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SUMMARY: This study was carried out to find a sufficient wall thickness for a con-
tainment building against an aircraft impact. The used load-time function simu-
lates the impact of a military aircraft with the weight of 20 tons and velocity
of 200 m/s. The outside radius of the dome was taken to be 24 m. Because of
the essentially nonlinear nature of the problem both geometric and material non-
linearities were considered in the analysis. A suitable computer code to solve
this kind of problems is PISCES-2DELK developed by Physics International Company.
Description of the material behaviour was made using the Mohr-Coulomb model and
taking into account the limits specified for allowable concrete deformations in
Finnish code for reinfeorced concrete. This had to be made by inspection of the
deformation histories because the model does not set a limit for concrete deform-
ations in compression; however the concrete cracking is taken into account which
is the essential condition for a reasonable analysis. The limit for concrete de-
formation in compression was set to 0.35 % and this failure criterium led to the
wall thickness of over 2 meters, which was considerably more than obtained by pre-
vious analyses of similar nature. The effect of the amount of reinforcement was
also investigated, and found to be nonessential. The main signifigance of the re-
inforcement was to secure the integrity of the concrete, and it can be neglected
when the energy absorption characteristics of the structure are considered. The
absorbed energy is mainly distorsion energy and the contributicn of the concrete
to this energy absorption is over fifteen times greater than that of the reinforce-
ment. The area where structural deformations are considerable is small; outside
a radius of 3 meters from the impact center the deformations are small. |If the
thickness of the containment building is 2.1 m then the maximum displacement is
0.35 m. In this case damages caused by the impact are easily reparable. However,
complete safety against scabbing is reached only by using the steel liner.

INTRODUCT | ON

The analysis of a containment building behaviour in case of an aircraft impact
may be divided into two different parts. |In global analyses the overall response
of a structure is considered. In this case linear theory of elasticity can usually
be applied. The nonlinear effects of an aircraft impact are significant only lo-
cally and have a small effect on the overall behaviour of the structure /1/. in
local analyses the effects that have to be taken into account are exactly these
nonlinear phenomena which consist of the geometrical and material nonlinearities

of the structure. So it is quite understandable that the ordinary methods of
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structural analysis are ineffective and misleading in the simulation of structural
behaviour in the vicinity of an impact area. This is the reason why several em-
pirical formulae, as ACE-, NCRD-, BRL- and IRS-FORMULA /2/, have been developed
to estimate the penetration depth, perforation- and scabbing thicknesses for a con-
crete target subjected to an impact load. These formulae have also been used to
determine the effects of an aircraft impact in nuclear power plants. Because of
the scale difference between the test models on which the empirical formulae were
based and the containment buildings to which the aircraft impact was hypothetized,
the results given by these formulae can not be entirely reliable, and may lead to
erroneous results. A suitable computer code far analysing the local effects of an
aircraft impact is PISCES-2DELK developed by the Physics International Company.
This is a two-dimensional explicit finite difference scheme capable to solve dy-
namic structural and flow problems. Because of the two-dimensional geometry pre-
sentation of the program the apex of the containment dome was taken to be the im-
pact location of the aircraft so that an axisymmetric model could be utilized.

The aim of this study is to give an estimation for the sufficient thickness of
the containment wall capable to withstand an aircraft impact and secure the integ-
rity of the containment so that it can be restored to its original condition with

the aid of only minor reparations.

IMPACT LOAD

In the following the method for determining the shape of the time dependence
of the impact force will be briefly exposed /3/. The geometry of the impacting
object and the target at the beginning of impact (time t = 0) and during the im-
pact (time t > 0) have been presented in Figure 1. The following assumptions are
made In the analysis: 1) The analysis is essentially one-dimensional i.e. the de-
formations of the impacting object perpendicular to the x-axis are neglected and
also the target is completely defined by its position coordinate along the x-axis
(XA(t) =L +s(t) Figure 1); 2) The deformations of the missile are restricted to
the area a from the impact point so that the x-coordinate of the beginning of the
deformed area is XA(t) =a=1L+s(t) -a (Figure 1); 3) The deformations of the
target are presented by the time dependency of the location of the target (s =
s(t) Figure 1).

The governing equation of the motion for the missile will be derived as fol-

lows., From Figure 1 the expression for the velocity distribution is

ulx,t) = rh(x-r) = {r - $)h(x-(L+s-a}) - sh(x-(L+s)) (1)
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Where h( ) is the Heaviside step function and the time derivation is denoted by a
dot.
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Figure 1. The geometry of the impacting cbject and the target.

If the total time derivative of u is denoted by du(x,t)/dt and the mass for
the unit length is denoted m(x,t) then the equation of motion can be written in

integral equation form as follows {Figure 1)

X (t)

A duf{x,t)
{ ; )m(x,t) ==y~ RIK, BN k(X (€)) = 0. (2)
X (t

E

Here k(XA(t)) and k(XE(t)) are forces at the end points of the missile. Substi-
tuting expression (1) into equation (2) and taking into account that the rear end

of missile is free we obtain an equation

L+s L+s-a L+s
[ m %% dx = ¢ [ mdx+5 | mdx—(}—é)zm(L+s—a) = k(XA(t)). (3)
r r L+s-a

In equation (3) the integral from L+s-a to L+s represents the mass of the aircraft
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that is crashed on the contact surface during the time interval from zero to t.
Using the mass distribution of the original undamaged aircraft mu(y) this mass can

be written as follows

res

(6 = f m)de ()

where y is the coordinate from the head of the aircraft to the direction of the
negative x. The mass of the undeformed part of the aircraft at time t is corre-

spondingly

M. (&) =
y

I S~

L
i mo(p)dp g Mg = i mD(p)dp. (5)
r-s 0

Substituting expressions (4) and (5) intc equation (3) we obtain

2

i3 Mu(t) + BM_(t) - (r=s) mo(r~s) = k(XA(t)). (6)

At the interface between the undeformed and grossly deformed parts of the air-
craft the crushing load FB is acting at every moment of time. So the equation of

motion for the undeformed portion of the aircraft can be written as follows
M (t)F = - FB(r-s). (7

u

Finally the expression for the reaction force between the impacting aircraft

and the target k(t) = - k(XA(t)) is obtained from equations (&) and (7):
k(t) = + Fylres) + (F-5)% my(r-s) - 3M (). (8)

The nonlinear differential equation (7) is split into two first order equations

as follows

r=v,
. FB(r-s) } (9)

Y = o e

r=s
My- é my(p)dp

The initial conditions for the equation system (9) are as follows
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r(0) =0, v(0) = v s
0 } (10)
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The equation system (9) together with initial conditions (10) is soived using fi-
nite difference approximations for the derivatives. |If the function value at time
point n is denoted by the right superscript then the finite difference equations

corresponding to equations (9) and (8) can be written as follows

. (n)
S e e B :
(n)
oM, 1
St Sn) At y(n*1) J (11)

3

Kn) FB(n)+(v(n)_;(nJ)Qmo(r(n}_an)) _ Mz(n)g(n)_

In order to use expressions (11) in numerical calculations in a specific example,

the mass distribution m, and the distribution of the load carrying cross-section

0
Q along the axis of the aircraft have to be specified. These distributions are
presented in Figure 2,

The crushing load FB along the longitudinal axis of the aircraft body is given

by the equation

“ _ 8 N
Fg = Q0iax + Opax = 573710 ;3 . (12)
in the following numerical example the wall is assumed to be infinitely rigid

so that the motion s(t) of the target in equations (11) is set identically to zero.
The total weight of the aircraft is taken to be 20 tons and the impact velocity
200 m/s. The time dependency of the impact force is given in Figure 3. The
dashed line is the shape of the impact force calculated using equations (11). The
time step was taken to be 0.00025 s and 0.00050 s. The difference in results using
these two values for the time step was less than 0.5 MN. The solid 1ine in Fig-
ure 3 corresponds to the load function used in the subsequent PISCES-caiculations.
This Toad function corresponds to the IRS-formula for an aircraft of Phantom
RF-4E type /4/ with slight modifications. The impact area is supposed to be a
circle with the radius of 1.6 m so that the area is 8 mz. The above derivation
neglects the effects of the inertiz and plastification of the target and the in-
teraction between the target and the impacting object so that the load function

thus derived is usually very conservative.
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Figure 2. The cross-section and mass distribution along the longitudinal axis
of the undeformed aircraft.
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Figure 3. The calculated (dashed 1ine) and standardized (solid line) load-time
history of an aircraft impact,

MATERTAL MODELS

In the description of steel properties the von Mises yield mode]l without work-
hardening is adopted. The yield strength for the steel was taken to be 460 MN/mZ.
In this value the increase of 15 % due to the dynamic load effect is taken into
account. The values of the Young modulus and Poisson ratio were 2.1-105 MN/m2 and
0.30, respectively. For steel density the value of 8000 kg/m3 has been used.

The von Mises model is totally unsuitable far concrete. The design practice as
it is presented in codes for reinforced concrete is somewhat ambiguous. Sometimes
the tensile strength of concrete is neglected, for instance, in bending but taken

into account in other cases as in shear. A realistic constitutive model for con-
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crete and yet simple enough so that it can be defined with the aid of only few
parameters seems to be the Drucker-Prager model /5/. It uses a criterion in
which an envelope of Mohr-circles in the o-t plane describes the limit conditions.
The envelope can be described by a linear variation of the radius of the Mohr-
circles with the variation in the mean stress on the spherical part of the stress
tensor. In three-dimensional state of stress the Drucker-Prager yield model is

of the form:

Feol + (L2 5= 0 (13)
in which
I] is the first invariant of the stress tensor, i.e.
I] = Wy B0 Cy HiD, = = B,
J, is the second invariant of deviatoric stress tensor, i.e.
£ads s =16l -0,)%(a 0 )2 (0 -0 ) 4r, Zex Zur 2
22 TijTij X Y 0y z x ‘z Txy Txz Tyz

The constants o and o can be related to the cohesion ¢ and angle of friction @ of

the material by the relations

DY N g . , C = = ; (14)
(1-3&2}1/2 (3(1'12&2))1/2

In principal stress space the Drucker-Prager formulation of equation (13) re-
presents a circular cone with its apex on the tension side. An associated flow

rule for yield surface (13) gives the plastic strain rate

1

.P _ _ —_
EU = ABF/BGEJ = A [aau + Sij/z Jy 2] (15)

where Gij is the Kronecker delta. Equation (15) shows that there will be a rate

of plastic cubical dilatation
é?i = 3ad . (16)
In the PISCES code the Drucker-Prager madel is presented in the form

Y=ap+b (17)

where 1
Y= (3 JZ) 2 is equivalent for yield,

63



oo = (0x+ay+oZJ/3 is the hydrostatic pressure,

a and b are material constants which can be related to the constants given in
equations (14) by the expressions
- - 2, o
a =33, b=c¢=c(301-129))7 . (18)

The flow rule used in the PISCES code is non-associated to the yield model (13)
and is equivalent to the flow rule of a von Mises material. This means that if
the yield stress is exceeded, indicated by a stress state where Y is exceeded, the
stress deviators are scaled down to bring them back on the yield surface. By the
use of this non-associated flow rule there is no dilatancy due to yield.

The material parameters a and b in equation (17) are determined from the stand-
ard strength parameters of the concrete. The compression strength of the concrete
is taken to be 30 MN/m2 and the tensile strength 2.25 MN/mZ. Assuming that the
tensile strength corresponds to the failure at uniaxial tension, the cohesion c
can be calculated from the Mohr circle drawn at the tensile side. Taking the an-
gle of friction @ of the concrete to be 30° and drawing the cerresponding tangent
to the Mohr circle, the cohesion is the line segment which the tangent extracts

from the 1-axis. So we have for c the value 1.95 MN/m2 and for constants a and b

2 J
aer BBl B 08 o gogol |

3sin‘pe9 } (19)
2 1
b=o=c(3(1-12 302 132 _ 5 g1 wn/m2.
3sin @+9

Two additional parameters are specified for the Drucker-Prager model used in PIS-
CES. These parameters are not included in the general yield model given by equa-
tion (13). They are the maximum yield strength from where on the material behaves
as a von Mises material and the spall limit on the tensile side which cuts off the
cone of equation (13) by certain value of the negative pressure p which means that
when this failure pressure is reached the material is not allowed to transmit
stresses any more. To represent the elastic domain of the concrete the values

of 4.5 . qu MN/m2 and 0.20 are used for the Young's modulus and Poisson ratio,

respectively. The graphical presentation of the used concrete model is shown in

Figure &4,
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Figure 4. Material model of concrete (cubic compr. strength = 30 MN/mz).

THE METHOD OF ANALYSIS AND THE USED FINITE DIFFERENCE MODEL

PISCES 2DELK is a two-dimensional, time-dependent finite difference code that
can be applied to solve dynamic structural and flow problems as well as fluid-
solid interaction problems. The organization of the code is based on so called
processors which are attached to specific part of the finite difference grid and
correspond to the formulation of different physical phenomena. At present state
the code consists of four processors which are: 1) Lagrange-processor that is the
formulation suitable for the problems of solid, continuous medium; 2) Shell-pro-
cessor that is based on thin shell theory; 3) Euler-processor that is best suited
for fluid flow problems and 4) Rigid-processor for describing the motion of in-
finitely rigid objects. The Lagrange-processor uses the Lagrange formulation of
the continuum motion. The differential equations that govern the problem are ap-
plied to a network of zones that describes the geometry of the domain to be inves-
tigated. According to Langrangian formulation each zone contains a constant mass
element of material that moves and distorts in space and time. The motion of all
zones approximate the continuous motion. In a two-dimensional analysis two space
variables exist and the third is determined from symmetry conditions. The par-
tial differential equations that govern the motion in case of axial symmetry when

x-axis is the symmetry axis are /6/ the momentum equations



a
9x X Y } (20)
da 2 =
o B el g Y g Y0
ay ax y ’

the continuity equation

=E+ﬂ+§i (21)

| <

and the energy equation

E = - (p+q}\7+V[Sxx 3— +5 Aeg Ty (L %3)] + 0 . (22)

X Yy oy 08 vy Xy ox

Here p is mass density,
x,y,k,Q,R,V are independent Lagrangian position, velocity and acceleration
components,
Uxx’gyy’cxy’gae
S ;
- Syy’ SBe are stress deviator components,
p is hydrostatic pressure,

are stress components,

q is artificial von Neumann viscosity,
V is relative volume p/po, Py is reference density,
E is internal energy per original volume and

Q.is heat flux.

Each zone in the finite difference network has a fixed mass. The calculations
are divided in two types-grid point and zone. Associated with each grid point is
the Lagrange position, velocity, acceleration and part of the mass of each sur-
rounding zones. Associated with each zone is the fixed zone mass, relative volume,
density, pressure, artificial viscosity, stress deviators, yield stress, internal
energy density, distortional energy density, sound speed, and temperature.

Two basic conservation equations are solved - one for each of the two types of
calculations. The Lagrange equation of motion, derived from balance of momentum
and conservaticn of mass, is used to update grid point variables. The Lagrange
thermal energy equation derived from balance of energy and continuity is used to
update zone variables.

Once the geometry, material properties, initial conditions, and boundary con-
diticns are specified, the calculation of the problem is ready to proceed. The

first time step that the problem takes has to be prescribed but from that on sub-
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sequent time steps are calculated by the code. Physically, the restriction im-
posed on the length of the time step is that no signal may cross the zone in one
time step so that zone reacts only to activity being transmitted from a neigh-
bouring zone. The analysis model is upper part of the half sphere that forms the
roof of the containment building. The impact is assumed to be perpendicular to
the shell surface at the apex of the shell and the area included to the model ex-
tends up te the point where the angle between the radius of the shell and vertical
axis is 45°. The outer radius of the shell is 24 m and the thickness of the shell
is varied by varying the inner radius. Reinforcement in the shell has been pre-
sented by uniform steel layers resisting only membrane forces. The distance of
the layers from the shell surfaces is 10 cm. The amount of reinforcement used was
200 kg/m3.

The finite difference mesh has been designed in order to obtain a sufficient
description about the changes of displacement and strain fields. The changes due
to impact load are significant only a few meters from load area. So the mesh is
finer in the vicinity of the vertical symmetry axis and becomes coarser when the
distance from the axis increases. Mesh points are defined according to celumn and
row numbers. The curved lines are columns and straight lines are rows. Boundary
conditions are as follows: at the clamped edge both components of velocity are
zero and on the symmetry axis the horizontal velocity component is zero. The load
area of the impact force is taken to be a circle with an area of 8 mz. The ana-

lysis model is shown in Figure 5.

,) steei layers
-

Figure 5. General description of the analysis model.
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RESULTS

The method for modelling the reinforcement means that the plastic capacity of
the structure is overestimated and the loosening of concrete chunks from the op-
posite face of the shell wall is effectively prohibited. Because of the circum-
stances the point of failure has to be concluded by monitoring the values of
strains in the concrete. The value of strain signifying the concrete failure was
taken to be 0.35 %. |If that value is exceeded in a large area failure will take
place. Since the capacity of the steel layers to abscrb energy is directly pro-
portional to the steel volume and steel strain, it is obvious that for a given
amount of reinforcement and assumed strain levels of concrete, the effect of steel
is negligible when absorpticn of energy is considered. This was also verified by
direct analysis investigating the dome with constant wall thickness of 1.5 m and

3 and 200 kg/ma. The

using two different values for reinforcement, namely 80 kg/m
strain histories of these analyses are presented in Tables 1 and 2. The dome was
analysed with three different wall thicknesses: 1.5 m, 1.8 m, and 2.1 m. The

amount of reinforcement for all these three analyses was 200 kg/ms.

Table 1. Development of mer%diona] strain [o/o0] in steel layers for the 1.5 m
shell with 80 kg/m” reinforcement.

- row 2 row 3 row 4 row 5 row 6
time upper | lower | upper | lower | upper | lower | upper | lower |upper |lower
ms layer | layer | layer | layer | layer | layer | layer | layer | laver | layer
1855 4 o LI | =25 | =B || =46 =0::5 | =252 | =0.5 |50.4 | =20.8
24.2 205 | 20.E =3 1 =05F | =l+2 | =049 =248 | =0:9 | =045 i |
206 =1.6 | =0+3 | =3.5 | -0.7 | =05 |-0.9 |-2.3 |-0.9 |-0.6 |-1.2
34 =12 0.2 | =2,2 | 01 1.0 | =0.2 |=1.2 [=0:3 |=1.0 |[=0.9
38.8 =0.2 Tsd 0.5 5l 5.8 15 1.6 13 1.7 Beel
48.3 552 | 23.5 12.7 17.8 | 43.8 5.7 15.2 1.2 T3 0.8
§ b 19249 14.2 | 43.6 | 33.7 32.5 | 83 11.6 20.6 1.9 18. Bor]
EZE 57.5 33.8 { 71.0 | 69.3 | 51.8 135 20.1 22.4 14.0 | 27.1 1
e 62.0 60.8 104 113 73.6 193 30.6 22.4 7.2 1 36.1 1.1
66.4 3151 139 155 94.6 ‘ 248 40.0 | 21.6 10.0 | 43.7 0.8
70.8 123 s 183 113 292 48.5 | 21.3 13.2 | 50.0 0. 7
5.2 147 201 201 124 316 54.3 | 21.4 16.0 | 54.7 0.8
78.4 155 215 201 129 315 571 20.9 17.8 | 56.5 0.7
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failure

Table 2. Development of meridional strain [o/co] in steel layers for the 1.5 m
shell with 200 km/m3 reinforcement.

row B
row 2 row 3 row 4 row 5 row 6

time upper | lower | upper |lower [upper |lower |upper | lower |upper | lower
ms layer | layer | laver |[layer |layer |[layer |layer | layer |layer | layer

20 -1.0 -0.3 1.2 |-0.5 =1 3 -0.6 =] /2 -0.6 =0T -0.6

25 =zl -0.4 -1.2 |-0.7 =40 -0.8 =131 -0.8 -0.7 -0.9

30 -0.8 -0.2 -0.7 |-0.4 -0.4 -0.4 =05 -0.5 -0.6 =07

35 0.3 0.6 0.8 0.6 1.3 0.6 0.7 0.4 0.2 =02

40 1.7 1.7 4.6 1.6 2.6 1.5 2.8 el T3 0.5

45 7.0 5.4 11.0 4.4 2.3 1.3 6.1 1.8 341 0.8

| 50 14.7 11..0 18.2 8.3 4.6 3.1 10.5 1.7 6.2 1.0
.E 55 29.1 19.0 30.3 |13.1 14 3 5.7 10.8 1.4 8.6 1:5
2 60 46.7 28.5 43.2 |18.4 23.2 8.8 10.7 242 11.0 (57
65 57.8 35.3 50.4 |22.5 26.6 11.3 10.5 4.3 13.1 1.6

70 59.0 36.5 50.3 [23.2 26.0 12.3 9.3 5.8 13.1 1.7

75 58,2 36.3 50.0 {23.1 25.2 2.3 8.7 5.8 12.1 1.5

80 58.2 35.8 501 [22.7 5.8 11.9 8.9 5.5 12.4 153

In Figures 6 - 8 the deformed state of the structure and stress crosses have
been shown at the time point of 80 ms from the beginning of the impact. From the
relative lengths of the arms of the stress crosses one can cbtain a qualitative
picture about the distribution and directions of the principal stresses inside the

shell wall.

AT THE SYMMETRY LINE
MEAN DISPLACEMENT 1059 MM
MEAN VELOCITY 7 W/s
COMPRESSION 147 MM

Figure 6. The deformed state of the 1.5 m shell at time 80 ms.
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AT THE SYMMETRY LINE
MEAN DISPLACEMENT 593 MM
MEAN VELOCITY 5 M/s
COMPRESSION 73 MM

Figure 7. The deformed state of the 1.8 m shell at time 80 ms.

AT THE SYMMETRY LINE
MEAN DISPLACEMENT 352 MM
MEAN YELOCITY 2 Mg
COMPRESSION 5 MM

Figure 8. The deformed state of the 2.1 m shell at time 80 ms.

The values of the strains of the steel layers at different time points have
been presented in Tables 3 - 4 for the wall thicknesses of 1.8 m and 2.1 m.

After the failure point, presented in the Tables by a double line, the struc-
ture resists loads unrealistically because of the modelling of reinforcement by
steel layers instead of individual bars. When the wall thickness is 2.1 m the
values of strains remain within the allowable range during the whole impact time,
excluding a few local exceedings. Moreover, the fact that the strain values are
decreasing at the end of the impact (t = 80 ms) supports the conclusion that the
containment building is able to withstand the aircraft impact with this wall thick-
ness,

The maximum displacement is about 0.35 m and the compression of the shell wall

is about 2 cm at the symmetry axis, First cracks occurred at the time point 50 ms
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Table 3. Development of meridional strain [o/col in steel layers for the 1.8 m

shell with 200 kg/m3

reinforcement.

row
row 2 row 3 row 4 row 5 row 6
t ime upper| lower | upper | lower | upper | lower |upper | lower |upper |lower
ms layer | layer | layer | layer | layer | layer | layer |layer |layer |layer
20 -0.4 0.1 -0.5 | -0.0 | -0.5 -0.0 =056 | =01 -0.2 |-0.2
25 =0.:5 0.0 =05 -0.1 =), :5 S -0.6 = -0.2 |-0.2
30 -0.6 -0.0 -0.6 -0.1 <05 -0.2 -0.6 =02 =033 -0.3
35 -0.8 =2 -0.8 -0.3 -0.7 -0.4 -0.8 -0.4 Qb -0.4
40 il -0.5 | -1.0 -0.6 -0.8 0.7 =10 =07 0] -0.7
45 =10 -0.6 =0.8 | -0.7 | -0.5 -0.7 -0.8 -0.8 |-0.7 =09
50 0.6 0.3 1.1 0.3 1.68 | -0.4 1.1 0,2 0.4 |[-0.4
55 3.9 2.1 8.6 2.0 2.5 i) 4.7 1.8 25 0.6
[447 60 192 5.8 15.2 | 4.2 2 T3 9.2 2.0 4.4 151
b 65 14.1 6.3 173 4.8 2.9 1.6 =P 2.1 B 152
E .E 70 1348 6.1 17.1 4.7 2.5 TS 12.4 1 9 6.2 1.3
ﬁl & 75 1273 6. 15.6 4.5 0.8 1.5 10.7 1 o 5.3 1.3
80 1246 6.0 1547 45 0.8 T 10.7 1t 5.4 1.4
Table 4. Development of meridional strain [ofoo] in steel layers for the 2.1 m
shell with 200 kg/m3 reinforcement.
row
row 2 row 3 row 4 row 5 row b
time upper | lower | upper | lower | upper | lewer |upper | lower | upper | lower
ms layer | layer | layer | layer | layer | layer | layer | layer | layer | layer
20 =0.2 0.1 ~DaZ 0.1 =041 0.1 -0.1 -0.0 |-0.0 |-0.0
25 =02 02 =042 0.1 =0} 0.1 -0.1 0.0 -0.0 -0.0
30 =03 0.2 | -0.3 0.1 =0 0:1 -0.1 0.0 0.0 -0.1
35 ~0.4 0.2 | -0.4 0.1 -0.3 -0.0 | -0.3 =0..1 -0.1 -0.1
40 =0.8 | =0.0 -0.7 | -0.0 | -0.5 | -0.3 =0L.7 |=9.3 -0.4 -0.3
45 1.2 -0.4 ~1.0 ~0.5 [ ~-0.8 | -0.6 =-1.1 ~0.6 -0.7 -0.6
50 =1 .2 -0.8 | -0.9 | -0.9 | -0.7 | -1.0 -1.0 | -1.0 0.8 | =1,0
55 -0.3 -0.6 =0,0 | =0.7 0.4 | -0.6 | -0.7 -0.2 -0.9
60 1.4 0.6 2.6 0.6 2.1 0.7 2t 0.6 1.0 | -0.1
65 4.0 1.4 6.9 1.4 2.0 1.5 3.9 1.6 1.8 0.6
70 4.5 1.5 ] 1.4 1.9 1.4 4.6 1.8 2.1 0.7
75 3.8 1.2 6.5 1.2 0.7 1.2 3.7 1.4 1.4 0.4
80 3.1 1.1 6.0 1.1 .1 1.1 3.0 1.4 1.1 0.4




from the beginning of the impact and at the time point 80 ms from the beginning
of the impact the concrete has failed both at the bottom and top layers in the
vicinity of the impacted area. It is probable that the direction of cracking is
radial in inner layers and if that is the case the cracked concrete is prevented
to fall apart by the reinforcement layers. The complete prevention of scabbing,
meaning the concrete layer outside the bottom steel layer, can be achieved by
using an internal steel liner. The obtained sufficient wall thickness of 2.1 m
agrees well with the results presented by Alderson et al. /7/ but is slightly more
than the value 1.8 m obtained by Hoek and Ree /1/.

In Figure 9 the time histories of total energy, distortional energy and kinetic
energy are presented for the analysis of the shell wall with the thickness of 2.1

m.

MJ ‘\ — botal emergy
———— total distortion energy

—-—:—— total kinetic energy
30

25
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10

0 20 30 40 S0 60 70 80 90 time (ms)

Figure 9. Energy time history of the 2.1 m shell.

In Figure 10 the time histories of mean velocities at the symmetry axis are de-
picted for wall thicknesses 1.5 m, 1.8 m, and 2.1 m and for the amcunt of rein-

forcement of 200 kg/m3 for each wall thickness.

CONCLUSIONS

The required wall thickness against an aircraft impact is about 2.1 m according
to the PISCES analyses carried out in this study. The damages occuring to the
shell wall due to the impact, when this thickness is used, are easily repaired.

The scabbing of the outermost concrete layer, opposite to the impact face, can be
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Figure 10. Mean velocity time histories of the apex of the shell.

prevented using a steel liner. The impact will cause highly localized deformations
and outside the radius of 3 m deformations are small for all analysed shell thick-
nesses. The energy absorbed by the structure is mainly distortion energy as can

be concluded from Figure 9 and the contribution of the kinetic energy to the total
absorbed energy is almost negligible. The energy absorbed by concrete is totally
dominant when compared to the energy absorbed by the steel layers, The ratio of
these energies is of the order of fifteen. Consequently, the main function of the
reinforcement is to ensure the integrity of the structure. Finally, it should be
remembered that results obtained are essentially conservative because of the neg-
lection of interaction effects and deformation and inertia effects of the target

in the derivation of the load-time function.
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