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ABSTRACT 

This paper presents an analytical approach used for best estimate assessment of local perforation and 
scabbing in a reinforced concrete wall stemming from impact by a turbofan engine as representative of hard 
missile impact due to aircraft impact.  The approach can be considered as a more detailed analysis method 
for use when impact conditions of interest for scabbing or perforation may be outside the range of the more 
conservative Nuclear Energy Institute (NEI) 07-13 formulas.  The intent is to better credit the actual 
resistance of the wall using methods consistent with the NEI 07-13 methodology for structural assessments. 
A model for a representative hard missile is developed and benchmarked to the NEI 07-13 perforation and 
residual velocity formulas within the formula’s limitations.  A metric for assessing the potential for 
scabbing is developed and benchmarked to test data.  These modeling methods are then used to study the 
resistance of a reinforced concrete wall to scabbing and perforation under the conditions of interest.  This 
paper outlines 1) finite element model development, 2) model benchmarking, 3) development and 
validation of a metric to identify scabbing, and 4) a variational study to better understand the influence of 
design parameters, such as concrete strength and reinforcement density.  Some numeric data is withheld for 
security reasons.  The process outlined in this paper will be useful to engineers and facility owners seeking 
to provide enhanced protection against aircraft impact through strengthened reinforced concrete walls. 

INTRODUCTION 

The Nuclear Energy Institute (NEI) 07-13 methodology (NEI 2011) has been developed through research 
in the U.S. and accepted by the U.S. Nuclear Regulatory Commission (USNRC) for assessments to meet 
the requirements of aircraft impact in 10 CFR 50.150 for new power plants in the U.S. (USNRC 2011).  As 
an accepted standard for the assessment of aircraft impact, NEI 07-13 provides formulas for evaluating 
missile penetration, backside scabbing, and complete perforation of reinforced concrete walls impacted by 
hard missiles generated from aircraft crash scenarios.  Perforation occurs when a missile fully penetrates 
and passes through a target while scabbing occurs when material is ejected from the back face of a target, 
potentially damaging equipment inside the facility.  In NEI 07-13, the jet engine is considered bounding 
for damage due to hard missile impact, and thus the formulas are based on previous testing and research 
involving turbojet engines, typical of military aircraft, and modified for the more crushable turbofan engines 
typical of large commercial aircraft.  The testing results used as the bases for these formulas necessarily 
had some limitations on the range of parameters considered, most notably the mass and impact velocity 
combination of the impacting missile and the configuration of the reinforced concrete wall including 
concrete strength and reinforcement density.  The testing was mainly concerned with as-designed walls and 
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accidental crashes, and thus only considered nominally reinforced walls of typical concrete strength.  The 
goal of aircraft impact assessments according to NEI 07-13 is to identify design enhancements that help 
protect the nuclear power plant in case of aircraft impact, and one area for improved protection is 
strengthening concrete walls.  Strengthened concrete walls can involve higher strength concrete, thicker 
sections, enhanced reinforcement, or a combination of these.  These strengthened walls along with the size 
and velocity of engines under consideration for malevolent aircraft impact mean that the parameters of 
interest may be outside the applicable range of the formulas in NEI 07-13.  Consider that the formulas for 
perforation and scabbing are independent of reinforcement ratio, which implies that a heavily reinforced 
wall is no more protective against hard missile impact than a lightly reinforced wall.  The NEI formulas 
would be considered conservative in this regard, but the intent of NEI 07-13 is to provide methodology for 
median based, best estimate assessments for aircraft impact as a beyond design basis event.  Thus, an 
analytical approach is developed for best estimate assessment of scabbing and perforation of reinforced 
concrete walls designed for added protection against aircraft impact.  The approach can be considered as a 
more detailed analysis method for use when the conditions of interest for scabbing or perforation may be 
outside the range of the more conservative NEI 07-13 formulas. 

MODELING METHODOLOGY 

Analysis Procedure 

Analyses are performed with the ANACAP concrete constitutive model (ANATECH 1998) coupled with 
the TeraGrande explicit dynamics finite element program (ANATECH 2013). The ANACAP concrete 
material model was used extensively in research for the Electric Power Research Institute (EPRI) for 
evaluation of structures subjected to crash impact of large commercial aircraft at nuclear power plants in 
the United States (ANATECH 2003, 2004, 2004, 2005). The ANACAP/TeraGrande software combination 
has been verified and benchmarked with data for impact tests on concrete structural components (James et 
al. 2003, 2005, 2012) and successfully used in performing aircraft impact assessments for new plant designs 
for licensing in the U.S. In addition to the material behavior models, the modeling methods, such as mesh 
refinement and element formulations that were used and verified in this EPRI research and previous aircraft 
impact licensing analyses are also employed in this study. 

The NEI 07-13 methodology allows aircraft impact forces to be simulated with either applied force 
time histories acting over given impact areas or through a “missile-target interaction” approach where a 
model of the impacting missile is included in the calculations. The construction of a force time history to 
simulate the loading is generally referred to as the Riera method (Riera 1980) and is described in DOE-
STD-3014 (US DOE 1996; Hossain, 1996) for accident analysis due to aircraft crash impact. This method 
is based on the time rate of change in linear momentum for constructing the force-time history of a missile 
striking a rigid wall in a perpendicular orientation at a given initial velocity for a known distribution of 
mass and crushing characteristics of the missile along the length.  

This approach, which uncouples the impacting missile from the structure, is shown to be well suited 
for cases where the missile is crushable compared to the impacted structure for moderate or even severe 
structural damage. Conversely, in this study, the impacting missile is a representative engine, which is 
relatively stiff compared to other impactors, such as the fuselage of a plane, which is considered crushable 
relative to a reinforced concrete wall. Thus, in this study the engine is explicitly modeled, and an analysis 
is performed wherein perforation is assessed by considering the velocity history of the missile and the 
amount of damage to the wall, and scabbing is investigated through the maximum principal strains (MPSs) 
on the backside of the wall. NEI 07-13 local perforation and scabbing formulas are used to calibrate the 
engine model by varying parameters like wall thickness, failure criteria, and stiffness to produce a 
representative impactor model.  
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Material Properties 

Concrete behavior is modeled with the ANACAP constitutive model.  Among other capabilities, the 
ANACAP model can capture multi-axial tensile cracking, compressive crushing with strain softening, crack 
dependent shear stiffness, strain rate effects, and confinement effects.  The steel reinforcing bars are 
modeled as truss like sub-elements embedded within the concrete elements.  The stress and stiffness due to 
the rebar sub-elements are superimposed on the concrete element in which the rebar resides.  The strain in 
the rebar is determined from the parent concrete element at the location of the rebar and transformed to be 
in the direction along the segment of the rebar at that location.  Yielding in the rebar material is treated 
using the classical J2 or Von Mises plasticity formulation with isotropic hardening. The analyses use an 
aged concrete compressive strength of 10550 psi and rebar modelled as A615 Grade 60 steel. 

Impacted Wall Geometry 

The impacted wall has a full clear width of 32.81 ft and clear height of 26.25 ft as typical for a normal sized 
bay in a nuclear power plant.  The wall thickness is varied during the benchmarking process.  For 
benchmarking purposes, the impacted wall contains nominal reinforcement of 2 layers of #6 bars at 6 in, 
each way and on each face. The impacted wall, modelled with quarter-symmetry, includes adjacent internal 
walls and slabs around its perimeter to provide a realistic moment resisting connection between the wall 
panels and the internal support structures.  The adjacent walls and slabs are 1.97 ft and 1.64 ft thick, 
respectively, and contain one layer of #4 bars at 6 in, each way and on each face. 

DEVELOPMENT OF REPRESENTATIVE HARD MISSILE 

A representative engine model is developed based on typical engine configurations.  The representative 
model consists of the full-length inner core simulated with a stiff cylinder and internal diaphragms.  The 
nacelle assembly is simulated with thin plates.  The turbofan is modelled with randomly distributed point 
masses.  A one-quarter model of the representative engine is shown in Figure 1.  Engine geometry, material 
properties, mass, and mass distribution details are intentionally withheld for security concerns. 

In the following sections, the inner core model is first benchmarked to the NEI 07-13 equations 
using the residual (or exit) velocity after perforation since the NEI 07-13 equations were developed 
considering tests using impactors representative of the inner core part of an engine. Once the inner core 
model is developed, the complete engine model is generated, and the residual velocity for several 
realizations is compared to lower and upper bounds based on NEI 07-13 formula to ensure proper behavior. 

Figure 1. One-Quarter Engine Model 
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Benchmarking the Inner Core Model 

To determine the proper stiffness and mass distribution of the representative inner core, finite element 
models are generated to benchmark the behavior of the inner core to the NEI 07 -13 equations for residual 
velocity. That is, the mass distribution and stiffness of the inner core are determined through iteration such 
that, over several wall thicknesses and impact velocities, the residual velocities estimated by the finite 
element models agree with the NEI 07-13 determined results.  Four wall thicknesses (ranging from 3 ft to 
4.5 ft) and four impact velocities are investigated in this benchmarking effort with ten total realizations 
analyzed.  The inner core mass distribution, impact velocities and NEI 07-13 estimated residual velocities 
are intentionally withheld for security reasons. 

Representative analysis output is shown in Figure 2 where the normalized inner core velocity time 
histories stemming from the 3.5 ft thick wall realizations are plotted. The residual velocities can be seen 
near the end of the analysis and agree well with the NEI 07-13 calculations.  Figure 3 presents corresponding 
graphical results.  The residual velocity estimates from the finite element models are in good agreement 
with the NEI 07-13 calculated residual velocities for all ten realizations investigated.   

Figure 2. Normalized Velocity Time Histories of Inner Core Models for 3.5 ft Thick Wall 

Figure 3. Finite Element Output for Three Snapshots in Time 
Initial Velocity = Left; Contact & Deformation = Middle; Residual Velocity = Right 

Benchmarking the Engine Model 

The complete engine model (including the inner core, nacelle assembly, and turbofan) is benchmarked in a 
similar manner as was the inner core model.  Since there are uncertainties regarding the effects of the nacelle 
assembly and turbofan on the residual velocity, upper bound and lower bound residual velocities are 
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calculated using the NEI 07-13 equations.  The upper bound residual velocity assumes the entire engine 
mass is concentrated within the inner core missile while the lower bound residual velocity utilizes the inner 
core mass alone (i.e. the NEI 07-13 residual velocities calculated in ‘Benchmarking the Inner Core Model’). 
The residual velocity from the finite element model falls within the predicted upper and lower bounds for 
each of the ten realizations analysed.  Representative analysis output for one realization is shown in Figure 
4 where the normalized inner core velocity is seen to fall within the upper and lower bounds. 

Figure 4. Normalized Velocity Time Histories of Full Engine Model for 3.5 ft Thick Wall 

PREDICTION OF SCABBING 

A metric is needed to determine if concrete scabbing will occur during impact and, if so, its extent.  NEI 
07-13 equations are used to determine at what velocity scabbing is expected to occur when a hard missile 
(such as the inner core) is impacted against various concrete walls.  These velocities are used as inputs in 
finite element models of the inner core to develop a strain metric which predicts when concrete scabbing is 
expected to occur.  This metric is then verified by developing a finite element model which recreates a 1989 
experiment performed by the Central Research Institute of Electric Power Industry (Ito et. al. 1989).  The 
experiment utilized scaled tests of hard missiles impacting reinforced concrete slabs and produced data 
relating to the slab’s structural resistance to missile perforation.  The experiment also documented the extent 
of scabbing on the walls back side face.  A conservative estimate of the verified strain metric is then used 
to indicate if scabbing occurs when analysing configurations outside the scope of the NEI 07-13 equations 
(i.e. when assessing scabbing in the design wall). 

Developing a Metric 

Scabbing occurs when, upon impact, material is ejected from the back face of the target wall. NEI 07-13 
provides an equation that, given an initial velocity, provides the wall thickness required to prevent scabbing. 
For a known wall thickness, this equation can be rearranged to provide the initial velocity that induces 
scabbing. This NEI based “scabbing velocity” calculation is performed for four wall thicknesses (ranging 
from 3 ft to 3.75 ft) utilizing the inner core as the projectile.  The four resulting “scabbing velocities” are 
used in finite element analyses of the inner core in which the maximum principal strain (MPS) in the back-
face cover concrete is monitored.  Representative output is shown in Figure 5. 



25th Conference on Structural Mechanics in Reactor Technology 
Charlotte, NC, USA, August 4-9, 2019 

Division IV 

In total, 36 finite element models are analyzed with each model containing a slight perturbation to 
the concrete strength: ±2% of the concrete strength in 0.5% increments (i.e. 4 “scabbing velocities” x 9 
concrete strengths = 36 models).  These 36 models are analyzed to develop enough output such that outliers 
(i.e. numerical singularities stemming from the highly nonlinear explicit finite element analyses) can be 
identified and removed.  After completing the 36 finite element analyses, six outlier results are removed.  
The remaining 30 model results have a mean MPS value of “MPSmean” and a 90% confidence value of 
“MPS90” (numeric values are proprietary and intentionally withheld). This later (lower) value is taken as a 
conservative scabbing metric when evaluating the design wall: this MPS in the back-face cover concrete, 
if exceeded, is assumed to represent the occurrence of scabbing.  The MPSmean (as opposed to the 
conservative lower value) is used in the next section to verify this strain approach and the use of the MPS 
as a scabbing metric by comparing the predicted extent of scabbing (determined by the mean MPS) to the 
extent of scabbing observed in a real-world impact test. 

Figure 5. MPS Contour for One of the Thirty-Six Scabbing Metric Analyses; Single Snapshot in Time 

Confirming the Metric 

In the late 1980’s hard missile impact tests on reinforced concrete slabs were performed by the Central 
Research Institute of Electric Power Industry (CRIEPI) (Ito et. al. 1989).   As part of the qualification testing 
for the ANACAP and TeraGrande software, analytical simulations of some of these tests were performed. 
The slab used in the CRIEPI test was 2500 mm by 2500 mm and 400 mm thick.  The main vertical and 
horizontal reinforcement in the slab was D16 bars spaced at 100 mm.  The finite element model utilizing 
the ANACAP material model was seen to accurately predict the results of the test indicating the validity of 
the ANACAP model. 

For the current investigation, a one-quarter finite element model of the CRIEPI test is utilized to 
verify the mean scabbing strain metric found in the previous section.  First, the extent of scabbing from the 
CREIPI test is calculated based on images provided in the original paper (Ito et. al. 1989).  The extent of 
scabbing is estimated to be represented by an ellipse with a maximum height of ~1280 mm and maximum 
length of ~2200 mm.  This results in a scabbing area of ~1.92e6 mm2.   Next, the finite element model of 
the CRIEPI test is used to determine those back-face cover concrete elements with MPSs exceeding the 
mean MPS metric.  The CRIEPI finite element model is analysed three times with slight perturbations to 
the concrete strength: ±1% of the aged concrete strength in 1% increments.  The finite element models 
predict a total scabbing area of ~2.08e6 mm2 (error = 8%).  This result confirms the mean scabbing metric 
found in the previous section is a reasonable predictor: when the maximum principal strain in the cover 
concrete exceeds MPSmean, scabbing is expected to occur.  A side-by-side comparison of the extent of 
scabbing is provided in Figure 6. 



25th Conference on Structural Mechanics in Reactor Technology 
Charlotte, NC, USA, August 4-9, 2019 

Division IV  

Figure 6.  Extent of Scabbing: CREIPI Test = Left (Ito et. al. 1989); Finite Element Prediction = Right 

ASSESSING THE DESIGN WALL 

Having developed a finite element representation of the impacting engine and a metric to determine the 
extent of concrete scabbing, the benchmarked engine is impacted against the design wall.  The engines 
initial/impact velocity as well as the design wall’s thickness and reinforcement details are intentionally 
withheld for security reasons.  As was done when determining the scabbing metric, a range of perturbed 
concrete strengths are analyzed to account for the numerical sensitivity to crack formation and stress wave 
propagation in the back-face concrete cover. A total of 21 finite element models are analyzed with each 
model containing a slight perturbation of the concrete strength: ±2.5% of the concrete strength in 0.25% 
increments.  The greatest maximum principal strain (GMPS) in the back-face cover concrete is recorded 
for each analysis.  Of the 21 analysis results, one was considered an outlier and removed from the data set.  
The remaining 20 GMPS results, along with the associated 90% confidence interval bands, are plotted in 
Figure 7 and are seen to be below the scabbing metric, indicating that scabbing is not expected in the design 
wall.  Strain contours for one representative analysis is shown in Figure 8. 

Figure 7.  Baseline Design Wall Analysis Summary 
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Figure 8.  MPS Contour for One of the Twenty Design Wall Analyses; Single Snapshot in Time 

OPTIMIZATION STUDY 

Since scabbing is not expected to occur in the design wall, an optimization study is performed to determine 
if alternative cost-saving configurations would also satisfy the scabbing resistant criteria.  Three cost-saving 
configurations are investigated: (1) a reduction in main/longitudinal reinforcement (one size reduction of 
rebar type), (2) a reduction in shear/transverse reinforcement (one size reduction of rebar type), and (3) an 
approx. 10% reduction in concrete design strength.  Actual wall parameters are intentionally withheld for 
security concerns.  The study indicates that a reduction in the reinforcement or concrete strength will 
provide satisfactory behavior under best estimate (i.e. mean) conditions consistent with aircraft impact.  An 
assessment utilizing higher confidence bands, typical of design basis assessments, shows that reducing the 
wall reinforcement may result in scabbing; see Figure 9. 

Figure 9.  Summary of Optimization Study 
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SUMMARY 

An analytical approach is presented for use in best estimate assessment of local perforation and scabbing 
of reinforced concrete walls stemming from engine impact.  The approach is useful for conditions of interest 
outside the guidelines of NEI 07-13 formulas and can take advantage of structural resistance provided by 
embedded steel reinforcement.  The approach is used to demonstrate satisfactory performance of a 
reinforced concrete wall and in an optimization study which demonstrates that design changes could reduce 
the walls construction cost while still meeting the need to prevent scabbing for aircraft impact conditions. 
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