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ABSTRACT

The Riera force history method and the missile target interaction method are currently the prominent
methods in the analysis of aircraft impact. There has been some debate of the relative merits of the two
methods.

This paper addresses three aspects of such debate: (1) Applicability of the Riera method in the analysis of
real-world structures with varying levels of the target deformation, (2) Significance to the computed
structure response of the lack of “noise” in the Riera force history representation; the force history derived
from the missile target analysis always has significant noise, (3) Shock loading transmitted throughout the
building structures and potentially challenging equipment;(4) Effect of the level of the modeling detail of
the aircraft to the evaluation of the target deformation and integrity, and the shock loading. A nonlinear
finite element model of a fictitious reinforced concrete reactor building and an aircraft model based on the
BOEING 747-400 geometry and total mass was developed for the purposes of this study.

The results from this study suggest that the Riera method gives good results for target deformation and
evaluation of structural integrity as long as the deformations are not excessive and there is no perforation,
but may produce in-structure acceleration response spectra that are un-conservative in the high frequencies,
thus the missile target interaction method may be called for to produce more realistic in-structure spectra.
In the judgment of the level of detail in the modeling of the aircraft for use in the missile target interaction
analysis, this level of detail should be “balanced” against the significant uncertainties inherent in both the
event parameters and modeling.

ON SHOCK LOADING

Most research and actual application of these methods have so far focused on the evaluation of deformation
and damage in the target structure. However, in nuclear plant applications, the shock loading transmitted
inside the building structures is an important consideration in the evaluation of equipment required for
maintaining the safety functions. While equipment qualification for seismic loading has been quite well
established over several decades of research and application, the understanding of the effect on the
equipment due to aircraft impact shock loading is less mature; the frequency characteristic of the impact
loading are quite different from those due to seismic loading, posing new modeling requirements. At this
time, some of the ongoing research is focusing on the in-structure shock loading. This paper provides a
review of the analysis of the impact shock loading.

MODELING

A fictitious reinforced concrete Reactor Building illustrated in Figure 1 was modeled using LS-DYNA
software. The building footprint is 62 m by 62 m, with the bottom of the basemat at -20.0 m and the roof
highest point is at +49.0 m, and the uppermost slab is at +19.0 m elevation. Additional illustration of the
building is provided by the cut-out view of Figure 3. Figure 3 also shows the two nodes where in-structure
acceleration spectra were calculated and shown in figures below. A key objective in this study was to keep
the model as simple, with element count as low as possible and to justify the adequacy of relatively simple
model by sensitivity studies. The impacted area of the building where nonlinear response occurs was
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modeled with solid elements with 8 layers of elements through the thickness as illustrated in Figure 2. The
solid elements incorporated nonlinear concrete material model with well-established constitutive model and
capable of modeling concrete cracking and crushing. The reinforcing steel was represented as smeared in
the solid elements with bilinear kinematic hardening.

In addition to the building, Figure 1 also shows the plane model which is based on the BOEING 747-400
geometry as available from public sources. Various other modeling parameters for the plane are fictitious,
but based on information gained in several projects on the topic of aircraft impact. The material properties
and thicknesses were selected such that (a) the total weight of the plane is the published maximum take-off
weight, (b) the mass distribution is consistent with the related aspects available in the public domain, (c)
the fuselage crushing force is consistent with the information in Hossain et al. (1996). For the investigation
of the factors outlined above, the fidelity of various other parameters of the plane model to the actual 747
parameters is not critical. Accordingly, those parameters are based on the limited information publicly
available and experience on the topic in numerous analyses.

Two impact scenarios were investigated: (1) a P-case, impact in the middle of a large wall panel, as
illustrated in Figure 4, causing large deflection, and (2) an S-case, impact to the wall panel at the elevation
of the uppermost slab, as also illustrated in Figure 4, causing high level shock loading.

The following aspects of aircraft impact analysis were investigated:

e Comparison of results, both deformation and shock loading in terms of in-structure acceleration
response spectra, obtained from missile target interaction (MTI) analysis vs. force-history analysis

e Effect of high frequency “noise”, or lack thereof, in the force history, such as computed using the
Riera method Riera (1968)

e Effect of the assumed size of the area where the force history is applied
Effect of increased modelling detail of the aircraft

e Effect of impact in the middle of a large wall panel vs. a ”hard” impact in a wall-slab intersection

MISSILE TARGET INTERACTION VS. FORCE HISTORY METHOD

For purposes of this study, a force history was generated by recording the force history exerted to a rigid
target by the aircraft model, i.e., performing a MTT analysis with a rigid target. The force history is shown,
normalized, in Figure 5. This force history curve shows significant high frequency content, “noise”, which
is largely due to the “non-uniform” nature of the crushing, buckling and wrinkling, of the fuselage and other
aircraft components. The representation of these high crushing phenomena with the type of finite element
models typically used for these purposes cannot be claimed to have high level of “accuracy”. Thus, high
frequency content and representation in the analysis results involve significant uncertainty. However,
qualitatively it seems credible that such high frequency content in the force history is “real”. In Figure 5
the “Original” force history is overplotted with a “Filtered” relatively smooth curve, as well as an idealized
“Simplified” curve of a kind that might be generated with the Riera method Riera (1968). The ordinates of

the impulse, I, computed for each of the three force histories F;(f) using Equation 1
t
1= j F,(t)dt (1)
0

are within few percent of each other for all time points for the duration of the event. (The impulse history
curve for the original curve is included in Figure 14.)

Impact analyses were carried out for both the P-case and the S-case using the MTI method as well as the
force history method applying the Original, Filtered, and Simplified force histories as pressure over the area
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indicated in Figure 6 with the timing of the pressure in the different parts of the area (fuselage vs. wings)
consistent with the time of impact of each part.

Figure 7 shows the histories of the maximum computed out-of plane Y-displacement in the impacted wall
for the P-case, while Figure 8 shows the Y-displacement history at node 64494. (The aircraft initial velocity
is in the +Y direction.) Figures 9 and 10 show, for the P-case, the crack patterns in the impacted wall for
the MTI and Original force history analysis, respectively. The crack patterns are similar and the number of
cracked elements, 130242 and 135383 for MTI and Original force history, are relatively close (4%
difference). The crack patterns and number of cracked elements from force history analyses using the
Filtered and Simplified force histories (not shown, 134547 and 138150 cracked elements, respectively)
were close to those for the MTI and Original force history. No rebar failure or perforation was predicted;
the rebar strains remained below failure strain.

These results suggest that the force history method is reasonable for evaluating the target deformation and
level of damage.

Figure 11 shows acceleration response spectra computed for both the P-case and the S-case at nodes 61873
and 64494 on the slab at the +19.00 elevation using the MTI, Original, Filtered and Simplified force
histories. Note that the S-case impact is essentially to this slab (see Figures 3 and 4), and that node 61873
is very close to the impact point whereas node 64494 is in the “back”, close to the back-side perimeter.
Key observations from the spectra plots of Figure 11 include:

e The S-case produces significantly higher acceleration spectra than the P-case.

e The Spectra are significantly attenuated with distance from the impact point, particularly for the S-
case.

e At lower frequencies up to 10 — 15Hz, the four spectra curves are quite close to each other which
is consistent with the displacement histories for the four loadings (Figure 7) being quite close to
each other.

e At higher frequencies, particularly above 20 Hz, the four curves clearly differ, even the curves for
MTTI and Original force history.

These observations could be expected, particularly the first two. In light of these observations, it is
suggested that use of a smooth Riera force history may unacceptably under-predict the loading to affected
components at higher frequencies.

EFFECT OF ASSUMED FORCE FOOTPRINT

During the impact the loading area grows larger than the actual fuselage area. (The wing loading area does
also grow.) Obviously, accurate determination of this growth would require elaborate separate studies. In
any case, non-trivial uncertainty would remain and could not be eliminated even with elaborate analysis.
To investigate the effect of the assumptions regarding the loading area where the force history is applied,
runs were made varying the fuselage area from the actual A to 1.32A, 1.5A and 2A. Figure 12 shows the
maximum out-of plane Y-displacement from these analyses. The peak displacement are essentially
identical from the MTI analysis and the force history analysis with the fuselage areas assumed as 1.32A,
i.e., the fuselage radius equal to 1.15 the actual. The displacement curves in Figure 12 are from runs with
the Simplified force history; runs with the same force footprint assumptions were also made with the
Original force history; the displacement histories were within few percent from those in Figure 12.

EFFECT OF ASSUMED CRUSHING BEHAVIOR
It has been established, e.g., ASCE (1980), that the force exerted on the target for realistic impact velocities

is dominated by the inertial term in the Riera force formulation for the impact force, the crushing force
being a small percentage of the total impact force, and consequently even significant variation in the
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assumed crushing force has insignificant effect on the force exerted on the target. To further investigate
the effect of variability (uncertainty) in the impact event of the crushing behaviour, the base-line MTI case
was run by adjusting the aircraft aluminium yield stress to both 50% of the original and 150% of the original.
Figure 13 shows the exerted on a rigid target, and Figure 14 shows the impulse computed using Equation 1
for the three cases. Figure 15 shows the maximum displacement histories, while Figure 16 shows
displacement histories for node 64494. These results support the fact that the the impact force and target
deformation are not sensitive to the crushing force and behavior. Figure 17 shows the acceleration response
spectra computed for nodes 61873 (close to impact point) and 64494 (far side from the impact). Again, at
lower frequencies, up to about 20 Hz, the three curves are very close, but above 20 Hz, the curves deviate
from one another. These results suggest that the in-structure spectra are more sensitive to the modelling
assumptions than evaluation of deformation and structural integrity.

Figure 2: Close-up to the front corner area of the building indicted in Figure 1 illustrating the element
mesh.
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Figure 3: Cut-out view of the building — nodes 61873and 64494 indicated.

Figure 4: P-case (upper, middle of a large panel) and S-case (impact at the +19.00 slab elevation)
loading.
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Figure 5: The Original, Filtered, and Simplified force histories.

Figure 6: Area of force history application.
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Figure 7: Maximum displacement history in the impacted wall computed using (a) with MTT and (b)
Original, Filtered and Simplified force histories.
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Figure 8: Displacement history of node 64494 computed using (a) with MTI and (b) Original, Filtered
and Simplified force histories.

Time = 0.25
Number of elements cracked=13024:

|

Time= 0.24998
Number of elements cracked=135383

Figure 10: Cracks from Original force history analysis at time of maximum displacements
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Figure 11: Acceleration response spectra at nodes 61873 and 64494 from MTI, and Original, Filtered,
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Figure 12: Maximum displacement history in the impacted wall computed using the Simplified force
history and applied over 1.0, 1.32, 1.5, and 2.0 times the actual fuselage area — the wing area was as in

Figure xx and was not varied.
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Figure 13: Normalized force on a rigid target computed using 50%, 100%, and 150% nominal aircraft

aluminium yield stress.
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Figure 14: Impulse computed applying Equation 1 using 50%, 100%, and 150% nominal aircraft
aluminium yield stress — the initial aircaft .momentum shown with the dashed line
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Figure 15: Maximum displacement histories from MTT analysis using 50%, 100%, and 150% nominal

aircraft aluminium yield stress.
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Figure 16: Y-displacement history of node 64494 from MTI analysis using 50%, 100%, and 150%

nominal aircraft aluminium yield stress.
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Figure 17: Acceleration response spectra at nodes 61873 and 64494 from MTTI analysis using 50%,
100%, and 150% nominal aircraft aluminium yield stress.

CONCLUSIONS

The objective of this study was to investigate (1) Applicability of the force history method in the analysis
of real-world nuclear power plant structures, (2) Significance to the computed structure response of the lack
of high frequency content in a typical Riera force history representation - the force history derived from
MTI analysis always has significant high frequency content, (3) Shock loading transmitted throughout the
building structures potentially challenging safety equipment, (4) Effect of level of the modeling detail of
the aircraft to the evaluation of the target deformation and integrity as well as of the shock loading. A
nonlinear finite element model of a fictitious reinforced concrete reactor building and an aircraft model
based on the BOEING 747-400 geometry and total mass was developed for the purposes of this study. The
results from this study suggest that for evaluation of target deformation and structural integrity (a) the Riera
method gives good results as long as the deformations are not excessive and there is no perforation and (b)
with MTI method, including great detail in the modeling of the aircraft may not be justified considering (i)
in most cases the effect of added detail has insignificant effect to target deformation and (ii) the significant
uncertainties inherent in both the event parameters and modeling. For evaluating shock loading, (a) Riera
method may produce in-structure acceleration spectra that are un-conservative in the high frequencies, (b)
with MTI method, the spectral ordinates at high frequency exhibit sensitivity to modeling detail. However,
eliminating the modelling uncertainty by increasing modeling detail is likely not feasible, especially as the
event parameter uncertainty remains. It is proposed that these uncertainties must be treated by other means,
such as peak broadening and/or applying increase factors at high frequencies. The fictitious building used
in this study had the interior slabs and walls directly connected to the thick perimeter walls. In several of
the new plant designs, the nuclear island buildings have double perimeter walls, or double containment
cylinder, with the outer wall isolated from the inner perimeter wall to which the interior walls and slabs
connect, with an air gap separating the outer and inner perimeter walls. This arrangement provides
significant isolation from the shock loading for the interior structures as long as the air gap is adequate. For
such designs, a force history analysis may be justified to address both structural integrity and shock loading.
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