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ABSTRACT

A normalized load time function for commercial aircraft impact (also called Riera load function) was
proposed by Alliard (2016), as a simple function of the mass and the speed of the impacting aircraft. This
standard model was motivated by the need to get an efficient engineering formulation for use at preliminary
design stage. It was based on:

(i) inventory of large range of commercial aircrafts geometrical characteristics, and assumption of generic
relative mass distribution

(if) validity domain: buckling force of fuselage not significant compared to inertial forces, checked when
v > 150 m/s and Mo > 100 tons.

(iii) constant velocity during the impact, leading to simple formulation of the duration teash and
conservation of impulse momentum M.V (integration of the load time function F(t))

(iv) possibility to make distinction between impact occurring at the maximal take-off weight (conservative
case), or impact at end of flight when fuel gauge has significantly decreased.

(v) observation of various available load time functions taken from the scientific literary in the past years,
by means of different methods from simplified to advanced dynamics calculations, and for various
sizes of commercial airplanes, in order to propose a best estimate function F(t).

In the present paper, the comparative database has been enriched by interpreting additional
information from Tieping (2019), Blandford (2009), Henkel (2014), Kostov (2013), Korotkov (2016),
Kultsev (2013), Forasassi (2010) and IAEA (2017) for different aircrafts and assumptions of fuel payload.
The case of cargo aircraft is not dealt.

Furthermore, this model has been used to run parametric case studies of rectangular walls and
roofslabs, with various span, thickness and rebars principles. Different masses of impact and velocities have
been tested. It finally enables to provide useful damage level pictures as a function of the impact parameters:
maximal take-off weight (100-400 tons), spent fuel mass (beginning or end of flight conditions, and velocity
(100-175 m/s). The nose-down angle is fixed at realistic descent angle enabling controllability. This work
was motivated by the statement that there is a lack of guidelines in terms of accurate design principles,
excepted generic recommendations on minimal concrete thickness without relationship with the aircraft
parameters of mass, velocity or angle (see EUR). Engineering charts are developed to help designers at
feasibility or basic design stage to select the most appropriate design principles, before going to verification
stage using advanced dynamic computational methods.

Based on these sensitive test analyses, the parameters of the pseudo-static method are also proposed
in terms of dynamic load factor and plasticity reduction factor, following the same mindset as for general
aviation design methods. Application examples are developed to illustrate both approaches.
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The normalized load time function, fully described in Alliard (2016) is reminded here below (Figure 1). With
account of these more recent additional data, the normalized model appears still convincing. It was remarked
by other experts in the past that the triangular shape we selected may not be the most appropriate to represent
the peak induced by the wings. However, that shape remains actually in good correlation with some of the
available calculated load time functions (Figures 2 and 3). Moreover, in comparison with the incidence of
peak amplitude, the impact of the shape on design verifications is limited according to our feedback, because
the load ramp-up is very fast.
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PARAMETRIC STUDY FOR DESIGN BY ENGINEERING CHARTS

In that paper, the resistance of a flat rectangular roof slab or a vertical wall to aircraft impact is analyzed with
account of a wide set of assumptions:

- 3assumptions of span 20m x 20m, 30m x 30m, 40m x 40m

- 5assumptions of design (concrete thickness, steel rebars principles)
Cylindrical and spherical geometries are not dealt and could be studied in some other future papers.

Concrete fe = 40 MPa Rebars fy =500 MPa Rebars Density (kg/m3)
Thickness Longitudinal per face Stirrups Raw value Corrected
per direction *)

1.20m 2 layers ©32 /200mm | @14 /200x400mm? 230 kg/m® 260 kg/m®
Design #2 1.50m 2 layers ©32 /200mm | ®14 /200x400mm? 190 kg/m?® 210 kg/m?
Design #3 1.80m 2 layers ©32 /200mm | @16 /200x400mm? 165 kg/m® 185 kg/m®
Design #4 1.80m 2 layers ©40 /200mm | ®16 /200x400mm? 240 kg/m? 270 kg/m®
* 1.80m 3 layers ©40 /200mm | @20 /200x400mm? | 350 kg/m® | 400 kg/m?

(*) including detailing rules, overlapping areas, ...
Table 1: Tested design configurations for reinforced concrete shielding walls and roof slabs

The commercial aircraft parameters are tested in various scenarios:

- 4 assumptions of maximal theoretical take-off mass (MTOW = 100 to 400 T)

- 2 assumptions of mass before impact, from beginning (Mimpact = MTOW) to end of flight (Mimpact =

0.7 MTOW), to reflect low/high bound assumptions for kerosene consumption
- 4 assumptions of impact velocity (V = 100 to 175 m/s)
The calculations are conservative when the load time function is used out of its validity domain,

namely for the smaller commercial aircrafts when the velocity is close to the landing speed. The aircraft
structure should be actually not completely destroyed in such conditions.

Realistic assumption of the nose-down angle (descent angle) is in the range 10°-30° for a large aircraft,
in accordance with recent studies conclusions, which are based on theoretical maximum operating conditions
ensuring maneuverability an also on intentional hit simulations (see Henkel 2014, and Maly 2015).
Therefore, the most conservative scenarios will be considered as follows:

- 10° when impacting a vertical target wall
- 30° when impacting a flat roof slab.

Concerning velocity, it is known that the lowest value is given by landing speed of 70-100 m/s. The
upper value depends on the conditions to ensure controllability close to the ground as well as the piloting
skills. Flight simulator tests on nuclear power plants demonstrated that there could be actually significant
probability of matching the target at 175-180 m/s for an experienced pilot (see Henkel 2014, and Maly 2015).
According to 9/11 Commission Report and Wierzbicki report, the speed of the aircrafts was estimated 192-
210 m/s for North Tower, 220-264 m/s for South Tower and 237 m/s for the Pentagon. More recently in
2015, intentional crash in the French Alpes was recorded at 180 m/s (see BEA report). In case of accidental
crash, the speed is likely to be closer to terminal speed of falling objects. In 1986, the space shuttle Challenger
exploded in mid-air and plunged into the ocean at 80 m/s according to MIT report (see Wierzbicki report).

The methodology which is followed for reinforced concrete verifications in the parametric analyses is
described in the French nuclear design code RCC-CW and Iter code I-SDCB. The charts in Appendices
represent the resulting damage level in each configuration. First version of that method was named in the
past “CEB method”, and is also mentioned in IAEA safety report 2017. Feedback of various projects has
shown that this simplified analytical model is an efficient tool to make preliminary design verification,
iterative tests and the results have been observed quite reliable compared to fast dynamic finite element
calculations. The model enables to deal with bending and shear cone failure modes which are coupled.
Yielding of stirrups affects the response in the longitudinal rebars and inversely.
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Figure 4. Analytical model of a reinforced concrete shield submitted to aircraft impact
(see Afcen RCC-CW 2019 and Iter-SDCB 2012)

DISCUSSION ON STRUCTURAL DESIGN CRITERIA
IAEA performance objectives

As reminded by Andonov (2017), some performance objectives were defined by IAEA (2014):
- Design Basis External Event (DBEE)
* Containment / Confinement (C): required.
» Safe Shut Down (SD): required, multiple success paths.
* Decay Heat Removal (DHR): required, multiple success paths.
» Civil Structure: essentially elastic response
Assessment of structural safety is based on conservative criteria.
- Design Extended External Event 1 (DEE 1)
The following safety functions are required, IAEA (2017a):
+ Containment / Confinement (C): required.
» Safe Shut-Down (SD): required, 2 success paths.
* Decay Heat Removal (DHR): required, 2 success paths for DEC-1
Assessment of structural safety is based on a best estimate approach.
- Design Extended External Event 2 (DEE 2)
The following safety functions are required, IAEA (2017a):
* Containment / Confinement (C): not required.
» Safe Shut-Down (SD): required, 1 success path.
* Decay Heat Removal (DHR): required, 1 success path
Assessment of structural safety is based on a best estimate approach.

Proposal of a performance index in civil engineering language

There is a consensus in the international regulatory domain that large commercial aircraft impact belongs to
beyond design event. However, in some projects conciliation of the safety criteria in terms of verification
criteria for the structural engineer is not always easy task. It is here proposed to define a damage indicator
expressed in percentage, the maximum damage 100% being equivalent to the performance objective DEE1
(see Table 2 hereinafter). To reach that limitation step by step, the concept of limit states can be used
following the same mindset as for seismic design. However, it is remarkable that for beyond design, IAEA
and US codes considers the best estimate material strengths, whereas in airplane crash sections of the French
design codes, the characteristic values (95% percentile) are still used, which means that a residual margin is
kept and this may sound actually inconsistent with the beyond design classification.
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Our Damage Analogy with Analogy with IAEA Analogy with Analogy with
index for ASCE43-05 performance Afcen RCC-CW Iter-SDCB 2012
longitudinal rebars Limit States for | objectives, partially 2019 requirements
=W/ Hue =8/ duie seismic design based on NEI 07-13 requirements
Where [ = 8 / delast
Small LS-D (Yield) DBEE Elastic
oc = 0.4 fox
e =0.35% e =0.28%
es= 1% € = &yk
25% LS-C
50% LS-B Ultimate Limit State
e =0.5%
gs = 0.5euk=2.5%
Olim =
Min(0.025;
0.005/x/d) = 1.5°
75% LS-A High cracking
oc = fex
e =0.35%
&= 0.9 ek
100% (failure) Ultimate capacity DEE1 Important damage
Median strength oc = 1.2 fex
Surt determined with & =0.5% e =0.5%
RCC-CW materials &= 5% € = &uk
criteria
Olim = 4° Blim =
Min(ss ; eo/x/d) = 3°
DEE2
Median strength
No strain limit
Olim = 6°
Our Damage Analogy with IAEA Analogy with Analogy with
index for shear performance objectives, partially based Afcen RCC-CW Iter-SDCB 2012
stirrups on NEI 07-13 2019 requirements
requirements
Elastic DBEE Elastic
Stirrups failure DEE1 Ultimate Limit State
Confinement & interpreted as no concrete
transversal cracks requirement (if no steel
liner)
Concrete cone stopped DEE2 High cracking Ultimate Limit State
by longitudinal rebars with loss of
filet Loss of confinement & interpreted as confinement
possible kerosene intrusion Important
damage

Note that the safety criteria of a specific project are highly dependent on the safety analysis (function of the building ; safety components
behind the shield ; presence of steel liner at inner side can lead to tensile strain requirements at inner side ; fire intrusion acceptance
and management strategy ; etc.).

Table 2: Definition of the damage index for bending and shear.
Conciliation with IAEA performance objectives and other design codes for airplane impact loads.
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DESIGN BY PSEUDO-STATIC METHOD

The pseudo-static method is commonly used to design reinforced concrete shields for general aviation
impact. The question could be how to adapt it for the large commercial aircraft. The force is defined by:

Fpseudo-stat: DLF . Fmax . COS(@) / Rp (1)
where Fmay is the peak of the load time function. Ry, is the reduction factor for plasticity effects. The dynamic

load factor (DLF) was evaluated for target frequencies < 20 Hz, which covers a large range of geometrical
configurations for slabs and walls. The angle relative to the normal direction to the target is noted 6.
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900 900
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Figure 5. Dynamic load DLF. Fma (normal impact: 6 = 0 ; concrete damping 7%)

In our simulations, it was often observed that the case of shield dimensions 30m x 30m results in the
highest damage level, whereas cases 20m x 20m and 40m x 40m are similar. Reason comes from the eigen
frequency of the impacted element which is often close to the peak of the DLF function (for the cases tested
here).

It is also remarkable that when end-of flight conditions are assumed (30% spent mass due to kerosene
consumption), the dynamic force is actually divided by factor 2 in our model. This comes from the triangular
shape of the normalized load time function, whose peak is lower and smoothed in that case as observed onto
the available calculated curves (see Figure 3).

Regarding the reduction factor, one can find in the literary some usual formulations, but these
estimates are actually highly dependent on many parameters such as the frequency. Miranda (1994) presented
various models for seismic conditions. As the similarity of the level of plastic deformations attained by
structures in seismic conditions (rather long duration of seismic loads, about 10 s or 15 s) compared to those
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observed in aircraft crash situation (short duration) is questionable, we propose in the present paper an
evaluation specifically for airplane crash loads on rectangular fixed-end shields. The reduction factor for
bending plasticity was calculated in each case of the previous parametric study, as the ratio between the
maximal dynamic force and the yielding force. The formulation Ry, = (2u-1)"" was verified, with n = 2 to 4,
respectively for large span to small span shields. Then, relationships between damage levels, reduction
factors and the limit states have been plotted.
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Figure 6. Calculated reduction factor in various scenarios and design configurations
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Figure 7. Relationship between reduction factor and ductility factor (color legend defined at Table 1)
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EXAMPLES OF APPLICATION

Example of a roof slab basic design

Aircraft input data: MTOW =200 T ; v = 150 m/s ; nose-down angle 30°

Target input data: roofslab 30m x 30m

Safety requirements: damage index in bending <75% (= LS-A); no failure of stirrups in shear (no residual
transversal cracks)

- Engineering charts method:
a) assumption full mass (impact right after take-off) & design#2 is acceptable ; design#1 is not acceptable
in bending. So, the recommended principles at preliminary design stage are 1.50m concrete, rebars
2D32@200mmV/side/dir, stirrups ®14@200x400 (210kg/m?)

b) assumption end-of flight (impact close to landing airport)& design#1 is acceptable. So, the recommended
principles at preliminary design stage are 1.20m concrete, rebars 2®32@200/side/dir, stirrups
D14@200x400 (260kg/m?)

- Static method: R, = 2.7 (best estimate) ; cos(6) = cos(60°)= 0.5
a) assumption full mass (impact right after take-off)
Thickness = 1.50m ; Frequency = 6 Hz ; DLF.Fma = 350 MN ; Fpseudo-staa = 350 X 0.5/ 2.7 = 64 MN
Equivalent radius of impact area at mean fibre =~ 4.5m
Rebars calculations in bending at center: Asinr~ 100 cm?/m/dir. So, pseudo-static method remains slightly
conservative compared to selected principles #2 at preliminary design: 2032@?200 = 80.4 cm2/m.

b) assumption end-of flight (impact close to landing airport)

Thickness = 1.20m ; Frequency = 5 Hz ; DLF.Fma = 150 MN ; Fpseudo-staa = 150 X 0.5/ 2.7 = 28 MN
Equivalent radius of impact area at mean fibre =~ 4.5m

Rebars calculations in bending at center: Asins~ 60 cm2/m/dir. So, pseudo-static method confirms that the
selected principles #2 at basic design is adequate: 2032@200 = 80.4 cm?/m.

This example shows that pseudo static-method provides correct order of magnitude for rebars calculations
with error variability +/-25%. This comes essentially from the uncertainty in the reduction factor estimate
(see great dispersion observed in Figure 8 for a given damage requirement).

- Elasto-plastic dynamic method:
Verifications are given here for the design principles #2. Time history calculations enables to observe that:
a) assumption full mass (impact right after take-off):
MH=84;Ry=3.7;n=21; bending damage index = 73% & ok ; stirrups state = elastic & ok

b) assumption end-of flight (impact close to landing airport):

p=21;Ry=18;n=2.0; bending damage index = 11% & ok ; stirrups state = elastic & ok

This example shows that design #2 corresponds to damage level between 11% and 73%, depending on the
time of impact during the flight, namely the remaining fuel payload. Same calculations with design #1 would
show a damage level between 35% and >100%.
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Figure 9. Example of design application on a roof slab

Example of reverse engineering

Division 04

The charts can be used to make fast diagnosis of an existing building. Let’s consider a 1.30m thick reinforced
concrete shield, as indicated in EUR recommendations. Longitudinal rebars principles are assumed to be
2032@200/side/direction. Dimensions 20m x 20m. This case is intermediate between design #1 (1.20m
thick) and design #2 (1.50m thick). According to the charts, if the safety requirement is limit state A, namely
75% damage level (so as to keep a certain margin for uncertainties before ultimate failure), and no allowed
stirrups failure, the capacity of the roof slab and the vertical walls are determined graphically for any mass
of aircraft and any velocity. It can be stated that the capacity of the shield is limited: the smaller commercial
aircrafts (MTOW <200tons) combined with relatively low speed (v<120m/s) represent the most severe
acceptable conditions.
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Figure 10. Example of APC diagnosis for a given design 1.30m thick shield.
Left: roofslab (aircraft nose-down 30°) ; Right: vertical wall (aircraft nose down 10°).
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CONCLUSION

This paper introduced an efficient engineering methodology for design of aicraft impact on rectangular
reinforced concrete buildings, based on the development of damage charts as a function of the main
parameters of mass and velocity. The method can be used as well for diagnosis of existing structures. It was
thought out in a standardization purpose and could be thereby inserted in civil design codes.

By analogy with seismic design, a relevant approach could be to follow different steps:

Deterministic design

Definition of safety requirements in terms of aircraft take-off mass, kerosene gauge considering
distance of the nuclear facility to the closest airport, impact velocity and acceptable damage level to
the building.
Materials strength of the reinforced concrete shield is considered at the characteristic value.
Preliminary design in accordance with the charts or by pseudo-static method, for which dynamic
load factors and plasticity reduction factors are proposed.
Adjustments of steel rebars principles and concrete thickness:
0 Additional verification of steel liner strains at inner side (non-tearing if there is a liner)
o0 Additional local verification by empirical formulations (penetration, scabbing)
0 Additional justifications related to fire requirements in post-impact static conditions (effects
of high temperature on reinforced concrete strength)
o Additional justifications related to kerosene fire management strategy (acceptance of
transversal cracks)
Basic design verifications by fast-dynamics finite element calculations using the normalized load
time function and the preliminary design as input (decoupled method)

Probabilistic design assessment (analogy with seismic margin assessment)

Definition of additional safety requirements in terms of high confidence low probability of failure
velocity, and possibly in terms of cumulated probability of striking the target combined with ultimate
failure of the shield.

Materials strength of the reinforced concrete shield should be here considered at the median value.
Verification by fragility analysis at ultimate limit state. Starting point of the analysis is given by the
deterministic analysis with the help of the charts. Assessment of various margin factors and
associated variabilities shall be done. This topic is developed into the twin paper “Part 2:
Probabilistic fragility assessment”.
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Figure 11. APC damage evaluation on vertical
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Figure 13. APC damage evaluation on horizontal roof shield (full tanks, nose-down angle 30°)
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Figure 14. APC damage evaluation on horizontal roof shield (end-of-flight, nose-down angle 30°)
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