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ABSTRACT

This paper describes the basic analysis of local resistance behavior against aircraft impact for a new
structural concept to protect existing power plants. Two-Degree-of-Freedom (TDOF) models for the local shear and
bending resistance are used and validated together with FEM for conventional concrete and UHPC. Conventional,
standardized high strength and ultra-high strength concrete walls and T-sections of the protecting box girder
structure are compared. The influence of tensile preloading in the wide spanning, bridge-type construction is
quantified in finite element calculations with state of the art dynamic material descriptions. Necessary wall
thicknesses to assure impact resistance by the high-performance box girders are key input to the structural design in
part II.

INTRODUCTION

In the early 1970s many commercial nuclear power plants were designed against severe loading and
accident scenarios such as earthquake, fire and flooding, but not to withstand aircraft crashes. In Germany “RSK”
guidelines for reinforcing of succeeding plant generations against this accident type evolved in the following two
decades [1][2][3] and were underlined by the crash of a Mirage fighter aircraft in March 1988 near Ohu. Since
September 2001 intentional aircraft impact of civilian airliners is furthermore in discussion for safety requirements.

Strengthening of early plant generations requires additional protection structures to cope with the huge
dynamic forces and momentum. In the present work a new concept for a superstructure to protect a boiling water
reactor without direct contact to the existing buildings has been developed. The bridge-type, hollow box girder
structure is illustrated in Fig. 1. The overall concept and its global structural load carrying properties are described in
part II of the twin papers. One key aspect is the fact that the existing plant and its operation license are virtually
unaffected by the construction.

However, while 1.8m wall thickness of conventional concrete are typical for existing aircraft-proof reactor
buildings constructions, such dimensions and weights seem not applicable for the described free-spanning concept.
Therefore, box girder design principles with higher and ultra-high strength concrete qualities are considered in
chapter 3. The methods to assess the local penetration and perforation resistance are introduced in chapter 2. Two-
Degree-of-Freedom (TDOF) and explicit Finite-Element-Methods (FEM) are shortly summarized and validated.

Fig. 1: Free-spanning superstructure concept protecting a boiling water reactor type against civilian and military
aircraft; left: partly opened 3D view of the security hull (red) onto the bracing structures
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METHODS AND VALIDATION FOR LOCAL IMPACT RESISTANCE

The following chapter presents different methods to predict the damage to a power plant caused by an
aircraft impact. The quality is verified against well characterized “Meppen” tests with conventional strength
concrete, especially tests [1/4 and I1/6 [4]. In these experiments, a steel tube with an effective mass of 1 ton impacted
reinforced concrete slabs with velocities between 200 and 250 m/s. The transient load-time function can be derived
as described Riera [5] and is used to evaluate the proposed analysis methods (see also [6]).

Meppen 11/4 Veg=13.12 MN < Vgqe =13,7 MN

(1)
Meppen I1/6 Viea=13.74 MN < Vgge =12,6 MN

DIN 25449 [7] describes the evaluation of a modified, empirical punching strength. The design code
differentiates for Vg between components with and without stirrup reinforcement. The virtual loading Vg4 and the
calculated Vggg, are compared. In order to take the dynamics into account static substitute loads and dynamic
strength increase factors are calculated. Without these contributions equation 1 shows the comparison of the Meppen
experiments and the design code calculations. An acceptable agreement is stated, but only if the static substitute
factor and dynamic increase factor can be set to 1. In the following more enhanced calculation models will be
discussed taking dynamics fully into account.

Two-Degree-of-Freedom Engineering Model

The TDOF model represents a simplified engineering model of the dynamic equilibrium during an impact,
well suited for fast designs of components under combined shear and bending stresses. The basic equations used in
the following were derived by Schliiter [6] and applied and modified by the authors. Both local effects of shearing or
punching and global bending behavior are modelled according to Fig. 2 by a coupled system of two masses and two
springs. M; and R, represent the global bending effects of the system, M, and R, describe the local effects of the
conical shaped shear plug being pushed out of the slab. Whether the system undergoes both effects simultaneously
or just one of them depends on the loading and the properties of the concrete component. The damping of the system
(c1, ¢z and c3) takes into account the energy dissipation capacity of the oscillating slab and the punching process,
primarily through internal friction and yielding. The corresponding time-dependent displacements w,; (bending) and
W, (shear) in the resulting coupled differential equations (2) are calculated in a fourth order Runge-Kutta time
stepping scheme. The relative displacement u of the two masses quantifies punching motion.

lel +C]W1 + R] (Wl)_ RZ(U)_C2U = O (2)
M,W, +c,u+c,W, +R,(u)-F(t)=0

- 1 : u L’—‘
u  u, U, Uy Us
Fig. 2: TDOF model of local shear (M2) and bending resistance (M1), with the shape of the punching resistance
function for reinforced concrete with shear and bending reinforcement

The effective bending mass M; can be derived by comparing the kinetic energy of the structure with the
substituted mechanical system. The shear mass M, is defined by the geometrical dimensions of the punching cone.
The resistance function R; describes the global elastic-plastic system behaviour of the reinforced concrete
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undergoing structural bending, using the plastic moment capacity and the associated deformation. The resistance
function for the shear loading R, material consists of a three phase failure model shown in Fig. 2. The deformation
phases can be divided in a concrete failure, characterized by the maximum concrete tension force F ", followed by
the yielding of the stirrup reinforcement Fy;” and rupturing F;,". The last phase describes yielding und rupturing of
the bending reinforcement. A detailed derivation of the applied TDOF model parameters is given in [8].

The diagrams in Fig. 3 compare the measurements of the Meppen tests 11/4 and 11/6 with the calculations of
the TDOF model. The bending behaviour of the reinforced concrete slabs is calculated in both cases very well with
the engineering model. In test 11/4 the shear deformation is slightly underestimated by the model. For test 11/6 the
global structural bending behaviour and the local shear measurements are reproduced a very well. In summary, good
predictive capabilities of the fast-running analysis tool can be stated. The transparent dynamic coupling of dynamic
loading and structural deformation mechanisms is helpful to the designer.
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Fig. 3: Comparison of TDOF predictions (dashed) to two Meppen impact experiments (solid). Left, test 11/4:
shearing underestimated, bending very well predicted; right, test I1/6: shearing and bending very well predicted

Finite-Element-Method

Wave propagation codes or ‘hydrocodes’ have become a powerful tool for analysing the impact induced
stress waves and the resulting deformation and damage in various materials [9]-[12]. This special class of Finite-
Element-Methods solves differential equations derived from the conservation laws for mass, momentum and energy
together with the equations of state and the constitutive strength of the material. Explicit time integration schemes
with small time steps resolve the highest frequency contents of stress wave propagation in the considered medium
and the arising geometrical und material conditioned non-linearity during the dynamic deformation. The following

numerical simulations in 2 and 3 dimensions were accomplished using the commercial hydrocode ANSYS
AUTODYN [13].
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Fig. 4: Validation of explicit FE-Method with discrete rebar and RHT-concrete model for Meppen test I1/4 and I1/6
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All reinforcements are discretized with discrete steel rebar elements described by the well-known Johnson-
Cook material model [14] for strain and strain-rate hardening and thermal softening with strain based failure criteria.
Concrete is described with the RHT-material model [11],[15]. The strength is modelled by three surfaces
representing elastic limit, failure surface and residual strength including a continuum damage approach.

The quality of the cylindrical symmetric numerical simulations is again assessed against Meppen tests 11/4
and I1/6. Fig. 4 shows the calculated displacements curves for bending and shear deformations of the reinforced
concrete slab. For II/4 the finite element system calculates a too weak shear resistance of the slab with a plug
deformation by about 200 mm. Bending is well matched with slight under-prediction. The simulation of II/6 shows
for shear and bending behaviour good agreement. Furthermore the outer shape and dimensions of the punching cone
in the slab are calculated in good correlation to the experimental observations in Fig. 4, lower. The red coloured
regions represent highly damaged concrete with multiple macroscopic crack patterns.

Table 1: DIN, TDOF and FEM models compared to Meppen experiments [4] on conventional concrete

analysis method DIN 25449 TDOF FEM
resistance evaluation
shear bending shear bending shear bending
experiment
Meppen 11/4 ~ correct™® n.c. too high correct too low correct
Meppen 11/6 ~ correct n.c. correct correct correct correct

n.c.: not considered; * slightly too high
Table 1 summarizes the different analysis methods regarding their prediction quality compared to the
Meppen experiments. Application of DIN 25449 delivers results with an acceptable bond on the shear loading, yet
does not consider bending and dynamic coupling. TDOF and FEM show in some details slight differences but

provide together a consistent picture with good predictive capabilities. For this reason their combination is used for
the further analysis on different concrete qualities and complex 3D situations in the impact resistant superstructure.

Validation for Ultra-High Performance Concrete
For the new design construction elements with high and ultra-high performance are considered. The
potential of fiber reinforced ultra-high performance concrete (UHPC) was analyzed in an engine impact test
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Fig. 5: Engine impact model approach by Sugano et al. [16]; increased ballistic limit from 219 m/s for conventional
concrete to 320 m/s + 10 m/s in recent tests with UHPC panels and validation of FE calculations in [8],[18]
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campaign by the authors [12],[18]. In this work the original experimental strategy of Sandia National Laboratories
[16] was extended to the fiber reinforced UHPC quality “B4Q” developed by the University of Kassel [17].

Fig. 5 shows the engine model components and the experimental configuration with an air gun of caliber
90 mm. The results are displayed in terms of residual over impact velocity and associated damage modes of the
slabs. The ballistic limit of the UHPC B4Q with 1 % of steel fibers increased to 320 m/s compared to 219 m/s for
identical conventional concrete plates. Hence the maximum momentum capacity is increased by to 50 %, the
absorbed kinetic energy by remarkable 110 %.

The numerical simulations of the experiments with TDOF on the one hand and Finite-Element models
using a modified RHT-model for the B4Q in combination with explicit rebar on the other hand showed good
agreement in terms of the different observed failure modes and bearing capacity of the UHPC [8]. HPC strength
data was not characterized and validated in detail, but interpolated between the well-based strength and equation of
state data of UHPC and conventional concrete, with a reasonable degree of confidence.

LOCAL IMPACT RESISTANCE FOR HIGH PERFORMANCE BOX GIRDERS

A key task in designing an impact resistant superstructure is to avoid any perforation of the outer hull,
before global load bearing comes into play. With the above methods, numerous investigations with different
concrete qualities and varying levels of pre-loading were conducted to design a single-leaf protection layer for the
hollow box girder structure shown in Fig. 1 and described in paper II. Selected results are presented in the following.

Comparison of Concrete Qualities using FEM

Starting from UHPC, the application of HPC with compressive cylinder strength of 80 and 100 MPa was
considered for the determination of minimum wall thickness of the superstructure, since the economic advantage
and applicability of HPC are attractive. The load cases of military aircraft (RSK) and civilian airliner where
considered. The simulations where performed in 3D, using 5 volume elements for the concrete across the thickness,
explicit rebar beams and material data as described in section 2 and the appendix.

Table 2 displays the result: For the military aircraft impact case a wall thickness of 90 c¢m is sufficient for
all 3 concrete qualities. Concerning the civilian aircraft this dimension is only sufficient in the case of UHPC. The
high performance concrete types display similar resistance behaviour if a component thickness of 100 cm is chosen.

Table 2: Limit thicknesses for high strength and ultra high strength concrete targets (reinforcement degree
120 m?*/m) for impact by one chosen military and one civilian airliner; no pre-loading considered

wall thickness UHPC HPC 100 HPC 80
[cm] military | civilian | military civilian military civilian
70 X X X X X X
80 (X) X X) X (X) X
90 v \ \ X v X
100 ) () () v () v
110 (V) N (V) \ (V) N
\/ = sufficient resistance; X = no sufficient resistance; () = no consideration

Limit Thickness with Static Pre-load predicted by FEM and TDOF

The structural calculations of the entire superstructure show areas of substantial tensile stresses from dead
weight and variable actions resulting in non-negligible pre-load of the concrete and reinforcement. To capture this in
the dynamic calculations, reduced yield and tensile strength of the rebar and concrete were considered matching the
remaining strength to the load reserve in the pre-loaded structure. In addition to 3-D finite element simulation, a
TDOF model was used for dimensioning the protective wall. For the same material, cross-section and impact load,
beginning shear localization develops for preload considered (Fig. 6, right), both in FEM and TDOF simulations.

The evaluation is given in Table 3 for the HPC with compressive cylinder strength of 80 MPa and the
decisive load case of a civilian aircraft. A wall design of 110 cm high performance concrete with corresponding
flexural reinforcement and stirrups is recommended.
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Fig. 6: Comparison of concrete damage D (HPC 80) and local plastic strain g, in rebar without (left)) and with
(right) preload; 40 % preload of rebar yield stress and 30 % tensile pre-damage assumed; damage extension is larger
and localisation of the rebar starting in the case of pre-load (right)

Table 3: TDOF and FEM predictions of single layer HPC limit thickness against perforation by the assumed civilian
airliner with and without pre-load; 110 cm limit thickness are deduced for the hull of the superstructure

wall thickness concrete reinforcement .
ol pro-dumage [%4] -l TDOF 3D-FEM | conclusion
100 0 0 \ V V
100 0 20 \ \ V
100 0 40 \ X X
100 30 40 V X X
110 0 40 &) V v
110 30 20 () V v
110 30 40 v V V
\/ = sufficient resistance; X = perforation; ()= no consideration

Consideration of T-Sections and Supports

Further load cases regarding impact in corner and edge regions were investigated. Here load transfer and
damage propagation in bracing walls are relevant additionally to the punching resistance. The modeled section
includes the outer high performance concrete bulkhead wall and floor level together with the conventional concrete
walls and slabs behind (t; = 50 cm) which form a bracing cross. The impact load acts centrically on the bracing cross
straight onto the front face.
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Fig. 7: FE-model (HxWxD = 27x29x20 m?) with airliner impact load on stiffening cross (left); predicted damage on
the front face, propagation in depth and wave-induced tensile damage close to the rear wall of the box girder (right)

The calculated damage pattern in Fig. 7 shows that no perforation occurs. A large damage cone develops
directly in the bracings behind the front wall. Furthermore, there is an overload in the rear part of the wall resulting
from superposition of arriving and reflected stress waves inside the building component. From experiences in
similar calculations with mesh-free and mesh-based methods one can infer that the outer extent of the damage cone
area is captured realistically despite cracks following orthogonal mesh directions. These results of local loading and
damage effects are considered suitable input data for investigations of the global integrity of the building.

CONCLUSIONS

Validated explicit Finite-Element-Methods with separate dynamic constitutive models for concrete and
rebar and two-degree-of-freedom models provide especially in combination a reliable basis to predict limit
thicknesses of reinforced concrete targets under aircraft impact. A large data base is available for conventional
concrete. New experimental studies and numerical models for ultra high performance concrete (f.= 160 MPa) allow
predictive calculations. Interpolation to high performance concrete qualities (f. = 80 MPa) is possible with
reasonable confidence, but should be subject to further experimental validation.

With a rebar content of 120 cm?/m and 150 cm?/m stirrups, a monolithic thickness limit of 90 cm to 100 cm
is derived for military aircraft and the considered civilian airliner and speed. 110 cm of HPC are necessary
considering tensile preloading across the box girder. UHPC offers slight advantages of about 10 cm reduced
thickness compared to HPC, not justifying the higher material and design costs in the considered concept study. T-
sections of the box-girder structure with thickness of 50 cm show surprisingly low front damage, but extending
failure zones along the bracings and a large spall failure zone by tensile wave superposition at the rear wall.

The above analysis provide basic data for the development of the comprehensive structural concept,
including the global impact response, induced vibrations and foundation in the part II of the paper.
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APPENDIX: MATERIAL INPUT DATA

C 35/45 [ HPC 80/95 [ UHPC C 35/45 [ HPC 80/95 [ UHPC
Equation of Sate p-o Strength RHT concrete
Reference density [g/cm?] 2.750E+00 2.818E+00 | 2.858E+00 | Shear Modulus [kPa] 1.670E+07 2.019E+07 | 2.080E+07
Porous density [g/cm?®] 2.314E+00 2.490E+00 2.510E+00 | Compressive Strength (fc) [kPa] 3.500E+04 8.000E+04 1.580E+05
Porous soundspeed [m/s] 2.920E+03 3.571E+03 | 3.327E+03 | Tensile Strength (ft/fc) [-] 1.000E-01 4.900E-02 5.500E-02
Initial compact. pressure [kPa] 2.330E+04 5.333E+04 1.053E+05 | Shear Strength (fs/fc) [-] 1.800E-01 1.800E-01 1.000E-01
Solid compact. Pressure [kPa] 6.000E+06 6.000E+06 6.000E+06 | Intact Failure Surface Const. A [-] | 1.600E+00 2.300E+00 | 2.010E+00
Compaction exponent [-] 3.000E+00 4.000E+00 | 4.000E+00 | Intact Failure Surface Exp. N [-] 6.100E-01 5.000E-01 6.360E-01
Solid EOS Polynomial Tens./Comp. Meridian Ratio Q [-] | 6.805E-01 6.805E-01 6.805E-01
Bulk Modulus Al[kPa] 3.527E+07 7.370E+07 | 8.410E+07 | Brittle to Ductile Transition [-] 1.050E-02 1.050E-02 1.050E-02
Parameter A2 [kPa] 3.958E+07 8.070E+07 | 9.120E+07 | G (elas.)/(elas.-plas.) [-] 2.000E+00 1.010E+00 | 2.310E+00
Parameter A3 [kPa] 9.040E+06 1.450E+07 | 1.460E+07 | Elastic Strength / ft [-] 7.000E-01 8.500E-01 9.500E-01
Parameter BO =T [-] 1.220E+00 8.000E-01 1.160E+00 | Elastic Strength / fc [-] 5.300E-01 6.500E-01 7.000E-01
Parameter B1 =T [-] 1.220E+00 8.000E-01 1.160E+00 | Fract. Strength Constant B [-] 1.600E+00 2.300E+00 | 2.310E+00
Reference Temperature [K] 3.000E+02 3.000E+02 3.000E+02 | Fract. Strength Exponent M [-] 6.100E-01 5.000E-01 6.360E-01
Specific Heat [J/kgK] 6.540E+02 6.540E+02 | 6.540E+02 | Comp. Strain Rate Exp. Alpha [-] | 3.200E-02 9.430E-03 6.700E-03
Compaction Curve Standard Tensile Strain Rate Exp. Delta [-] | 3.600E-02 1.290E-02 7.800E-03
Erosion Geometric Strain Failure RHT Concrete
Erosion Strain [-] 5.000E-01 5.000E-01 5.000E-01 Damage Constant, D1[-] 4.000E-02 4.000E-02 4.000E-02
Tens./Comp. Meridian Ratio Qo [-] | 6.805E-01 6.805E-01 6.805E-01 Damage Constant, D2 [-] 1.000E+00 1.000E+00 1.000E+00
Brittle to Ductile Transition B [-] 1.050E-02 1.050E-02 1.050E-02 Minimum Strain to Failure [-] 1.000E-02 1.000E-02 1.000E-02
Tensile Failure Hydro (Pmin) Principal Stress
Fracture Energy, Gf [J/m?] - 5.000E+03 1.000E+04 | Princ. Tensile Failure Stress [kPa] - 7.500E+03 | 4.200E+04
BSt500 reinforcement

Equation of State Linear Strength Johnson Cook

Reference density [g/cm?] 7.830E+00 Shear Modulus [kPa] 8.180E+07

Bulk Modulus [kPa] 1.590E+08 Yield Stress [kPa] 4.500E+05

Reference Temperature [K] 3.000E+02 Hardening Constant [kPa] 5.100E+05

Specific Heat [J/kgK] 4.770E+02 Hardening Exponent [-] 2.600E-01

Failure Plastic Strain Strain Rate Constant [-] 1.400E-02

Plastic Strain [-] 1.600E-01 Thermal Softening Exponent [-] 1.030E+00

Erosion Geometric Strain Melting Temperature [K] 1.793E+03

Geometric Strain [-] 1.666E-01 Ref. Strain Rate [1/s] 1.000E+00




