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ABSTRACT

In companion papers, the authors describe the determination of the response of reinforced concrete shells
subjected to the transient dynamic loading associated to impact by a large commercial aircraft. These include (a) the
evaluation of the response by explicit integration in the time domain of the equations of motion for a Discrete Element
Model of the impacted structure, discussed separately by Riera, Rios and Iturrioz [1], as well as (b) the evaluation of
the response of a model of the same structure implemented in ANSYS using an implicit approach, the last one being
discussed in a separate paper by Suanno, Ferrari and Prates [2]. 

Most studies previously published in the open technical literature were concerned with the global response of
containment structures subjected to aircraft impact, in which the local behavior, including risk of perforation or
punching through received little or no attention. The local structural capacity is analyzed in these studies and a
comparison of the results sheds some light on this subject and in addition furnishes valuable information on model
uncertainty, i.e. on the variability of nonlinear dynamic structural response predictions due to the model resorted to in
the analysis. 

Conclusions are also established on the influence of the material models and parameters employed in the studies,
which may be useful in the context of reliability assessments of nuclear structures subjected to impact loading.
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Discrete Elements, Perforation, Penetration, Size Effects, Rate Effects, Monte Carlo Simulation.

1. INTRODUCTION

A detailed study was performed to investigate to which extent the external concrete walls of Reactor Buildings
would be affected by the impact of a large commercial airplane. The study was conducted by a structural engineering
team of ELETRONUCLEAR, the Company  responsible for design and operation of nuclear stations in Brazil, in
cooperation with the Laboratory of Structural Dynamics and Reliability (LDEC) of the Federal University of Rio
Grande do Sul (UFRGS). Other issues were also examined by ELETRONUCLEAR in order to evaluate the global
safetyof NPP, such as the influence of siting, the general characteristics of the steel containment and effects on the
reactor and its coolant system.

The Reactor Building was selected as the target structure because it is the main construction of a NPP, where
most of the safety related components are located. Considerable effort was devoted to the analysis of local effects,
which are important in the determination of the capacity of this barrier to resist penetration, thus avoiding the risk of
fire inside the containment. 

The paper describes several models used in the analysis of a typical Reactor Building cylindrical walls: as well
as the load vs. time and area vs. time functions used in the study. A Boeing 767-300, fully loaded, was selected  for
the study, assuming impact normal to the surface of the containment of the Reactor Building. The results reported in
this paper correspond to an impact velocity of 100m/s (360 km/h). Different computer programs and analysis
procedures were resorted to, namely: (a) evaluation of the response by explicit integration in the time domain of the
equations of motion for a Discrete Element Model of the impacted structure, discussed separately by Riera, Rios and
Iturrioz [1], as well as (b) evaluation of the response of a model of the same structure implemented in ANSYS using
an implicit integration scheme, as discussed in a separate paper by Suanno, Ferrari and Prates [2]. Both methods led to
similar results and showed that the concrete wall of the Reactor Building could resist to impact of an airplane at
landing or take-off velocity without perforation.
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2. DESCRIPTION OF TARGET STRUCTURE 

It should be noted that the objective of this study is developing procedures for the verification of the loading
capacity of already built structures. Therefore, their ultimate capacity was evaluated on the basis of expected values of
the parameters that describe its material properties, not of characteristic values as prescribed in codified design. Some
assumptions had to be made and were common to all models, such as the structural: dimensions, stiffness, masses and
mechanical properties of the materials as well as the input loading, i.e. type of airplane, dimensions, distribution of
masses, stiffness, load capacity; impact area in association with the load time function; impact angle and velocity.

The reactor building considered in this paper is 63m high, with a 36.66m external diameter reinforced concrete
outer cylindrical shield wall. This cylindrical building is covered by a spherical dome. Its diameter is smaller than the
wing span of the Boeing 767-300 (47.6m), but larger than the loaded area considered in the analysis. The steel
containment, as a second barrier, has relevance only if perforation occurs, situation that is not reported in this paper.

The aging effect was considered in the evaluation of the concrete properties, since it significantly increases its
strength. The concrete strength increases for high strain rates, as documented in [3], [4], [5], [6]. Conservatively, an
amplification factor of 1.35 was adopted, which is a sort of lower bound for the strength increase observed for the
strain rates expected in case of aircraft impact.

In the example reported in this paper, the reinforcement steel bars used in the concrete are distributed in a mesh
of 1-inch diameter bars in the vertical and circumferential directions, both on the internal and external wall surfaces.
Plastic behavior was taken into account.

3. INPUT LOADING 

The analysis herein reported was performed for the impact of a Boeing 767-300 at 100m/s. The most
unfavorable condition was considered, i.e. horizontal impact in a direction normal to the cylindrical surface. 

The load time function was determined based in [7] and considered the mass and stiffness distributions along the
length of the aircraft. Two impact areas were considered: the fuselage region, with a circular diameter of 6 m2, and
the region of the wings together with the engines, consisting of a total area of 52 m2. The load time function presented
in Ref. 1 shows that the maximum force occurs when the wings and engines of the plane (Area 2) reach the structure,
approximately 200 ms after the beginning of the impact, with a peak force of about 100MN. The load model neglects
the wing part beyond the engines, considering that this part would not resist and break. However, the corresponding
mass was conservatively kept in the analysis. Another conservative assumption adopted in the analysis was to keep
the Area 1 constant, neglecting the fact that it would increase by at least 20% during the first 200 ms of the crash.

4. METHODS OF ANALYSIS 

The mathematical models were analyzed with the help of two different methods and corresponding programs:

• A nonlinear static analysis of a detailed model of the shell in the region subjected to impact loads was
performed to verify its punching/bending strength [2]. ANSYS finite element SOLID65 was used to model
the reinforced concrete, simulating the cracks opening and concrete crushing, as well as the elasto-plastic
behavior of the reinforcement. Another complete shell model of the building was employed to determine
the dynamic amplification factors for the load-time diagram adopted in the analysis..

• The determination of the load-carrying capacity of the reinforced concrete shell subjected to impact loading
was also performed using the Discrete Element Method (DEM). In this procedure the solid is represented
by uni-dimensional non-linear elements with lumped nodal masses. It permits determining  transient
dynamic response for short duration loading, considering non-homogeneous materials, like reinforced
concrete, with random variation of its mechanical properties. Additional information on the method is
given in Ref.[1].

5. DESCRIPTION OF THE MODELS OF THE TARGET STRUCTURE AND RESULTS

Model 1A represents a 35 degrees circular sector of a 20.5m high region of the wall. It consists of ANSYS-
SOLID65 elements, where only ¼ of the region is modelled on account of symmetry considerations.  Fig. 1 shows a
view of Model 1A used in the analysis together with its loaded area and boundary conditions. A static pressure load
was applied at the impact area previously defined. The non-linear analysis was performed by incremental loading and
step by step checking of the displacements and stresses in the materials. Cracks open or concrete crushes when the
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tensile or compressive strengths are exceeded at any point and direction, leading to a stiffness matrix correction for
the next step. 

Model 1B represents the complete external shield of the building as a shell model, and was used for the
determination of the dynamic behavior and amplification factors in a linear-elastic analysis. It was also useful for the
evaluation of the influence of the size of  Model 1 A on the  results. The relation between the maximum static and the
maximum dynamic displacements gives the amplification factor of 1.13 for the dynamic effect. 

Model 1C, representing part of the shell (15m high, circular sector of 112 degrees) in a linear-elastic analysis,  led
to a higher amplification factor equal to 1.41. Taking this last dynamic factor for multiplying the static force (Peak
from the load time function), the ultimate load capacity is not reached.

Model 2, also on account of symmetry, represents only ¼ of the region of influence of the impact load on the
containment (15m high panel, circular sector of 112 degrees). A non-linear dynamic analysis is performed, using the
Discrete Element Method (DEM), as described in companion paper [1]. The influence of several factors, such as
variations of the impact area, boundary conditions, model sizes and concrete properties, was studied with this model.
In every case the influence on the results was marginal. The wall damage was evaluated for both concrete and
reinforcement, as shown in Fig. 5. The load time function was also refined, considering the mass distribution in the
wings more precisely, which led to a smoother curve .

Fig. 1. Model 1A of the region of influence with the loaded area
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Fig. 2. Model 1A: Distribution of cracks inside the wall (Central elements).

Fig. 3. Model 1B: Complete shell model indicating the loaded area
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Fig. 4. Model 1C: Part of the shell model indicating the loaded area

Fig. 5. Model 2: Discrete Element Model for non-linear dynamic
 analysis showing  distribution of damage in concrete after impact

(Simulation results for ξ= 1.2, see Ref. 1)

6. COMPARISON OF METHODS

For a static load distributed as indicated in Section 3, (See also Refs. [1] and [2]), damage in the form of
concrete cracking and/or steel yieldind may be observed for amplitudes larger than 60% of the peak load. The static
loading capacity according to Model 1A is higher than the peak load. This value would increase if the limit stresses
for the material in tension and compression are increased to account for strain rate effects [5-6]. To ascertain whether
the shell is able to absorb the impact forces under consideration, the peak value of the total load-time function should
be multiplied by a dynamic amplification factor. Considering both factors, the strength capacity of the concrete
structure is greater than the (static) peak load, keeping a comfortable safety margin.

The dynamic analysis with Model 2 (DEM) predicts punching failure for the containment with the 90 days
concrete strength when subjected to the upper bound load-time function, but no failure for the lower bound load-time
function. These models predict the beginning of extensive cracking when the dynamic total load amplitude reaches
about 60% of the peak load, in accordance with the results of the static analysis. Since the properties of concrete in
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Model 2 are random, only response probabilities can be evaluated.  The conditional probability of failure, given the
occurrence of impact of a fully loaded Boeing 767-300 at 360 km/h on the concrete shell, was found to be negligible. 

7. CONCLUSIONS

. The structural analysis of a concrete shell employing different methods, namely a non-linear static analysis in
conjunction with a linear elastic dynamic analysis with FEM-ANSYS and a non-linear DEM dynamic analysis, led to
compatible results. For the material properties and dimensions of both aircraft and target structure assumed in the
example, in case of impact at 360km/h,  only local damage in a limited central area would occur, without perforation
or punching. Relevant data to assess the influence of model uncertainty in transient non-linear dynamic problems was
generated in these studies and is presently under evaluation.
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