (5801) | 3 (435)
59 254 (10) 40 (1575) | 40 (5801) | 4 (580)
60 254 (10) 40 (1575) | 40 (5801) | 5 (725)
61 254 (10) 40 (1575) | 50 (7251) | 3 (435)
62 254 (10) 40 (1575) | 50 (7251) | 4 (580)
63 254 (10) 40 (1575) | 50 (7251) | 5 (725)
64 254 (10) 70 (2756) | 30 (4351) | 3 (435)
65 254 (10) 70 (2756) | 30 (4351) | 4 (580)
66 254 (10) 70 (2756) | 30 (4351) | 5 (725)
67 254 (10) 70 (2756) | 40 (5801) | 3 (435)
68 254 (10) 70 (2756) | 40 (5801) | 4 (580)
69 254 (10) 70 (2756) | 40 (5801) | 5 (725)
70 254 (10) 70 (2756) | 50 (7251) | 3 (435)
71 254 (10) 70 (2756) | 50 (7251) | 4 (580)
72 254 (10) 70 (2756) | 50 (7251) | 5 (725)
73 254 (10) 100 (3937) | 30 (4351) | 3 (435)
74 254 (10) 100 (3937) | 30 (4351) | 4 (580)
75 254 (10) 100 (3937) | 30 (4351) | 5 (725)
76 254 (10) 100 (3937) | 40 (5801) | 3 (435)
77 254 (10) 100 (3937) | 40 (5801) | 4 (580)
78 254 (10) 100 (3937) | 40 (5801) | 5 (725)
79 254 (10) 100 (3937) | 50 (7251) | 3 (435)
80 254 (10) 100 (3937) | 50 (7251) | 4 (580)
81 254 (10) 100 (3937) | 50 (7251) | 5 (725)
82 152 (6) 40 (1575) | 30 (4351) | 3 (435)
83 152 (6) 40 (1575) | 30 (4351) | 5 (725)
84 152 (6) 40 (1575) | 50 (7251) | 3 (435)
85 152 (6) 40 (1575) | 50 (7251) | 5 (725)
86 152 (6) 100 (3937) | 30 (4351) | 3 (435)
87 152 (6) 100 (3937) | 30 (4351) | 5 (725)
88 152 (6) 100 (3937) | 50 (7251) | 3 (435)
89 = 152 (6) 100 (3937) | 50 (7251) | 5 (725)
90 - 203 (8) 40 (1575) | 30 (4351) | 3 (435)
91 = 203 (8) 40 (1575) | 30 (4351) | 5 (725)
92 g 203 (8) 40 (1575) | 50 (7251) | 3 (435)
93 = 203 (8) 40 (1575) | 50 (7251) | 5 (725)
94 S 203 (8) 100 (3937) | 30 (4351) | 3 (435)
95 203 (8) 100 (3937) | 30 (4351) | 5 (725)
96 203 (8) 100 (3937) | 50 (7251) | 3 (435)
97 203 (8) 100 (3937) | 50 (7251) | 5 (725)
98 254 (10) 40 (1575) | 30 (4351) | 3 (435)
99 254 (10) 40 (1575) | 30 (4351) | 5 (725)
100 254 (10) 40 (1575) | 50 (7251) | 3 (435)
101 254 (10) 40 (1575) | 50 (7251) | 5 (725)
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Table 6-2: Simulations conducted in parametric study (contd.)

102 254 (10) 100 (3937) | 30 (4351) | 3 (435)
103 254 (10) 100 (3937) | 30 (4351) | 5 (725)
104 254 (10) 100 (3937) | 50 (7251) | 3 (435)
105 254 (10) 100 (3937) | 50 (7251) | 5 (725)
106 152 (6) 40 (1575) | 30 (4351) | 3 (435)
107 152 (6) 40 (1575) | 30 (4351) | 5 (725)
108 152 (6) 40 (1575) | 50 (7251) | 3 (435)
109 152 (6) 40 (1575) | 50 (7251) | 5 (725)
110 152 (6) 100 (3937) | 30 (4351) | 3 (435)
111 152 (6) 100 (3937) | 30 (4351) | 5 (725)
112 152 (6) 100 (3937) | 50 (7251) | 3 (435)
113 152 (6) 100 (3937) | 50 (7251) | 5 (725)
114 203 (8) 40 (1575) | 30 (4351) | 3 (435)
115 = 203 (8) 40 (1575) | 30 (4351) | 5 (725)
116 o 203 (8) 40 (1575) | 50 (7251) | 3 (435)
117 = 203 (8) 40 (1575) | 50 (7251) | 5 (725)
118 g 203 (8) 100 (3937) | 30 (4351) | 3 (435)
119 S 203 (8) 100 (3937) | 30 (4351) | 5 (725)
120 < 203 (8) 100 (3937) | 50 (7251) | 3 (435)
121 203 (8) 100 (3937) | 50 (7251) | 5 (725)
122 254 (10) 40 (1575) | 30 (4351) | 3 (435)
123 254 (10) 40 (1575) | 30 (4351) | 5 (725)
124 254 (10) 40 (1575) | 50 (7251) | 3 (435)
125 254 (10) 40 (1575) | 50 (7251) | 5 (725)
126 254 (10) 100 (3937) | 30 (4351) | 3 (435)
127 254 (10) 100 (3937) | 30 (4351) | 5 (725)
128 254 (10) 100 (3937) | 50 (7251) | 3 (435)
129 254 (10) 100 (3937) | 50 (7251) | 5 (725)
130 152 (6) 40 (1575) | 30 (4351) | 3 (435)
131 152 (6) 40 (1575) | 30 (4351) | 5 (725)
132 152 (6) 40 (1575) | 50 (7251) | 3 (435)
133 152 (6) 40 (1575) | 50 (7251) | 5 (725)
134 152 (6) 100 (3937) | 30 (4351) | 3 (435)
135 152 (6) 100 (3937) | 30 (4351) | 5 (725)
136 152 (6) 100 (3937) | 50 (7251) | 3 (435)
137 152 (6) 100 (3937) | 50 (7251) | 5 (725)
138 203 (3) 40 (1575) | 30 (4351) | 3 (435)
139 = 203 (3) 40 (1575) | 30 (4351) | 5 (725)
140 © 203 (8) 40 (1575) | 50 (7251) | 3 (435)
141 & 203 (8) 40 (1575) | 50 (7251) | 5 (725)
142 £ 203 (8) 100 (3937) | 30 (4351) | 3 (435)
143 B 203 (8) 100 (3937) | 30 (4351) | 5 (725)
144 2 203 (8) 100 (3937) | 50 (7251) | 3 (435)
145 203 (8) 100 (3937) | 50 (7251) | 5 (725)
146 254 (10) 40 (1575) | 30 (4351) | 3 (435)
147 254 (10) 40 (1575) | 30 (4351) | 5 (725)
148 254 (10) 40 (1575) | 50 (7251) | 3 (435)
149 254 (10) 40 (1575) | 50 (7251) | 5 (725)
150 254 (10) 100 (3937) | 30 (4351) | 3 (435)
151 254 (10) 100 (3937) | 30 (4351) | 5 (725)
152 254 (10) 100 (3937) | 50 (7251) | 3 (435)
153 254 (10) 100 (3937) | 50 (7251) | 5 (725)
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6.2.2 Models used in the Parametric Study

The axisymmetric models of the 12 in (305 mm), 15 in (381 mm), 18 in (460 mm) and 25.6 in
(650 mm) thick panels are presented in Figure 6-3a, Figure 6-3b, Figure 6-3c, and Figure 6-3d,
respectively. Twelve models were used in the simulations; three pipe sizes for each panel
thickness. SPH particles were used for the concrete panels and pipes. A concrete particle spacing
of 0.08 in (2 mm) was used for the 12 in (305 mm), 15 in (381 mm), and 18 in (460 mm) thick
panels. A 0.12 in (3 mm) spacing was adopted for the 25.6 in (650 mm) thick panel. The chosen
mesh size for each panel thickness was based on mesh sensitivity studies presented in Section 5.9
for the 12 in (305 mm), 18 in (460 mm), and 24 in (610 mm) thick panels. The spacing of the
pipe particles was set equal to one half that of the spacing of the concrete particles to ensure that

each particle had the same mass.

The material model MATO072R3 in LS-DYNA was used for the concrete because it recovered the
results of the EPRI experiments (see Table 5-1) with reasonable accuracy (see Section 5.9). The
Dynamic Increase Factors for strain rate effects in concrete, were those described previously in
Section 5.3.2. The Johnson-Cook (JC) material model (MATO15) was used for the Schedule 40
pipe; yield strength was set equal to 73 ksi (503 MPa). The Borvik et al. (2004) JC material
parameters for 71 ksi (490 MPa) steel were used, as described in Section 5.3. The equation of
state keyword EOS LINEAR POLYNOMIAL was activated for the JC material model by
setting the variable C1 equal to the bulk modulus of steel (=2.3 X 107 psi (1.6 X 10° MPa)).

The default particle approximation theory (ELFORM=0 in LS-DYNA) was used for the SPH
particles. Monaghan-type artificial viscosity was activated by setting the variable IAVIS to zero
in the *CONTROL SPH keyword, which is required for axisymmetric simulations. Variables
QI and Q2 were set equal to one in the *CONTROL BULK VISCOSITY keyword per Liu et
al. (2003). Two columns of SPH particles constrained displacement in the Y-direction on the

outer edge of the panel to simulate a pinned boundary condition.
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SPH particles, Schedule 40 pipe,
6 in (152 mm), 8 in (203 mm),
and 10 in (254 mm) diameter,

/ 0.04 in (1 mm) spacing

SPH particles, panel
0.08 in (2 mm) spacing

(a) 12 inch (305 mm) thick panel

SPH particles, Schedule 40 pipe,
6 in (152 mm), 8 in (203 mm),
and 10 in (254 mm) diameter,

/ 0.04 in (1 mm) spacing

SPH particles, panel
0.08 in (2 mm) spacing

(c) 18 inch (480 mm) thick panel

/ X

SPH particles, Schedule 40 pipe,
6 in (152 mm), 8 in (203 mm),
and 10 in (254 mm) diameter,
0.04 in (1 mm) spacing

SPH particles, panel
0.08 in (2 mm) spacing

/
I

(b) 15 inch (381 mm) thick panel

SPH particles, Schedule 40 pipe,
6 in (152 mm), 8 in (203 mm),
and 10 in (254 mm) diameter,

/ 0.06 in (1.5 mm) spacing

SPH particles, panel
0.12 in (3 mm) spacing

/

L

(d) 25.6 inch (650 mm) thick panel

Figure 6-3: Axisymmetric models used in parametric study
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6.3 Impact Simulation Results

6.3.1 Introduction

The effects on resistance to impact of panel thickness, concrete compressive and tensile strength,
Schedule 40 pipe mass and diameter, and impact velocity are investigated in this section. Figure
6-4 presents the terminology used to evaluate the panels. The simulation results are categorized
by non-perforation (Figure 6-4a and Figure 6-4b) and perforation (Figure 6-4c) tests. In the non-
perforation tests, the pipe does not completely penetrate the panel (e.g., exit velocity of the pipe
is zero). Two outcomes of importance are considered in the non-perforation tests: 1) no damage
to the back (non-impact) face (Figure 6-4a), and 2) formation of a conical plug on the back face
of the panel (Figure 6-4b). If the conical plug forms, scabbing (ejection of fragments from the
back (non-impact) face) of concrete is assumed to occur. (Spalling of concrete from the front or
impact face is not of concern because material will not be lost inside containment.) In the
perforation tests, the pipe completely penetrates the panel (e.g., exit velocity is greater than zero)
(see Figure 6-4c). The predicted conical plug diameter for non-perforation and perforation tests

is defined in Figure 6-4b and Figure 6-4c, respectively.

Although the definition used herein to define conical plug diameter is the same as that used in
the EPRI tests (Stephenson, 1977; Rotz, 1975), different conical plug shapes were observed in
the simulations, particularly in those tests where perforation was predicted. Figure 6-5a and
Figure 6-5b, show the formation of a conical plug for tests wherein the pipe had a low exit
velocity (approximately 3% of impact velocity) and a high exit velocity (67% of the impact
velocity), respectively. The results are significantly different from that shown in Figure 6-4c. All
conical plug sizes measured in the simulations for perforation and non-perforation tests were

described using the definition of Figure 6-4.

The predicted conical plug diameters and exit velocities for all 153 simulations were tabulated
and the results are presented in Table D-1 of Appendix D. Simulations 12, 53, and 127
(highlighted in Table D-1) terminated prematurely and results cannot be reported. The following
sections present plots of the exit velocity and conical plug diameter as a function of panel
thickness, concrete compressive and tensile strength, pipe velocity, and Schedule 40 pipe mass
and diameter, to investigate their influence on impact resistance. The effect of concrete

compressive and tensile strength, and Schedule 40 pipe velocity and size on impact resistance are
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evaluated using results of the 12-inch (305 mm) thick panel (simulations 1 through 81 in Table
6-2) because thicker panels are less vulnerable to concrete scabbing and perforation. The
effectiveness of a panel to resist pipe impact is based on its ability to prevent a) perforation, and

b) scabbing of concrete on the back face.

Conical plug diameter

(a) Non-perforation, no damage to back face, (b) Non-perforation, conical plug formation,
pipe exit velocity is zero pipe exit velocity is zero

Conical plug diameter

(c) Perforation, pipe exit velocity is nonzero
Figure 6-4: Terminology used to evaluate panel response

(a) Low exit velocity (approximately 3% of (b) High exit velocity (approximately 67% of
impact velocity) impact velocity)

Figure 6-5: Alternate conical plug formations in perforation tests
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6.3.2 Concrete Panel Thickness

Figure 6-6 presents the exit velocity of the Schedule 40 pipe as a function of concrete panel
thickness for 6 in (152 mm), 8 in (203 mm), and 10 in (254 mm) diameter pipes normally
impacting panels at a velocity of 3937 in/sec (100 m/s). The masses of the 6 in. (152.4 mm), 8 in
(203 mm), and 10 in (254 mm) diameter pipes are 0.74 Ib-sec?/in (130 kg), 1.11 Ib-sec?/in (195
kg), and 1.57 Ib-sec?/in (276 kg), respectively. Results are presented for concrete compressive
strengths of 4351 psi (30 MPa) and 7251 psi (50 MPa) and tensile strengths of 435 psi (3 MPa)
and 725 psi (5 MPa). The pipe exit velocity decreases as the panel thickness increases, which is
an expected result. The 25.6 in (650 mm) thick panels were not perforated (e.g., exit velocity is
zero) for all three diameters of pipe. Figure D-1 presents information for an impact velocity of

1575 in/sec (40 m/s); perforation was observed in only three of the 48 simulations.

The conical plug diameter as a function of concrete panel thickness, for an impact velocity of
3937 in/sec (100 m/s), is presented in Figure 6-7. Results are shown for the 6 in (152 mm), 8 in
(203 mm), and 10 in (254 mm) diameter pipes, and concrete compressive and tensile strengths of
4351 psi (30 MPa) and 7251 psi (50 MPa), and 435 psi (3 MPa) and 725 psi (5 MPa). The
conical plug diameter decreases as panel thickness increases for the 6 inch (152 mm) diameter
Schedule 40 pipe, consistent with the decreasing likelihood of perforation and decreasing depth
of penetration as a fraction of panel thickness. Information is presented in Figure D-2 for an

impact velocity of 1575 in/sec (40 m/s).

6.3.3 Concrete Compressive Strength

The exit velocity of the Schedule 40 pipe as a function of concrete compressive strength is
presented in Figure 6-8 for 6 in (152 mm), 8 in (203 mm), and 10 in (254 mm) diameter pipes
normally impacting panels at a velocity of 3937 in/sec (100 m/s). Results are shown for concrete
tensile strengths of 435 psi (3 MPa), 580 psi (4 MPa), and 725 psi (5 MPa). The results suggest
that concrete compressive strength has a relatively small effect on impact resistance. Results are
presented in Figures D-3 and D-4 for pipe impact velocities of 1575 in/sec (40 m/s) and 2756
in/sec (70 m/s), respectively.
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Figure 6-6: Exit velocity of Schedule 40 pipe as a function of panel thickness, v=3937
in/sec (100 m/sec), MATO072R3
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Figure 6-9 presents conical plug diameter as a function of concrete compressive strength for 6 in

(152 mm), 8 in (203 mm), and 10 in (254 mm) diameter pipes normally impacting panels at an

impact velocity of 3937 in/sec (100 m/s). For impact by the 8 in (203 mm) and 10 in (254 mm)

diameter pipes, the plug diameter increases as the concrete compressive strength increases.

Figures D-5 and D-6 present data for impact velocities of 1575 in/sec (40 m/s) and 2756 in/sec

(70 m/s), respectively.
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Figure 6-9: Conical plug diameter as a function of concrete compressive strength, v=3937 in/sec
(100 m/sec), 12-inch (305 mm) thick panel, MAT072R3

6.3.4 Concrete Tensile Strength

The exit velocity of the Schedule 40 pipe as a function of concrete tensile strength is presented in
Figure 6-10 for 6 in (152 mm), 8 in (203 mm), and 10 in (254 mm) diameter pipes normally
impacting the 12-inch (305 mm) thick panel at a velocity of 3937 in/sec (100 m/s). Results are
presented for concrete compressive strengths of 4351 psi (30 MPa), 5801 psi (40 MPa), and 7251
psi (50 MPa). The exit velocities decrease substantially as concrete tensile strength increases,

indicating that this parameter has a very significant effect on the impact resistance of a panel.
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Similar trends are observed for impact velocities of 1575 in/sec (40 m/s) and 2756 in/sec (70
m/s), shown in Figures D-7 and D-8, respectively.
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Figure 6-10: Exit velocity of Schedule 40 pipe as a function of concrete tensile strength, v=3937
in/sec (100 m/sec), 12-inch (305 mm) thick panel, MAT072R3

Figure 6-11 presents conical plug diameter as a function of concrete tensile strength for an
impact velocity of 3937 in/sec (100 m/s). Although concrete tensile strength has a significant
effect on the impact resistance for a pipe impact velocity of 3937 in/sec (100 m/s), it has little
effect on the diameter of the conical plug. Data for pipe impact velocities of 1575 in/sec (40 m/s)
and 2756 in/sec (70 m/s), are presented in Figures D-9 and D-10, respectively.
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Figure 6-11: Conical plug diameter as a function of concrete tensile strength, v=3937 in/sec (100
m/sec), 12-inch (305 mm) thick panel, MAT072R3

6.3.5 Schedule 40 Pipe Diameter and Varying Mass

The exit velocity of the Schedule 40 pipe as a function of pipe mass is presented in Figure 6-12
for a concrete compressive strength of 4351 psi (30 MPa). The results are shown for concrete
tensile strengths of 435 psi (3 MPa), 580 psi (4 MPa), and 725 psi (5 MPa). The pipe exit
velocities increase as the mass of the pipe increases, which is an expected result considering that
the mass of the 10 in (254 mm) diameter Schedule 40 pipe is twice that of the 6 in (152 mm)

diameter pipe, resulting in nearly twice the kinetic energy being transferred to the panel during
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impact. Similar trends are observed for concrete compressive strengths of 5801 psi (40 MPa) and

7251 psi (50 MPa), shown in Figures D-11 and D-12, respectively.
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Figure 6-12: Pipe exit velocity as a function of Schedule 40 pipe mass, fc' =4351 psi (30 MPa),
12-inch (305 mm) thick panel, MAT072R3

Figure 6-13 presents conical plug diameter as a function of pipe mass for a concrete compressive
strength of 4351 psi (30 MPa). The diameter of the conical plug increases as the mass of the pipe
increases, for impact velocities of 1575 in/sec (40 m/s) and 2756 in/sec (70 m/s). The plug
diameter remains relatively constant with an increase in pipe mass for an impact velocity of 3937

in/sec (100 m/s). Figures D-13 and D-14 show data for concrete compressive strengths of 5801
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psi (40 MPa) and 7251 psi (50 MPa), respectively. Similar outcomes to that presented for a

concrete compressive strength of 4351 psi (30 MPa) are observed.
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Figure 6-13: Conical plug diameter as a function of Schedule 40 pipe mass, fc' =4351 psi (30
MPa), 12-inch (305 mm) thick panel, MAT072R3

The exit velocity of the Schedule 40 pipe as a function of diameter is presented in Figure 6-14
for a concrete compressive strength of 4351 psi (30 MPa). (The mass of the pipe increases with
diameter.) The pipe exit velocity increases as the diameter of the pipe increases but the relative
contributions of pipe diameter and mass to panel damage (i.e., perforation and scabbing) cannot
be determined from these simulations alone. The effect of pipe diameter on impact resistance is

investigated in Section 6.3.7 using a constant mass for all three diameter pipes; conclusions are
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drawn in that section. Companion data for concrete compressive strengths of 5801 psi (40 MPa)

and 7251 psi (50 MPa) are presented in Figures D-15 and D-16, respectively.
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Figure 6-14: Pipe exit velocity as a function of Schedule 40 pipe diameter, fc' =4351 psi (30
MPa), 12-inch (305 mm) thick panel, MATO072R3

Figure 6-15 presents conical plug diameter as a function of pipe diameter for a concrete
compressive strength of 4351 psi (30 MPa). Similar to Figure 6-13, the diameter of the conical
plug increases as the diameter of the pipe increases, for impact velocities of 1575 in/sec (40 m/s)
and 2756 in/sec (70 m/s). Figures D-17 and D-18 present information for concrete compressive
strengths of 5801 psi (40 MPa) and 7251 psi (50 MPa), respectively. Since the independent

effect of pipe mass and diameter on conical plug diameter cannot be determined from these
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simulations, an additional study was performed and results are presented in Section 6.3.7: conical

plug diameter as a function of pipe diameter with constant mass.
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Figure 6-15: Conical plug diameter as a function of Schedule 40 pipe diameter, fc' =4351 psi (30
MPa), 12-inch (305 mm) thick panel, MAT072R3

6.3.6 Schedule 40 Pipe Impact Velocity

The pipe exit velocity as a function of impact velocity is shown in Figure 6-16 for diameters of 6
in (152 mm), 8 in (203 mm), and 10 in (254 mm), and a concrete compressive strength of 4351
psi (30 MPa). Results are shown for concrete tensile strengths of 435 psi (3 MPa), 580 psi (4
MPa), and 725 psi (5 MPa). The open square in Figure 6-16c identifies a simulation that
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terminated prematurely; the exit velocity of 0 in/sec is based on judgement. Based on the data in
these figures, the exit velocity increases as the impact velocity increases: an expected result.
Similar trends are observed for concrete compressive strengths of 5801 psi (40 MPa) and 7251

psi (50 MPa), presented in Figures D-19 and D-20, respectively.

Figure 6-17 presents conical plug diameter as a function of pipe impact velocity for a concrete
compressive strength of 4351 psi (30 MPa). The conical plug diameter for the simulation that
terminated prematurely is shown in Figure 6-17c using an open square; the value plotted is based
on conical plug diameters predicted for the same impact velocity and pipe diameter using
concrete tensile strengths of 435 psi (3 MPa) and 580 psi (4 MPa). Figures D-21 and D-22
present companion data for concrete compressive strengths of 5801 psi (40 MPa) and 7251 psi
(50 MPa), respectively. There is no clear relationship between conical plug diameter and pipe

impact velocity.

Figure 6-18a, Figure 6-18b, and Figure 6-18c show simulation results of a 6-inch (152 mm)
diameter Schedule 40 pipe impacting a 12-inch concrete panel at velocities of 1575 in/sec (40
m/s), 2756 in/sec (70 m/s), and 3937 in/sec (100 m/s), respectively, 20 msec after impact. The
concrete panel has a concrete compressive and tensile strength of 4351 psi (30 MPa) and 435 psi
(3 MPa), respectively. The results show that there are significant differences in the conical plug
diameters as the impact velocity of the pipe increases. These differences are likely caused by rate

effects in the concrete and is the focus of an ongoing study.

6.3.7 Schedule 40 Pipe Diameter with Constant Mass

The impact of pipes with constant mass but varying diameter on a 12-inch (305 mm) thick
reinforced concrete panel was simulated to isolate the effect of pipe diameter. Fifteen feet (4572
mm) long Schedule 40 pipes with diameters of 6 in (152 mm), 8 in (203 mm), and 10 in (254
mm) were considered. The mass of each pipe was set equal to that of the 10 in (254 mm)
diameter Schedule 40 pipe (=1.95 Ib-sec?/in (276 kg)). The density of the material in the 6 in
(152 mm) and 8 in (203 mm) diameter Schedule 40 pipes was modified to achieve the target
mass. The simulations are listed in Table 6-3. Impact velocities of 1575 in/sec (40 m/s), 2756
in/sec (70 m/s), and 3937 in/sec (100 m/s) were considered. The compressive and tensile
strengths of the concrete in the panel were 4351 psi (30 MPa) and 725 psi (5 MPa), respectively.

The axisymmetric model used for the simulations is presented in Section 5.3.2. A concrete
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particle spacing of 0.08 in (2 mm) was used for all simulations, based on the mesh convergence

studies conducted in Chapter 5 for the Schedule 40 pipe impact simulations (see Section 5.9).
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Figure 6-16: Pipe exit velocity as a function of pipe impact velocity, Schedule 40 pipe, fc' =4351
psi (30 MPa), 12-inch (305 mm) thick panel, MATO072R3
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Figure 6-17: Conical plug diameter as a function of pipe impact velocity, Schedule 40 pipe,
fc' =4351 psi (30 MPa), 12-inch (305 mm) thick panel, MAT072R3
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(a) v=1575 in/sec (40 m/s)

(c) v=3937 in/sec (100 m/s)
Figure 6-18:Simulation results, 20 msec after impact, 6 in (152 mm) diameter Schedule 40 pipe,

12 in (305 mm) thick panel, f, =4351 psi (30 MPa), f, =435 psi (3 MPa), MAT072R3

The exit velocities of the Schedule 40 pipe as a function of its diameter are presented in Figure
6-19. Perforation (i.e., exit velocity greater than zero) was predicted for all of the simulations
with impact velocities of 2756 in/sec (70 m/s) and 3937 in/sec (100 m/s). For these simulations,
the exit velocity decreased as the diameter of the pipe increased. The predicted conical plug
diameters, as defined in Figure 6-4, are presented in Figure 6-20 as a function of pipe diameter.
The predicted diameters of the conical plug increase as the pipe diameter increases, because a
larger shear failure plane (through the thickness of the panel) is mobilized, resulting in greater

resistance to perforation and lower exit velocities. The reduction in exit velocity associated with
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the increase in diameter (see Figure 6-19) is significantly less than the increases in exit velocity
caused by the increase in pipe size (i.e., mass and diameter), indicating that pipe mass has a

much greater effect on impact resistance than pipe diameter.

Table 6-3: Summary results, 12-in (305 mm) thick panel, varying pipe diameter, MAT072R3

Simulation | iameter Velocity f/ f/ Exit velocity
mm (in.) | nvs (in/sec) | MPa (psi) | MPa (psi) | ™5 (/s¢0)
1 152 (6) 40 (1575) 30 (4351) 5(725) 0
2 203 (8) 40 (1575) 30 (4351) 5(725) 0
3 254 (10) 40 (1575) 30 (4351) 5(725) 0
4 152 (6) 70 (2756) 30 (4351) 5(725) 30 (1180)
5 203 (8) 70 (2756) 30 (4351) 5(725) 28.7 (1130)
6 254 (10) 70 (2756) 30 (4351) 5(725) 23.6 (929)
7 152 (6) 100 (3937) | 30 (4351) | 5(725) | 62.5(2460)
8 203 (8) 100 (3937) 30 (4351) 5(725) 64.5 (2540)
9 254 (10) 100 (3937) 30 (4351) 5(725) 59.7 (2350)
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as a function of pipe diameter with a constant  function of pipe diameter with a constant mass,
mass, MATO072R3 MATO072R3

6.3.8 Schedule 40 Pipe Impact on Panels Thicker than 25.6 in (650 mm)

The 8 in (203 mm) and 10 in (254 mm) diameter Schedule 40 pipes scabbed concrete from the
back face of the 25.6 in (650 mm) thick panel at an impact velocity of 3937 in/sec (100 m/s) (see
simulations 142 and 150 in Table D-1); the compressive and tensile strength of the concrete in

the panel was 4351 psi (30 MPa) and 435 psi (3 MPa), respectively. These two simulations were
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repeated, but using thicker panels, to determine the panel thickness required to prevent scabbing
of concrete. Table 6-4 provides information on the simulations. The mass of the 8 in (203 mm)
and 10 in (254 mm) diameter Schedule 40 pipes were 1.11 Ib-sec?/in (195 kg) and 1.57 Ib-sec?/in

(276 kg), respectively: the same masses considered in the parametric study.

The modeling techniques are similar to those described in Section 5.3.3 for the 24 in (610 mm)
thick panel. SPH particles and axisymmetric solid elements were used in the impact and non-
impact zone of the panel, respectively. A concrete particle spacing of 0.12 in (3 mm) was used in
the simulations, which was based on the mesh convergence study presented in Section 5.9.5.2.

The material model MATO072R3 was used for the concrete in all simulations.

Table 6-4: Numerical simulations, panel thickness study, MAT072R3

: : _ Panel Pipe Velocity f. f Back face
Simulation | thickness mm diameter m/s (in/sec) | MP ) MPa damage

(in.) mm (in.) alsh) | o) g

1 762 (30) 203 (8) 100 (3937) | 30(4351) | 3(435) Yes

2 838 (33) 203 (8) 100 (3937) | 30(4351) | 3(435) No

3 1000 (39.4) 203 (8) 100 (3937) | 30(4351) | 3(435) No

4 838 (33) 254 (10) 100 (3937) | 30(4351) | 3(435) Yes

5 914 (36) 254 (10) 100 (3937) | 50 (7251) | 3(435) No

6 1000 (39.4) 254 (10) 100 (3937) | 50 (7251) | 3(435) No

The last column of Table 6-4 identifies if damage to the back face of the panel was predicted in a
simulation. A 33 in (838 mm) and 36 in (914 mm) thick panel is required to prevent scabbing if
impacted by an 8 in (203 mm) and 10 in (254 mm) diameter Schedule 40 pipe, respectively, at a
velocity of 3937 in/sec (100 m/sec), for concrete compressive and tensile strengths greater than
or equal to 4351 psi (30 MPa) and 435 psi (3 MPa), respectively.

6.4 Regulatory Guidance on Wind-borne Missile Impact

6.4.1 Introduction

United States Nuclear Regulatory Commission Regulatory Guide (RG) 1.76, Design-Basis
Tornado and Tornado Missiles for Nuclear Power Plants, and RG 1.221, Design-Basis
Hurricane and Hurricane Missiles for Nuclear Power Plants, identify the 6 in (152 mm)
diameter Schedule 40 pipe as a missile capable of penetrating a concrete panel. The
recommended design velocities of the 6 in (152 mm) diameter Schedule 40 pipe for RG 1.76
(2007) and RG 1.221 (2011) are 1614 in/sec (41 m/s) and 3701 in/sec (94 m/s), respectively. The
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specified impact velocities in the Regulatory Guides for wind-borne missile impact provided a
basis for the impact velocities considered in the parametric study presented in this chapter ((1575
in/sec (40 m/s) to 3937 in/sec (100 m/s)) (see Table 6-1). Since the lower and upper bound
impact velocities from the parametric study correspond to the maximum design velocities of RG
1.76 (=1614 in/sec (41 m/s)) and RG 1.221 (=3701 in/sec (94 m/s)), respectively, the results
presented in Section 6.3 can be used to provide guidance on design of reinforced concrete panels
impacted by a 6 in (152 mm) diameter Schedule 40 pipe, with a mass equal to 0.74 Ib-sec’/in
(130 kg).

6.4.2 Tornado-borne missiles

Table 6-5 presents results of the 12 in (305 mm), 15 in (381 mm), 18 in (460 mm), and 25.6 in
(650 mm) thick concrete panels impacted by a 6 in (152 mm) diameter Schedule 40 pipe at a
velocity of 1575 in/sec (40 m/s). Concrete compressive strengths of 4351 psi (30 MPa), 5801 psi
(40 MPa), and 7251 psi (50 MPa) and tensile strengths of 435 psi (3 MPa), 580 psi (4 MPa), and
725 psi (5 MPa) were considered. A conical plug formed on the back face of the 12 in (305 mm)
thick panel for compressive strengths of 4351 psi (30 MPa), 5801 psi (40 MPa), and 7251 psi (50
MPa) and a tensile strength of 435 psi (3 MPa), which corresponds to 10%, 7.4%, and 6% of the
concrete compressive strength. These simulations are highlighted in Table 6-5. Since a conical
plug formed in the simulations, it is likely (and assumed here) that concrete will scab from the
back face of the panel. The impact of a 6-inch diameter Schedule 40 pipe did not produce back
face damage to the 15 in (381 mm), 18 in (460 mm), and 25.6 in (650 mm) thick panels for all
combinations of concrete compressive and tensile strength considered. Based on these results, a
concrete panel should be at least 15 in (381 mm) thick to prevent scabbing (and perforation) for
the impact of a 6 in (152 mm) diameter Schedule 40 pipe at a velocity of 1575 in/sec (40 m/s).
This conclusion applies for concrete compressive and tensile strengths greater than or equal to

4351 psi (30 MPa) and 435 psi (3 MPa), respectively.

6.4.3 Hurricane-borne Missiles

Results of simulations of 12 in (305 mm), 15 in (381 mm), 18 in (460 mm), and 25.6 mm (650
mm) thick concrete panels, impacted by a 6 in (152 mm) diameter Schedule 40 pipe at a velocity
0f 3937 in/sec (100 m/s), are presented in Table 6-6. Concrete compressive strengths of 4351 psi
(30 MPa) and 7251 psi (50 MPa), and tensile strengths of 435 psi (3 MPa) and 725 psi (5 MPa)
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Table 6-5: Summary results, tornado-borne missile impact, v=40 m/s (1575 in/sec), 152 mm (6
in) diameter Schedule 40 pipe

Wall thickness, f/ f' Conical plug Exit velocity, | Scabbing of
t mm (in.) MPa (psi) | MPa (psi) diameter, mm (in) | m/s (in/sec) concrete

30 (4351) 3 (435) 203 (8) 0 Yes

_ 30 (4351) 4 (580) 0 0 No
g 30 (4351) 5(725) 0 0 No
g 40 (5801) 3 (435) 203 (8) 0 Yes
= 40 (5801) 4 (580) 0 0 No
i 40 (5801) 5(725) 0 0 No
= 50 (7251) 3 (435) 203 (8) 0 Yes
50 (7251) 4 (580) 0 0 No

50 (7251) 5 (725) 0 0 No

£~ 30 (4351) 3 (435) 0 0 No
g .E 30 (4351) 5 (725) 0 0 No
= 3 50 (7251) 3 (435) 0 0 No
« 50 (7251) 5 (725) 0 0 No
g~ 30 (4351) 3 (435) 0 0 No
g .8 30 (4351) 5 (725) 0 0 No
2= 50 (7251) | 3 (435) 0 0 No
= 50 (7251) | 5(725) 0 0 No
£ 30 (4351) 3 (435) 0 0 No
E2 30 (4351) 5 (725) 0 0 No
29 50 (7251) 3 (435) 0 0 No
o~ 50 (7251) | 5(725) 0 0 No

were considered. Perforation was observed in all but one of the simulations involving the 12 in
(305 mm) thick panel: concrete compressive and tensile strengths of 7251 psi (50 MPa) and 725
psi (5 MPa), respectively. Although perforation of the 12 in (305 mm) thick panel did not occur
for this case, a conical plug formed on the back face of the panel and scabbing is considered
likely. The conical plug formed for two of the simulations using the 15 in (381 mm) thick panel:
concrete compressive strengths of 4351 psi (30 MPa) and 7251 psi (50 MPa), and a tensile
strength of 435 psi (3 MPa). The simulations for which damage was predicted (perforation,
formation of a conical plug, and scabbing) are highlighted in Table 6-6. No damage was
predicted to the 18 in (460 mm) and 25.6 in (650 mm) thick panels. Based on these results, a
concrete panel should be at least 18 in (460 mm) thick to prevent scabbing (and perforation) for
the impact of a 6 in (152 mm) diameter Schedule 40 pipe at a velocity of 3937 in/sec (100 m/s).
This conclusion assumes concrete compressive and tensile strengths greater than or equal to
4351 psi (30 MPa) and 435 psi (3 MPa), respectively.
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Table 6-6: Summary results, hurricane-borne missile impact, v=100 m/s (3937 in/sec), 152 mm
(6 in) diameter Schedule 40 pipe

Wall thickness, f/ f' Conical plug Exit velocity, | Scabbing
t mm (in.) MPa (psi) | MPa (psi) diameter, mm (in) | m/s (in/sec) | of concrete

30 (4351) | 3 (435) 1372 (54) 55.6 (2190) Yes

30 (4351) | 4(580) 1321 (52) 23.7 (932) Yes

) 30 (4351) | 5(725) 1575 (62) 11.0 (435) Yes
) 40 (5801) | 3(435) 1067 (42) 34.0 (1340) Yes
= 40 (5801) | 4 (580) 1372 (54) 25.4 (1000) Yes
ﬁ 40 (5801) | 5(725) 1676 (66) 9.0 (354) Yes
= 50 (7251) | 3 (435) 1727 (68) 34.3 (1350) Yes
50 (7251) | 4 (580) 1219 (48) 22.8 (898) Yes

50 (7251) | 5(725) 508 (20) 0 Yes

g 30 (4351) | 3 (435) 406 (16) 0 Yes
£ 30 (4351) | 5(725) 0 0 No
= 50 (7251) | 3 (435) 711 (28) 0 Yes
« 50 (7251) | 5(725) 0 0 No
g 30 (4351) | 3 (435) 0 0 No
£ 30 (4351) | 5(725) 0 0 No
=) 50 (7251) | 3 (435) 0 0 No
= 50 (7251) | 5(725) 0 0 No
g = 30 (4351) | 3 (435) 0 0 No
g2 30 (4351) | 5(725) 0 0 No
2w 50 (7251) | 3 (435) 0 0 No
o~ 50 (7251) | 5(725) 0 0 No
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SECTION 7
SUMMARY, CONCLUSIONS, DESIGN GUIDANCE, AND
RECOMMENDATIONS

7.1 Summary and Conclusions

The United States Nuclear Regulatory Commission Regulatory Guide (RG) 1.76, Design-Basis
Tornado and Tornado Missiles for Nuclear Power Plants, and RG 1.221, Design-Basis
Hurricane and Hurricane Missiles for Nuclear Power Plants, identify a set of missiles and
impact velocities to be considered in the design of nuclear power plants. Empirical formulae are
used to calculate local behavior (scabbing, penetration, perforation) of reinforced concrete walls
and slabs impacted by tornado- and hurricane-borne missiles. Chapter 3 examined these
empirical formulae and compared predictions of response with test data. The predictions were
by-and-large poor, and not of the standard expected for the design of a nuclear structure. The
shortcomings with the predictive equations, and a lack of knowledge regarding those parameters
that most affect impact resistance against soft and hard missiles, prompted the authors to
validate, to the degree possible, a numerical tool for impact analysis of reinforced concrete
panels. Data from tests performed by EPRI in the 1970s were used for validation. The three-
dimensional Lagrangian and axisymmetric Smooth Particle Hydrodynamics (SPH) algorithms in

LS-DYNA (LSTC, 2012) were used for the numerical studies presented in this report.

Four EPRI tests were chosen for the validation exercise, which involved 12 in (305 mm), 18 in
(460 mm) and 24 in (610 mm) thick reinforced concrete panels impacted by 12-inch (305 mm)
diameter Schedule 40 pipes with impact velocities ranging from 98 fps (30 m/s) to 202 fps (62
m/s). The Lagrangian analysis of the 12 in (305 mm) thick panels reasonably reproduced the
front- and back-face crater diameters in EPRI Tests 10 and 11, and the impact force of Test 11.
Perforation was predicted for Test 10 but the depth of penetration was underestimated in Test 11.
Shortcomings with the Lagrangian formulation for impact loading (e.g., significant deformation
of elements in the impact zone leading to decreased time steps, and termination of analysis due
to negative volume error) became apparent in the simulations of the response of the 18 in (460
mm) and 24 in (610 mm) thick panels, and this led to an exploration of the SPH method.
Axisymmetric SPH models were adopted to reduce the computational effort, with no perceived

loss of accuracy.
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A series of numerical simulations were conducted to investigate the material models compatible
with SPH in LS-DYNA (i.e., MAT016, MAT072R3, and MAT159) and to enable a comparison
with the EPRI test data. Using the MAT072R3 material model and a tensile strength set equal to
15% of the concrete compressive strength, the numerical model reasonably reproduced results of
the experiments (i.e., front and back face crater diameters and perforation of panel in Test 10,
formation and size of the conical plug on the back face in Test 11, and the global response of the
panel in Test 8). Perforation was predicted for Test 3 but not observed in the experiment. The
depth of penetration of the pipe into the panels was underpredicted by a factor of three for the
non-perforation tests. Although the numerical model predicted the results of the experiments
with reasonable accuracy, the lack of detailed information and metadata from the EPRI

experiments made it impossible to formally validate a numerical model for impact analysis.

The impact of reinforced concrete panels by solid (effectively rigid) cylindrical missiles having
the same mass and velocity as the Schedule 40 pipe was simulated to identify the effects of
missile geometry (i.e., solid versus annular). Results showed that solid missiles are more

damaging than annular missiles, for a given mass and impact velocity.

A parametric study was conducted to investigate the effects of panel thickness, Schedule 40 pipe
size (mass and diameter), impact velocity, and concrete compressive and tensile strength, on
impact resistance. Results of the parametric study show that all of these parameters affect the
impact resistance of reinforced concrete panels, and so should be considered in design and in

future development of empirical formulae.

7.2 Guidance for the Analysis and Design of RC Panels Subjected to Impact by Wind-

borne Missiles

One objective of this research project was to formulate guidance for the analysis and design of
reinforced concrete panels impacted by Schedule 40 pipes at velocities identified in the
Regulatory Guides (1.76, 1.221) for wind-borne missiles. The following guidance is offered for
consideration to the U.S. Nuclear Regulatory Commission and is based on the results of the

parametric study presented in Section 6.3 and Appendix D.

Table 7-1 presents the minimum panel thickness required to prevent scabbing and perforation if

normally impacted by a 6 in (152 mm), 8 in (203 mm), and 10 in (254 mm) diameter Schedule
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40 pipe. Concrete scabbing governs the design of the panel (i.e., the panel thickness required to
prevent scabbing is greater than that required to prevent perforation). Results are shown for
impact velocities of 1575 in/sec (40 m/s) and 3937 in/sec (100 m/s), which correspond to the
maximum design velocities of RG 1.76 (=1614 in/sec (41 m/s)) and RG 1.221 (=3701 in/sec (94
m/s)), respectively. These conclusions are based on minimum values of concrete uniaxial

compressive and tensile strengths of 4351 psi (30 MPa) and 435 psi (3 MPa), respectively.

Table 7-1: Minimum panel thickness, f, > 4351 psi (30 MPa), f, > 435 psi (3 MPa)

Impact velocity, Schedule 40 Prevent perforation, Prevent scabbing,
. pipe diameter, . .

m/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) 381 (15) 460 (18)

100 (3937) 203 (8) 650 (25.6) 838 (33)

254 (10) 650 (25.6) 914 (36)

Table 7-2 presents values of minimum panel thickness for concrete compressive and tensile
strengths greater than or equal to 7251 psi (50 MPa) and 725 psi (5 MPa), respectively. For the
impact velocity of 3937 in/sec (100 m/s), the minimum panel thicknesses required to prevent
scabbing due to the impact of an 8 in (203 mm) and 10 in (254 mm) diameter Schedule 40 pipe
are substantially less than those presented in Table 7-1 because the increase in tensile strength

significantly improves impact resistance.

Table 7-2: Minimum panel thickness, f, > 7251 psi (50 MPa), f, > 725 psi (5 MPa)

Impact velocity, Schec'iule 40 Prevent perforation, Prevent scabbing,
. pipe diameter, . .
m/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 (15)
152 (6) 305 (12) 381 (15)
100 (3937) 203 (8) 460 (18) 460 (18)
254 (10) 650 (25.6) 650 (25.6)

Design guidance specific to U.S. NRC Regulatory Guides 1.76 and 1.221 for tornado- and
hurricane-borne missiles, respectively, is presented in Section 6.4. Charts were presented in

Chapter 6 and Appendix D to establish relationships between input variables (e.g., panel
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thickness, concrete compressive and tensile strength, Schedule 40 pipe velocity and size) and
panel response (e.g., exit velocity and conical plug diameter), to identify those parameters that
most affect impact resistance. The guidance presented in Section 6.4 and the charts can be used

for design of reinforced concrete panels for wind-borne missile impact.

A numerical model was developed in LS-DYNA to predict panel response and damage (e.g.,
perforation, front and back face crater diameters, and scabbing) caused by impact of a Schedule
40 pipe and solid missiles for a wide range of panel thickness, pipe diameter, and concrete

compressive and tensile strengths.

7.3 Design of Experiments for Formal Model Validation

Although the axisymmetric SPH model presented in Chapter 5 reasonably predicts damage to
reinforced concrete panels produced by normal impact of a Schedule 40 pipe, the lack of
information, repeat experiments and metadata from the Sandia experiments made it impossible to
formally validate numerical models for impact analysis. The tensile strength of the concrete,
which significantly affects the impact resistance of concrete panels, was not documented in the
experiments, and it is unclear whether the concrete (cylinders) used for compression testing was
representative of that in the panels on the days of testing. Analysis by others of the Sandia test
results indicated that flexural reinforcement does not prevent the formation of a conical plug
and/or scabbing of back-face concrete for the rebar ratios of up to 0.6% (used in the
experiments). Shear reinforcement was not included in the specimens tested at Sandia although it
may influence the perforation resistance of a panel. Further, strain gage data for the panel
reinforcement was sparse and transducers were not used to measure back-face displacement

histories.

Additional experiments will be required to aid in the formal validation of a numerical model for

impact analysis. The test plan should address the following:

1. The mix design of the concrete (i.e., water/cement ratio, aggregate size, and admixtures)
should be properly documented. Concrete compressive strength should be measured
using multiple cores cut from the panel to ensure the measured strength is representative

of the specimen being tested. Tensile strength of concrete should also be measured by
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testing cores (split-tension) taken from the panel and coupons cast and cured identically

to the concrete in the specimen.
The mechanical properties of the rebar used for testing should be measured.

. Impact tests should be conducted on concrete panels with 1) no reinforcement, 2) flexural
reinforcement only, and 3) shear and flexural reinforcement. A range of reinforcement

ratios should be considered.

. Panels of thickness between 12 in (305 mm) to 39.4 in (1000 mm) should be tested.

Schedule 40 pipes and solid cylindrical missiles should be used for testing to evaluate the
effects of missile geometry on panel response. Impact velocities should envelope those
found in Regulatory Guides 1.76 (2007) and 1.221 (2011) for Schedule 40 pipes.

The solid missile study presented in Chapter 5 and the parametric study presented in
Chapter 6 using Schedule 40 pipes can be used to create a test matrix. Each experiment

should be repeated two or three times to evaluate repeatability of test results.

Strain gages should be installed on flexural and shear reinforcement to monitor behavior.

. High-speed cameras should be used to monitor the acceleration of the missile and the

displacement response of the panel. Load cells should be placed at the corners of the

concrete panel to measure reaction histories.

. Damage to the panel, including 3D imaging of front and back face craters, should be

documented.
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APPENDIX A
EVALUATION OF THE JACOBIAN AND DEVELOPMENT OF
STIFFNESS MATRICES FOR DISTORTED ELEMENTS

A.1 Introduction

The Jacobian and the stiffness matrix of the 2D solid elements presented in Figure 2-21a and
Figure 2-21b are calculated in this appendix to highlight the shortcomings of the Lagrangian
formulation once the element becomes severely distorted. The steps for calculating the Jacobian
and stiffness matrix of a 2D solid element are presented in Section A.2. The Jacobians and
stiffness matrices for the non-distorted and distorted elements shown in Figure 2-21a and Figure
2-21b respectively, are calculated in Sections A.3 and A.4, respectively. Conclusions are

presented in Section A.5.
A.2 Jacobian and Stiffness Matrix of a 2D Solid Element

The stiffness matrix, [K], of an element is constructed using equation (A-1) (Bathe, 1996).

[K]= m B]dV = ﬂ "[c][B ]t|9|drds (A-1)

where [B] is the strain-displacement matrix, [C] is the constitutive matrix, V, is the volume of
the element, A, is the area of the element, t is thickness of the element, and |J| is the
determinant of the Jacobian matrix. Numerical integration is used to evaluate the integral of

equation (A-1) per Bathe (1996):

K]= tzn:wri w, B"CB, |J| (A-2)
i=1

where w, and w, are sampling weights for r and s, respectively and n is the number of Gauss

points.

The relationship between the physical and iso-parametric space is presented in chain rule and
matrix form in equations (A-3), (A-4), and (A-5), respectively. The Jacobian, [J ] , 1s given by
equation (A-6).
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o_o X oo (A3)
or oX or 0oY or

E:i%_kiﬂ (A'4)
0s oX 0s oY os

O] |oXoY |2 o

0os os os JLoY oY
X oY

1= 5 o (A-6)
o5 os

where ﬁ’ﬁ and i,i are partial derivatives of element displacements with respect to
or os oX oY
the iso-parametric and physical space, respectively. The variables X and Y are defined using

equations (A-7) and (A-8), respectively.
X =X,N, + X,N, + X;N, + X,N, (A-7)

Y =Y, N, +Y,N, +Y,N, +Y,N, (A-8)

where ( X, through X, ) and (Y, through Y,) are nodal coordinates of the iso-parametric element
defined in the physical space, as illustrated in Figure 2-21b. The shape functions of a four-noded
solid element N,, N,, N,,and N,, defined in the iso-parametric space are (Bathe, 1996):

N, =%(1+r)(1+s) (A-9)
N, =i(1—r)(1+s) (A-10)
N, = (1-)(1-9) (A-11)
N, =i(1+r)(1—s) (A-12)
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The nodal displacements of the element, U and V , in the physical space are shown in equations
(A-13) and (A-14), respectively. The displacements are presented in matrix form in equation (A-
15).

U =UN,+U,N, +U,N, +U,N, (A-13)
V =VN, +V,N, +V,N, +V,N, (A-14)

Ul

Vl

U2

U N, O N,ON, ON, O ||V
— 1 2 3 4 2 =[N]{U} (A-IS)

V[ |0 N ON, 0N, 0N,||U,

V3

U4

V4

Consider a plane-stress element. The strains can be written in matrix form (equation A-16) to
develop the relationship between the strains and the displacements defined as the [B] matrix (see

equation A-16). The constitutive matrix, [C], for a plane-stress element is shown in equation (A-
17).

a_u
“| |
{g}: &y (= G_Y Z[B]{U} (A-16)
Ty ou oV
_+_
oY oX
£ 1 v 0
[C]zl_v2 v 1 l0 (A-17)
0 0 1-v
L 2

where ¢, and &, are strain components in the X and Y direction, respectively; 7, is the shear

strain in the XY plane; E is the Young’s modulus; and Vv is Poisson’s ratio.
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Substituting the nodal displacements of the element, U (equation (A-13)) and V (equation (A-

14)), into equation (A-5), and solving for the partial derivatives in the physical space, gives the

relationships shown in equations (A-18) and (A-19), respectively.

ay au
oX _ [J ]—1 or
auy au
L oY 0s
Nz N
oX _ [J ]—1 or
Nz N
L oY 05

(A-18)

(A-19)

Substituting the partial derivatives of U (equation (A-13)) and V (equation (A-14)) into

equations (A-18) and (A-19), respectively, gives equations (A-20) and (A-21), respectively.

8_U oN, 0 ON, 0 ON, 0 ON, 0
oX :[ J]_1 or or or or

y oN, 0 ON, 0 ON, 0 oN, 0
oY 0S 0S 0S 05

8_V oN, 0 ON, 0 ON, 0 oN,
oX :[ J]_1 or or or or
ﬂ 0 oN, 0 ON, 0 ON, 0 ON,
oY 0S 0S 0S 05

Equations (A-20) and (A-21) are used to assemble [B] as shown in equation (A-22).
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Ul

ou | [N, oN, oN, oN, TV

— — 0 0O — O 0 U

oX or or or or 2

\Y

B]=1 X 1|0 Mg Mo My NS (A-22)

oY oS 0s 0s os ||U,
@JFQ ON, ON, oN, ON, ON; ON; ON, ON, ||y,

oY oX | os or o0s o o0s or 0s or | u,

V4

The locations and weights of the Gauss points in the iso-parametric space are presented in Table

A-1. These points are used to evaluate [B] at the integration points.

Table A-1: Gauss point locations and weights

Gauss point r S W, | W
1 0.5774 | 0.5774 | 1 1
2 -0.5774 | 0.5774 | 1 1
3 -0.5774 | -0.5774 | 1 1
4 0.5774 | -0.5774 | 1 1

The matrix [B] (equation (A-22)), matrix [C] (equation A-17), determinant of the Jacobian,

J|
(Equation (A-6)), thickness of the element, t, and the Gauss point weights (Table A-1) are
substituted into equation (A-2) to numerically evaluate the stiffness matrix of an element. The

Jacobians and the stiffness matrices of the elements shown in Figure 2-21 are evaluated below.

A.3 Non-distorted Element

The nodal coordinates of the non-distorted element shown in Figure 2-21a in the physical space

are presented in Table A-2.

Table A-2: Nodal coordinates of non-distorted element in physical space

X, | 10 [Y, |10
X, | o |y, |10
X, | o |,
X, | 10 |Y,

The steps to compute the Jacobian of the element are:

X = X,N, + X,N, + X;N, + X,N,
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10 10
X _1(1+r)(1+s)+x(l+r)(1—s)

X _s
or
X _o
0S

Y =Y.N, +Y,N, +Y,N, +Y,N,

10 10
Y _1(1+r)(1+s)+1(1—r)(1+s)

YNy

or

N s

0S
X oY

g_|oror|_ 50
xov| o s
0s 0s

The determinant of the Jacobian (computed below) is positive and constant at all locations within

the element.

[3|=(5%5)—(0x0) =25

Substituting [J ]71 and the partial derivatives of U (equation (A-13)) and V (equation (A-14))
into equations (A-20) and (A-21), respectively, gives:
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U
V,

—_

U 2
V2
3

U
V

w

4

U
V4

Ul
V,
1 U,

Vv

—_

[

U,
V.

U,
Vi

0%}

(A-23)

(A-24)

Equations (A-23) and (A-24) are used to assemble [B] defined in equation (A-22). The matrix

[B] is evaluated at all four Gauss points shown in Table A-1 and substituted into equation (A-2)

to compute the stiffness matrix of the element, [K] The elastic modulus, E, and Poisson’s

ratio, V, are equal to 1 and 0.3, respectively, for the calculation of the constitutive matrix, [C].

[ 0.65

0.26
~0.46
-0.05
-0.25
—0.14

0.05
| —0.07

0.26
0.55
-0.01
0.00
-0.15
—-0.25
-0.10
-0.30

-0.46
-0.01
0.65
-0.20
0.05
0.01
-0.25
0.20

—-0.05
0.00
-0.20
0.55
0.04
-0.30
0.21
-0.25
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-0.25
-0.15
0.05
0.04
0.34
0.16
-0.14
—-0.04

-0.14
-0.25
0.01
-0.30
0.16
0.44
-0.02
0.11

0.05

-0.10
-0.25
0.21
-0.14
-0.02
0.34
-0.10

—-0.07]
-0.30
0.20
-0.25
—0.04
0.11
-0.10
0.44




A.4 Distorted Element

The nodal coordinates of the distorted element (Figure 2-21b) in the physical space are presented
in Table A-3.

Table A-3: Nodal coordinates of distorted element in physical space

X, [ 81V |09
X, [ 12]y, |8
X, oY, ]| o
X, [10]Y, |2

The steps to compute the Jacobian of the distorted element are:
X =X,N, + X,N, + X;N, + X,N,

8 12 10
X _Z(1+r)(l+s)+Z(l—r)(l+s)+Z(l+r)(l—s)

%:1.5—3.53
or

% =2.5-3.5r
0S

Y =Y,N, +Y,N, +Y,N; +Y,N,

9 8 2
Y _Z(l+r)(l+s)+Z(l—r)(1+s)+Z(1+ r(1-s)

(2—Y =0.75-0.25s

r

(Z—Y =3.75-0.25r

S

X oY
or or _{1.5—3.55 0.75—0.251

%O_Y 2.5-3.5r 3.75-0.25r
0S 05
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The determinant of the Jacobian in the iso-parametric space is given by:

|J|=3.75+2.25r-12.5s

J

(see Figure 2-21). The locations of the nodes in iso-parametric space are also shown in the table.

Table A-3 shows the determinant of the Jacobian,

, evaluated at all four nodes of the element

Significant distortion of the element causes the determinant of the Jacobian to be negative at
nodes 1 and 2 (highlighted in Table A-3): an expected result. In a finite element simulation, this

behavior will cause a negative volume error and trigger termination of the analysis.

Table A-3: Jacobian determinants for a distorted element
Node | r | s | |J]
1 1| 1] -65

2 -1 1| -11
3 -1 -1 14
4 1 | -1] 185

The substitution of [J ]71 and the partial derivatives of U (equation (A-13)) and V (equation (A-
14)) into equations (A-20) and (A-21), respectively, gives:
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(A-25)

= I s I = IS

(A-26)

0.75-0.25s
3.75-0.25r

1.5-3.5s
2.5-3.5r

—12.55{

1

3.75+2.25r

]

oU
X
oU
oY

|
|

= R s s T s WS

|

0.75-0.25s
3.75-0.25r

1.5-3.5s
—12.5s|2.5-3.5r

1

3.75+2.25r

Vv
X
oV
o
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The information in equations (A-23) and (A-24) is used to assemble [B] defined in equation (A-
22). The matrix [B] is evaluated at all four Gauss points shown in Table A-1 and substituted into
equation (A-2) to compute the stiffness matrix of the element, [K] , shown below. The elastic

modulus, E, and Poisson’s ratio, Vv, are equal to 1 and 0.3, respectively, for this calculation.

[ 262 -032 -340 020 -0.81 0.11 153  0.01]
-0.32 0.58 0.16 —0.73 009 -0.12 0.06 027
~3.40 0.16 452  0.01 1.10 -0.14 -222 -0.03
020 —0.73 0.01 146 -0.13 027 -0.07 -1.00
-0.81 0.09 1.10 -0.13 037 -0.07 -0.66 0.10
0.11 -0.12 -0.14 027 -0.07 0.07 010 -022
1.53 006 -222 -0.07 -0.66 0.10 135 -0.08

| 0.01 027 -0.03 -1.00 0.10 -022 -0.08 095

A.5 Conclusions

The Jacobians and stiffness matrices for the non-distorted and distorted elements presented in
Figure 2-21a and Figure 2-21b, respectively, were calculated in this appendix. The determinant
of the Jacobian of the non-distorted element was positive and constant at all locations within the
element indicating that the unique relationship between the physical and iso-parametric space
exists. The determinant of the Jacobian of the distorted element was evaluated at all four nodes
and found to be negative in the top half of the element which is an expected result considering
the element was severely distorted. In this case, a unique relationship between the physical and
iso-parametric space no longer exists and the negative determinant triggers termination of the
finite element simulation. This behavior highlights one of the significant shortcomings associated
with the use of the Lagrangian formulation for impact and blast loading in which severe element

distortion may occur.
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APPENDIX B
CSCM CONCRETE MODEL INPUTS AND BEST-FIT STRAIN-RATE
CURVES

Table B-1: CSCM concrete model inputs, EPRI Test 10

G (psi) | 1.5E+06 D, (psi) 1.72E-06

K (psi) | 1.65E+06 D, (psi®) 1.66E-11

a (psi) | 2005.4695 B, 100

B (psi') | 1.33E-04 D, 0.1

A (psi) | 1522.8963 G, (psi-in) 0.4763
4 2.82E-01 G (psi-in) 47.63
, 0.74735 Ge (psi-in) 0.4763

ﬂl (pSi_l) 5.14E-04 PWRC 3
4 0.17 PWRT 1

0, (psi!) | 8.95E-06 n 0.70
a, 0.66 Mot 1.6E-04

B, (psi') | 5.21E-04 1, 0.55
A, 0.16 Moo 1.85E-04
R 5 Overc (psi) 2891.3

X, (psi) | 1.29E+04 Overt (psi) 2891.3
W, 0.05 REPOW 1
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Table B-2: CSCM concrete model inputs, EPRI Test 3

G (psi) | 1.43E+06 D, (psi) 1.72E-06
K (psi) | 1.57E+06 D, (psi®) 1.66E-11
a (psi) | 1947.2083 B, 100
B (psi') | 1.33E-04 D, 0.1
A (psi) | 1522.8963 G, (psi-in) 0.4452
0 2.75E-01 G (psi-in) 44.52
a, 0.74735 Ge (psi-in) 0.4452
B, (psi') | 5.26E-04 PWRC 5
A 0.17 PWRT 1
0, (psi’) | 9.30E-06 7 0.70
a, 0.66 Mo 1.60E-04
B, (psi') | 5.33E-04 1, 0.55
Ay 0.16 Mo 1.85E-04
0, (psi') | 1.09E-05 Srate 1
R 5 Overc (psi) 2809
X, (psi) 1.27E+04 Overt (psi) 2809
W 0.05 REPOW 1

p




Table B-2: CSCM concrete model inputs, EPRI Test 8

G (psi) | 1.53E+06 D, (psi) 1.72E-06
K (psi) | 1.67E+06 D, (psi®) 1.66E-11
a (psi) | 2022.4959 B, 100
B (psi') | 1.33E-04 D, 0.1
A (psi) | 1522.8963 G, (psi-in) 0.4858
0 2.85E-01 G (psi-in) 48.58
o 0.74735 G (psi-in) 0.4858
B, (psi’) | 5.10E-04 PWRC 5
A 0.17 PWRT 1
0, (psi') | 8.84E-06 . 0.70
a, 0.66 Mo 1.6E-04
B, (psi') | 5.17E-04 1, 0.55
4, 0.16 Mo 1.85E-04
0, (psi') | 1.03E-05 Srate 1
R > Overc (psi) 2921
X, (psi) | 1.29E+04 Overt (psi) 2921
W, 0.05 REPOW 1
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Figure B-1: Compressive and tensile DIFs, Test 10
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Figure B-2: Compressive and tensile DIFs, Test 3
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APPENDIX C
SMOOTH PARTICLE HYDRODYNAMICS MESH-REFINEMENT
STUDIES
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Figure C-3: Pipe velocity history, f.'=3500 psi (24.1 MPa)
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Figure C-5: Pipe velocity history, fc' =4500 psi (31.0 MPa)
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Figure C-6: Pipe velocity history, f.'= 6000 psi (41.4 MPa)
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Figure C-7: Pipe velocity history, f’= 180 psi (1.24 MPa)
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Figure C-9: Pipe velocity history, =540 psi (3.72 MPa)
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Table C-1: Estimated rates of convergence and GCI for different compressive strengths

Concrete Compressive
particle | Metric, f' Pressiv GCI values®
. strength
spacing
10 mm -1.8 m/s r21 1.5
(0.39 in) (-71 in/s) r, 1.33
5 mm -5.0 m/s €, -0.05
(0.2 in) (-195 in/s) e, -0.36
4 mm -4.9 m/s f' =13.8 MPa P 7.13
(0.16 in) | (-192 in/s) (2000 psi) GCl,, -0.003
3 mm -7.6 m/s GCl,, -0.066
(0.12in) | (-300 in/s) f21* m/s (in/s) -8.0 (-316)
2 mm -8.0 m/s AC 1.05
(0.08 in) | (-315 in/s) Cl,, m/s (in/s) [-8.0,-7.9] ([-316, -314])
10 mm -5.1 m/s
(0.391in) | (-200 in/s)
5 mm -2.5m/s
(0.2 in) (-100 in/s)
4 mm -8.9 m/s f' =20.7 MPa 3
) ) c Not calculated
(0.16 in) | (-350 in/s) (3000 psi)
3 mm -2.5m/s
(0.12in) | (-100 in/s)
2 mm -5.1 m/s
(0.08 in) | (-200 in/s)
10 mm -7.6 m/s ) 1.5
(0.391in) | (-301 in/s) I, 1.33
5 mm 2.1 m/s €, 0.02
(0.2 in) (-82 in/s) e, 0.24
4 mm -4.6 m/s f' =24.1 MPa P 8.73
o _ o C * GCI
(0.16 in) | (-183 in/s) (3500 psi) ’” 0.001
3 mm -3.8 m/s GCl, 0.026
(0.12in) | (-148 in/s) f21* m/s (in/s) -3.7 (-145)
. _ . I : . s T
(0.08 in) | (-145 in/s) Clys m/s (in/s) ([-145.1, -144.9])

1. Parameter used to describe damage or a response being estimated (e.g. residual velocity or penetration
depth). The highlighted metrics for each compressive strength were used to make the GCI calculations.
2. All GCI parameters were defined in Section 5.4.

3. The results did not converge and the GCI was not calculated.
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Table C-1: Estimated rates of convergence and GCI for different compressive strengths (contd.)

Conerete Compressive
particle | Metric, f pressiv GCI values
spacing strength

10 mm -3.5m/s
(0.39in) | (-136 in/s)
5 mm -2.7 m/s
(0.2 1) | (-105 in/s)
4mm | -28m/s | f' =27.6MPa

(0. 16 in) (-1 10 in/s) (4000 psi)
3 mm 0.6 m/s
(0.121n) | (24 in/s)4
2 mm -2.8 m/s
(0.08 in) | (-110 in/s)

Not calculated®

10 mm Perforation g 12>

(0.39 in) r,, 1.33

5 mm 33 mm €, -0.07

(0.2in) | (1.3 1in) e, -0.07

A y f' =31.0 MPa P 0.998

mm mm .
: : (4500 psi) GCl,, -0.25
0.16 1.4

(0.161m) | (1.4 n) GCl,, -0.36
- 38 f,,”mm (in) 46 (1.8)

AC 1.07

(0.12in) | (1.5 in)

Cl,, mm (in) | [48, 28] ([1.88, 1.1])

10 mm

(0.39 in) Perforation
5 mm 30 mm

(02in) | (1.2in) | f' =41.4MPa Not caleulated®
4 mm 30 mm (6000 psi)

(0.16in) | (1.2 in)
3 mm 30 mm

(0.12 in) (1.2 in)
4. The results predicted using the 3 mm mesh were discarded because the results were significantly
different than those predicted using the other mesh sizes.

5. The values of GCI were not calculated because the residual velocity predicted using the 2 and 4 mm
concrete particle spacings were identical, indicating a converged mesh.

6. The values of GCI were not calculated because the penetration depth predicted using the 3 and 4 mm
meshes were identical, indicating a converged mesh.
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Table C-2: Estimated rates of convergence and GCI for different tensile strengths

Concrete Compressive
particle | Metric, f P GCI values
spacing strength
10 mm -17.0 m/s Il 1.5
(0.391in) | (-671 in/s) r, 1.33
5 mm -15.3 m/s €, -0.01
(0.2 in) | (-603 in/s) e, -0.17
4 mm -13.0 m/s ft’ = 1.2 MPa P 8.6
) ] . I .
(0.16 in) | (-510 in/s) (180 psi) GCl,, 0.0006
3mm | -15.5m/s GCl,, 0.019
(0.12'in) | (-611 in/s) f21* m/s (in/s) -15.8 (-621)
AC 1.02
(02 (;glﬁa) (_-1652'(3 lrII]]//SS) Cl,s /s (in/s) 158, -15.7]
: 95 ([-620.3, -619.6])
10 mm -9.2 m/s N L5
(0.39in) | (-363 in/s) r, 1.33
5 mm -6.7 m/s € 0.017
(0.2 1in) | (-264 in/s) e, 0.331
4 mm -11.8 m/s ft’ =2.5 MPa p 10.41
i - i i GCl
(0.16 in) | (-466 in/s) (360 psi) ’” 0.0003
3 mm -8.9 m/s GCl,, 0.0218
(0.12 in) | (-350 in/s) f21* m/s (in/s) -8.7 (-344)
AC 0.986
(02 08 in) (-?43 I:;//Ss) Clys ms (in/s) 874, -8.75]
: 95 ([-344.1, -343.9])
10 mm )
(0.39 in) Perforation
5 mm .
(0.2 in) Perforation ft' = 3.7 MPa Not calculated!
( 041rgm) (318 mn; (540 psi)
.16 in Sin
3 mm 38 mm
(0.12 in) (1.5 in)

1. The values of GCI were not calculated because the penetration depths predicted using the 3 and 4 mm

meshes were identical, indicating a converged mesh.
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Table C-2: Estimated rates of convergence and GCI for different tensile strengths (contd.)

Concrete . .
M
particle e;rlc’ Compressive GCI values
. strength
spacing
10 mm 51 mm
(0.39 in) (2 in)
5 mm 51 mm
(0.2 in) (2 in) fi' =5.0 MPa Not calculated?
4Amm | 53 mm (720 psi)
(0.161n) | (2.1 1n)
3 mm 53 mm
(0.121in) | (2.11n)

2. The values of GCI were not calculated because the penetration depths predicted using the 3 and 4 mm
meshes were identical, indicating a converged mesh.
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APPENDIX D
ADDITIONAL RESULTS OF A PARAMETRIC STUDY ON WIND-BORNE
MISSILE IMPACT ON REINFORCED CONCRETE PANELS
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Table D-1: Parametric study: simulations and results

Wall Schedule Pipe £ Ny Conical plug Exit Scabbin
No. | thickness, t | 40 pipe, | velocity, v c to diameter, velocity, g
mm (in) | mm(in) | m/s(in/s) | MPa(psi) | MPa(psi) | mm(in) | mis (infsec) of concrete
1 152 (6) 40 (1575) | 30 (4351) 3 (435) 203 (8) 0 Yes
2 152 (6) 40 (1575) | 30 (4351) 4 (580) 0 0 No
3 152 (6) 40 (1575) | 30 (4351) 5(725) 0 0 No
4 152 (6) 40 (1575) | 40 (5801) 3 (435) 203 (8) 0 Yes
5 152 (6) 40 (1575) | 40 (5801) 4 (580) 0 0 No
6 152 (6) 40 (1575) | 40 (5801) 5(725) 0 0 No
7 152 (6) 40 (1575) | 50 (7251) 3 (435) 203 (8) 0 Yes
8 152 (6) 40 (1575) | 50 (7251) 4 (580) 0 0 No
9 152 (6) 40 (1575) | 50 (7251) 5(725) 0 0 No
10 152 (6) 70 (2756) | 30 (4351) 3 (435) 356 (14) 5.6 (222) Yes
11 152 (6) 70 (2756) | 30 (4351) 4 (580) 330 (13) 0 Yes
12 152 (6) 70 (2756) | 30 (4351) 5 (725) - - -
13 152 (6) 70 (2756) | 40 (5801) 3 (435) 1829 (72) 2.1 (81) Yes
14 152 (6) 70 (2756) | 40 (5801) 4 (580) 508 (20) 0 Yes
15 152 (6) 70 (2756) | 40 (5801) 5(725) 305 (12) 0 Yes
16 152 (6) 70 (2756) | 50 (7251) 3 (435) 1524 (60) 5.0 (195) Yes
17 152 (6) 70 (2756) | 50 (7251) 4 (580) 508 (20) 0 Yes
18 152 (6) 70 (2756) | 50 (7251) 5(725) 356 (14) 0 Yes
19 152 (6) 100 (3937) | 30 (4351) 3 (435) 1372 (54) 55.6 (2190) Yes
20 152 (6) 100 (3937) | 30 (4351) 4 (580) 1321 (52) 23.7 (932) Yes
21 152 (6) 100 (3937) | 30 (4351) 5(725) 1575 (62) 11.0 (435) Yes
22 152 (6) 100 (3937) | 40 (5801) 3 (435) 1067 (42) 34.0 (1340) Yes
23 C) 152 (6) 100 (3937) | 40 (5801) 4 (580) 1372 (54) 25.4 (1000) Yes
24 g 152 (6) 100 (3937) | 40 (5801) 5(725) 1676 (66) 9.0 (354) Yes
25 = 152 (6) 100 (3937) | 50 (7251) 3 (435) 1727 (68) 34.3 (1350) Yes
26 i 152 (6) 100 (3937) | 50 (7251) 4 (580) 1219 (48) 22.8 (898) Yes
27 = 152 (6) 100 (3937) | 50 (7251) 5 (725) 508 (20) 0 Yes
28 203 (8) 40 (1575) | 30 (4351) 3 (435) 762 (30) 0 Yes
29 203 (8) 40 (1575) | 30 (4351) 4 (580) 432 (17) 0 Yes
30 203 (8) 40 (1575) | 30 (4351) 5 (725) 0 0 No
31 203 (8) 40 (1575) | 40 (5801) 3 (435) 660 (26) 0 Yes
32 203 (8) 40 (1575) | 40 (5801) 4 (580) 432 (17) 0 Yes
33 203 (8) 40 (1575) | 40 (5801) 5 (725) 305 (12) 0 Yes
34 203 (8) 40 (1575) | 50 (7251) 3 (435) 1321 (52) 0.17 (6.6) Yes
35 203 (8) 40 (1575) | 50 (7251) 4 (580) 460 (18) 0 Yes
36 203 (8) 40 (1575) | 50 (7251) 5 (725) 356 (14) 0 Yes
37 203 (8) 70 (2756) | 30 (4351) 3 (435) 1270 (50) 32.8 (1290) Yes
38 203 (8) 70 (2756) | 30 (4351) 4 (580) 1321 (52) 17.4 (684) Yes
39 203 (8) 70 (2756) | 30 (4351) 5 (725) 1143 (45) 6.6 (259) Yes
40 203 (8) 70 (2756) | 40 (5801) 3 (435) 2032 (80) 31.8 (1250) Yes
41 203 (8) 70 (2756) | 40 (5801) 4 (580) 1778 (70) 16.5 (651) Yes
42 203 (8) 70 (2756) | 40 (5801) 5 (725) 1880 (74) 6.1 (240) Yes
43 203 (8) 70 (2756) | 50 (7251) 3 (435) 2184 (86) 30.0 (1180) Yes
44 203 (8) 70 (2756) | 50 (7251) 4 (580) 1626 (64) 15.2 (600) Yes
45 203 (8) 70 (2756) | 50 (7251) 5 (725) 2032 (80) 9.0 (353) Yes
46 203 (8) 100 (3937) | 30 (4351) 3 (435) 1524 (60) 56.1(2210) Yes
47 203 (8) 100 (3937) | 30 (4351) 4 (580) 1372 (54) 55.4 (2180) Yes
48 203 (8) 100 (3937) | 30 (4351) 5 (725) 1524 (60) 38.9 (1530) Yes
49 203 (8) 100 (3937) | 40 (5801) 3 (435) 1676 (66) 57.7 (2270) Yes
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Table D-1: Parametric study: simulations and results (contd.)

50 203 (8) | 100(3937) | 40 (5801) | 4(580) | 1676 (66) | 53.8(2120) Yes
51 203 (8) | 100(3937) | 40 (5801) | 5(725) | 2032(30) | 30.5(1200) Yes
52 203 (8) | 100(3937) | 50(7251) | 3(435) | 2083 (82) | 52.3 (2060) Yes
53 203 (8) | 100(3937) | 50 (7251) | 4 (580) - - -

54 203 (8) | 100(3937) | 50 (7251) | 5(725) | 2032(80) | 35.8 (1410) Yes
55 254 (10) | 40 (1575) | 30 (4351) | 3 (435) | 2083 (32) 8.3 (325) Yes
56 254 (10) | 40 (1575) | 30 (4351) | 4(580) | 1676 (66) 1.0 (40) Yes
57 254 (10) | 40 (1575) | 30 (4351) | 5(725) | 914 (36) 0 Yes
58 254 (10) | 40 (1575) | 40 (5801) | 3 (435) | 2083 (32) 6.2 (243) Yes
59 254 (10) | 40 (1575) | 40 (5801) | 4 (580) - 0.34 (13.2) Yes
60 254 (10) | 40 (1575) | 40 (5801) | 5(725) | 889 (35) 0 Yes
61 254 (10) | 40 (1575) | 50 (7251) | 3(435) | 1778 (70) 5.4(212) Yes
62 254 (10) | 40 (1575) | 50 (7251) | 4 (580) - 0.38 (15) Yes
63 254 (10) | 40 (1575) | 50 (7251) | 5(725) | 914 (36) 0 Yes
64 254 (10) | 70 (2756) | 30 (4351) | 3(435) | 1524 (60) | 41.9 (1650) Yes
65 254 (10) | 70 (2756) | 30 (4351) | 4(580) | 1372 (54) | 31.8(1250) Yes
66 254 (10) | 70 (2756) | 30 (4351) | 5(725) | 1626(64) | 23.6(928) Yes
67 254 (10) | 70 (2756) | 40 (5801) | 3 (435) | 2286 (90) | 38.1(1500) Yes
68 254 (10) | 70 (2756) | 40 (5801) | 4(580) | 2032 (80) | 32.3(1270) Yes
69 254 (10) | 70 (2756) | 40 (5801) | 5(725) | 1778 (70) | 27.2(1070) Yes
70 254 (10) | 70 (2756) | 50 (7251) | 3(435) | 2235(88) | 36.8 (1450) Yes
71 254 (10) | 70 (2756) | 50 (7251) | 4 (580) | 2083 (82) | 23.4(920) Yes
72 254 (10) | 70 (2756) | 50 (7251) | 5(725) | 1880(74) | 20.5 (309) Yes
73 254 (10) | 100 (3937) | 30 (4351) | 3 (435) | 1524 (60) | 67.3 (2650) Yes
74 254 (10) | 100 (3937) | 30 (4351) | 4(580) | 1372 (54) | 63.2(2490) Yes
75 254 (10) | 100 (3937) | 30 (4351) | 5(725) | 1168 (46) | 59.7 (2350) Yes
76 254 (10) | 100 (3937) | 40 (5801) | 3 (435) | 1626 (64) | 64.3 (2530) Yes
77 254 (10) | 100 (3937) | 40 (5801) | 4(580) | 1524 (60) | 60.5 (2380) Yes
78 254 (10) | 100 (3937) | 40 (5801) | 5(725) | 1397 (55) | 54.9 (2160) Yes
79 254 (10) | 100 (3937) | 50 (7251) | 3 (435) | 1422(56) | 64.0(2520) Yes
80 254 (10) | 100 (3937) | 50 (7251) | 4(580) | 2184 (86) | 56.4(2220) Yes
81 254 (10) | 100 (3937) | 50 (7251) | 5(725) | 2032(80) | 52.1(2050) Yes
82 152 (6) | 40(1575) | 30 (4351) | 3 (435) 0 0 No
83 152 (6) | 40(1575) | 30 (4351) | 5(725) 0 0 No
84 152 (6) | 40(1575) | 50 (7251) | 3 (435) 0 0 No
85 152 (6) | 40(1575) | 50 (7251) | 5(725) 0 0 No
86 152 (6) | 100 (3937) | 30 (4351) | 3 (435) | 406 (16) 0 Yes
87 152 (6) | 100(3937) | 30 (4351) | 5 (725) 0 0 No
88 152 (6) | 100 (3937) | 50 (7251) | 3(435) | 711(28) 0 Yes
89 = 152 (6) | 100(3937) | 50 (7251) | 5 (725) 0 0 No
90 - 203 (8) | 40(1575) | 30 (4351) | 3 (435) 0 0 No
91 =t 203 (8) | 40(1575) | 30 (4351) | 5(725) 0 0 No
92 g 203 (8) | 40(1575) | 50(7251) | 3 (435) 0 0 No
93 - 203 (8) | 40(1575) | 50(7251) | 5(725) 0 0 No
94 A 203 (8) | 100(3937) | 30 (4351) | 3(435) | 1676 (66) | 43.9 (1730) Yes
95 203 (8) | 100(3937) | 30 (4351) | 5(725) | 1930(76) | 11.9 (470) Yes
96 203 (8) | 100(3937) | 50 (7251) | 3(435) | 1778 (70) | 32.5(1280) Yes
97 203 (8) | 100(3937) | 50 (7251) | 5(725) | 2540 (100) | 5.5 (217) Yes
o8 254 (10) | 40 (1575) | 30 (4351) | 3(435) | 762 (30) 0 Yes
99 254 (10) | 40 (1575) | 30 (4351) | 5 (725) 0 0 No
100 254 (10) | 40 (1575) | 50 (7251) | 3(435) | 762 (30) 0 Yes
101 254 (10) | 40 (1575) | 50 (7251) | 5(725) 0 0 No
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Table D-1: Parametric study: simulations and results (contd.)

102 254 (10) | 100 (3937) | 30 (4351) | 3(435) | 1676 (66) | 49.5(1950) Yes
103 254 (10) | 100 (3937) | 30 (4351) | 5(725) | 1422(56) | 27.2(1070) Yes
104 254 (10) | 100 (3937) | 50 (7251) | 3(435) | 1676 (66) | 39.1 (1540) Yes
105 254 (10) | 100 (3937) | 50 (7251) | 5(725) | 2032(80) | 29.5(1160) Yes
106 152 (6) | 40(1575) | 30 (4351) | 3 (435) 0 0 No
107 152(6) | 40(1575) | 30 (4351) | 5(725) 0 0 No
108 152(6) | 40(1575) | 50 (7251) | 3 (435) 0 0 No
109 152(6) | 40(1575) | 50 (7251) | 5(725) 0 0 No
110 152 (6) | 100 (3937) | 30 (4351) | 3 (435) 0 0 No
111 152 (6) | 100(3937) | 30 (4351) | 5(725) 0 0 No
112 152 (6) | 100(3937) | 50 (7251) | 3 (435) 0 0 No
113 152 (6) | 100(3937) | 50 (7251) | 5(725) 0 0 No
114 203 (8) | 40(1575) | 30 (4351) | 3 (435) 0 0 No
115 = 203 (8) | 40(1575) | 30 (4351) | 5(725) 0 0 No
116 " 203 (8) | 40(1575) | 50(7251) | 3 (435) 0 0 No
117 = 203 (8) | 40(1575) | 50 (7251) | 5(725) 0 0 No
118 g 203 (8) | 100(3937) | 30 (4351) | 3(435) | 1727(68) | 18.3(721) Yes
119 S 203 (8) | 100(3937) | 30 (4351) | 5(725) 0 0 No
120 < 203 (8) | 100(3937) | 50 (7251) | 3(435) | 2794 (110) | 7.0 (275) Yes
121 203 (8) | 100(3937) | 50 (7251) | 5 (725) 0 0 No
122 254 (10) | 40 (1575) | 30 (4351) | 3 (435) 0 0 No
123 254 (10) | 40 (1575) | 30 (4351) | 5(725) 0 0 No
124 254 (10) | 40 (1575) | 50 (7251) | 3 (435) 0 0 No
125 254 (10) | 40 (1575) | 50 (7251) | 5 (725) 0 0 No
126 254 (10) | 100 (3937) | 30 (4351) | 3(435) | 2184 (86) | 31.8(1250) Yes
127 254 (10) | 100 (3937) | 30 (4351) | 5 (725) - - -

128 254 (10) | 100 (3937) | 50 (7251) | 3 (435) | 2032 (80) | 28.2(1110) Yes
129 254 (10) | 100 (3937) | 50 (7251) | 5(725) | 1270 (50) | 0.34 (13.5) Yes
130 152 (6) | 40(1575) | 30 (4351) | 3 (435) 0 0 No
131 152 (6) | 40(1575) | 30 (4351) | 5(725) 0 0 No
132 152 (6) | 40(1575) | 50 (7251) | 3 (435) 0 0 No
133 152 (6) | 40(1575) | 50 (7251) | 5(725) 0 0 No
134 152 (6) | 100 (3937) | 30 (4351) | 3 (435) 0 0 No
135 152 (6) | 100 (3937) | 30 (4351) | 5 (725) 0 0 No
136 152 (6) | 100 (3937) | 50 (7251) | 3 (435) 0 0 No
137 152 (6) | 100 (3937) | 50 (7251) | 5 (725) 0 0 No
138 203 (8) | 40(1575) | 30 (4351) | 3 (435) 0 0 No
139 = 203 (8) | 40(1575) | 30 (4351) | 5(725) 0 0 No
140 © 203 (8) | 40(1575) | 50(7251) | 3 (435) 0 0 No
141 8 203 (8) | 40(1575) | 50 (7251) | 5(725) 0 0 No
142 £ 203 (8) | 100 (3937) | 30 (4351) | 3 (435) 203 (3) 0 Yes
143 B 203 (8) | 100(3937) | 30 (4351) | 5 (725) 0 0 No
144 2 203 (8) | 100(3937) | 50 (7251) | 3 (435) 0 0 No
145 203 (8) | 100(3937) | 50 (7251) | 5 (725) 0 0 No
146 254 (10) | 40 (1575) | 30 (4351) | 3 (435) 0 0 No
147 254 (10) | 40 (1575) | 30 (4351) | 5 (725) 0 0 No
148 254 (10) | 40 (1575) | 50 (7251) | 3 (435) 0 0 No
149 254 (10) | 40 (1575) | 50 (7251) | 5 (725) 0 0 No
150 254 (10) | 100 (3937) | 30 (4351) | 3 (435) | 445(17.5) 0 Yes
151 254 (10) | 100 (3937) | 30 (4351) | 5 (725) 0 0 No
152 254 (10) | 100 (3937) | 50 (7251) | 3 (435) | 508 (20) 0 Yes
153 254 (10) | 100 (3937) | 50 (7251) | 5 (725) 0 0 No
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Figure D-1: Exit velocity of Schedule 40 pipe as a function of panel thickness, v=1575 in/sec
(40 m/sec), 12-inch (305 mm) thick panel, MAT072R3
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Figure D-2: Conical plug diameter as a function of panel thickness, v=1575 in/sec (40 m/sec),
12-inch (305 mm) thick panel, MAT072R3

262



Concrete compressive strength (MPa) Concrete compressive strength (MPa)

0 138 27.6 414 552 0 138 27.6 414 552
350 9 350— 1 9
K ] —e—e—e6 in. (152.4 mm) .
300 \\ 175 _ 300|o-0-e8 in. (203.2 mm) 175
bt \\ 1 ’\y? 3 | le—e—e10 in. (254 mm) {77 =
ER ~_ s £ g 20 b E
<. 200 A l. 2 <. 200 L. Z
G | 6in. 4 mm S5 32 5 S 2
§ 150} fo-e-o8 in. 83?; mmg 1 ‘T‘; _?8) 150 | g
o 10 in. (254 mm) | z 0 13 z
; 100 73 g~ < 100 | g
LE 11.5 ™ [}3 11.5 a
50 " 50 ' 1
0 0 0 e—(
0 2000 4000 6000 8000 0 2000 4000 6000 8000

Concrete compressive strength (psi) Concrete compressive strength (psi)

(a) f,=435 psi (3 MPa) (b) f. =580 psi (4 MPa)

Concrete compressive strength (MPa)
0 13.8 27.6 414 55.92

350
300 | |o—e—e6in. (152.4 mm) 1
—e=e-e8 in. (203.2 mm) .
g [ |e—e—e10 in. (254 mm) 1 75 /w\
§ 250 i é
. 200 L. z
= =
S 150 e
Z N +~
g 100 73 5
a8
=50 HE

0 0
0 2000 4000 6000 8000
Concrete compressive strength (psi)

(c) f=725 psi (5 MPa)

Figure D-3: Exit velocity of Schedule 40 pipe as a function of concrete compressive strength,
v=1575 in/sec (40 m/sec), 12-inch (305 mm) thick panel, MAT072R3
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Figure D-4: Exit velocity of Schedule 40 pipe as a function of concrete compressive strength,
v=2756 in/sec (70 m/sec), 12-inch (305 mm) thick panel, MAT072R3
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Figure D-5: Conical plug diameter as a function of concrete compressive strength, v=1575
in/sec (40 m/sec), 12-inch (305 mm) thick panel, MAT072R3
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Figure D-6: Conical plug diameter as a function of concrete compressive strength, v=2756
in/sec (70 m/sec), 12-inch (305 mm) thick panel, MAT072R3
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Figure D-7: Exit velocity of Schedule 40 pipe as a function of concrete tensile strength, v=1575
in/sec (40 m/sec), 12-inch (305 mm) thick panel, MAT072R3
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Figure D-8: Exit velocity of Schedule 40 pipe as a function of concrete tensile strength, v=2756
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Figure D-9: Conical plug diameter as a function of concrete tensile strength, v=1575 in/sec (40
m/sec), 12-inch (305 mm) thick panel, MAT072R3
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Figure D-10: Conical plug diameter as a function of concrete tensile strength, v=2756 in/sec (70
m/sec), 12-inch (305 mm) thick panel, MAT(072R3
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Figure D-11: Pipe exit velocity as a function of Schedule 40 pipe mass, fc' =5801 psi (30 MPa),
12-inch (305 mm) thick panel, MAT072R3
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Figure D-12: Pipe exit velocity as a function of Schedule 40 pipe mass, fc' =7251 psi (30 MPa),
12-inch (305 mm) thick panel, MAT072R3
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Figure D-13: Conical plug diameter as a function of Schedule 40 pipe mass, fc' =5801 psi (30
MPa), 12-inch (305 mm) thick panel, MAT072R3
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Figure D-14: Conical plug diameter as a function of Schedule 40 pipe mass, fc' =7251 psi (30
MPa), 12-inch (305 mm) thick panel, MAT072R3
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Figure D-15: Pipe exit velocity as a function of Schedule 40 pipe diameter, fc' =5801 psi (40
MPa), 12-inch (305 mm) thick panel, MAT072R3
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Figure D-16: Pipe exit velocity as a function of Schedule 40 pipe diameter, fc' =7251 psi (50
MPa), 12-inch (305 mm) thick panel, MAT072R3
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Figure D-17: Conical plug diameter as a function of Schedule 40 pipe diameter, fc' =5801 psi
(40 MPa), 12-inch (305 mm) thick panel, MAT072R3
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Figure D-18: Conical plug diameter as a function of Schedule 40 pipe diameter, fc' =7251 psi
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Figure D-19: Pipe exit velocity as a function of pipe impact velocity, Schedule 40 pipe,
fc' =5801 psi (40 MPa), 12-inch (305 mm) thick panel, MAT072R3
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Figure D-20: Pipe exit velocity as a function of pipe impact velocity, Schedule 40 pipe,
f'=7251 psi (50 MPa), 12-inch (305 mm) thick panel, MATO72R3
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Figure D-21: Conical plug diameter as a function of pipe impact velocity, Schedule 40 pipe,
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Figure D-22: Conical plug diameter as a function of pipe impact velocity, Schedule 40 pipe,
f'=7251 psi (50 MPa), 12-inch (305 mm) thick panel, MAT072R3
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