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1. INTRODUCTION ' " APR 0.7.1989

For estimating the global elasto-plastic structural response of criti-
cal concrete structures subjected to an aircraft crash, the time de-
pendent impact force of a flat rigid barrier against a normally impact-
ing aircraft was first evaluated and then the response, to the impact
force, was calculated.

In this approach, a significant problem was to determine the impact
force for the aircraft against a rigid target. A review of the method
proposed to determine the impact forces showed that all were based on
analytical methods. However, in these analytical methods, there were
many assumptions and many questions remained to be answered. Because
of the uncertainty involved in the analytical prediction of the impact
force, a full-scale aircraft impact test was performed and an extensive
suite of response measurements was obtained[4].

In this paper, these measurements are analyzed to evaluate the impact
force accurately. Also, the results were used to evaluate existing
analytical methods for prediction of the impact force.

2 .EVALUATION OF IMPACT FORCE
2.1 Review

One of the first papers on aircraft impact was written by Riera{l]. He
introduced certain assumptions which form the basis of the so-called
"Riera approach”; for a normal impact on a rigid target. It was as-
sumed that (a) the aircraft will crush only at the cross-section next
to the target, and (b) the buckling of this cross-section decelerates
the remaining uncrushed portion which behaves rigidly. Based on these
assumptions, the impact force F(t) against the rigid target can be
derived from the momentum equation and is given by

F(t) = Pe(x(t)}+H {x(t)) V()2 (1)

in which x(t) = distance from nose of aircraft, Pc = crushing load
necessary to crush the fuselage, U = mass per unit length of the un-
crushed aircraft,and V(t) =velocity of uncrushed portion of aircraft.

In an attempt to improve the preceding formula, Kar[2] considered
that the remaining material piled up at the impacting end of an air-
craft and introduced a coefficient ¢ in the second term of the right-
hand side of Eq.(1). Then,
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F(t) = Pelx(t))+a i {x(t)} V(t)* » (2)

- Bahar and Rice[3] took into account the fact that the velocitly remains

in the crushing region and concluded that the factor @ should be 0.5.

Several other researchers have also proposed the improvement of the
simple assumptions of Riera, but there was no way to verify the var-
ious formulations from the lack of experimental evidence.

2.2 Evaluation Method of Impact Force from the Test Measurements

In principle, an impact force F(t) generated in a time intetval of dt
corresponds to the changing rate of a momentum (MV) during dt. There-
fore,

F(t) = SIME)V(0)] (3)

in which V is a veloci%y of mass M. The right-hand side of Eq.(3)
consists of an inertial force caused by the change in velocity and the
force required to decelerate the mass of the impinging cross-section.
Eq. (3) can be wr1tten as,

F(t) = M(t) eV 1+ v(t) E?[M(t)] (4)

In the test, k1nemat1c measurements were made with the sensors mount-
ed on the aircraft and the test panel as mentioned in a companion paper
{4]. Therefore, the total impact force F(t) can be evaluated from the
change in momentum of the target and the aircraft.

For the target, (a) the target was essentially rigid and therefore
little energy went into structural deformation of the target, and there
was essentially no change in mass of the target, (b) the target mass
was about 25 times the aircraft mass, (c) the friction force was very
small (less than 0.2%). Therefore, essentially all the energy went
into movement of the target and the second term of Egq.(4) is negligi-
ble. Introducing the measured mass and acceleration of the panel into
Eq. (3), the total impact force Ft(t) can be evaluated.

On the other hand, each term of Eq.(4) is known from the response
measurements (accelerometers) of the aircraft. Writing

LM(t) 1= o 1 (E)V(E) (5)
Eq.(4) becomes
Fm(t) = Mm(t) S=0Vm(t)]+ o u()V(D) - (6)

in which, Fm(t) = the impact force evaluated from the measurement of
the aircraft missile, Mn = the mass of the uncrushed portion of air-
craft, and ¢ is defined as a coefficient of effective mass in impact,
that is caused by the dispersion of fuel and so forth 1n some direc-
tions.

2.3 Target Response

The data from each sensor and each location are described in [4]. As
mentioned there, a small difference could be observed among the raw
data. In evaluating Ft(t), only the horizontal acceleration of rigid
motion as shown in Fig.l was extracted by excluding the additional
components due to rocking and other vibrations from the measured raw
acceleration data. A similar data reduction of the raw veloc1ty data
was used and the results are shown in Fig.2.




2.4 Kinematic Measurement on the Aircraft

Ten accelerometers were placed along the fuselage of the aircraft and
one accelerometer was placed on each engine. As mentioned in [4], the
data from all of the accelerometers were fairly good. However, some
raw acceleration records include many shock pulses transmitted from
thefFushed portion of the aircraft. To remove these, suitable filter-
ing techniques were employed. Finally, the velocity changes of the
uncrushed portion of the fuselage and engines were determined from the
time integration of the filtered acceleration data as shown in Fig.3.
Furthermore, Fm(t) was evaluated by separating the forces taused by
the sleds and engines from that of the fuselage, because the sleds and
engines detached from the fuselage at the time when their front edges
touched the target. The individual impact forces were calculated in-
dependently and the total Fm(t) was derived by summing them.

2.5 Impact Force

Consequently, two impact force functions as shown in Fig.4, Ft(target)
and Fm, are derived from the test measurements. The two functions
should be essentially the same if the principle of momentum conserva-
tion is applicable and there are no other energy losses. Comparing the
two functions, Ft(t) can be regarded more reliable and accurate than
Fm(t), because Ft is derived directly from the accurate measured data,
while Fm includes an undecided factor a. In Fig.4, four functions of
Fm(t) are indicated by changing a from 0.7 to 1.0.

In order to determine a suitable value for a, the impulses are cal-
culated by integrating the impact force functions, and they are com-
pared in Fig.5. The total impulse is defined as the impulse after the
end of the application of the impact force, and is considered to be the
most important value to evaluate the characteristics of the impact
phenomena. Therefore, the factor o is determined so that the
final impulse of Fm equals to that of Ft. From Fig.5, the most suit-
able value of o can be regarded as approximately 0.9.

The impact force function of Fm(t), using a as 0.9, is shown again
in Fig.6, by separating each of the components.

3. Other Considerations
3.1 Impact Force Operating Area

For the dynamic response analysis of a structure subjected to an impact
load, the area of the impact load must be evaluated. Judging from the

damage on the surface of the target, the impact area is about 10 square
meters. This area corresponds to twice of projected area of the fuse-

lage, Fig.7.

3.2 Crushing Load of Aircraft

According to the simple assumption proposed by Riera[1], the crushing
load Pc is in equilibrium with the inertial force of the remaining
portion of the aircraft. Then,
Vi
Pc(t) = Mm(t) 932131 (7)

For examination of the appropriateness of Eq.(7)., the crippling load




of the compressive structural elements of the aircraft was calculated
based on the method proposed by Gerard[5]. The dimensions of the ele-
ments were estimated from the skeleton of the fuselage.. The comparison
between the calculated and measured Pc from the test is shown in Fig.8;
good agreement is found between the two independent methods.

In past papers, Drittler and Gruner[6] and Zorn and Schueller[7] e-
valuated the crushing load of an F-4 Phantom using a yield strength.
The crushing load of the fuselage evaluated from this test is compared
with those given by the researchers in Fig.9. In the figure, the ac-
tual crushing load of the fuselage is to be one third or one fourth of
the yield strength. In the test, the aircraft was completely crushed
to the end of the tail, while in the analysis, it was assumed that un-
crushed portion remained at the tail of the aircraft.

3.3 Crushing Load Component in Impact Force
The impact force Fm(t) consists of an inertial force, that corresponds
to the crush load as mentioned above, and a force reguired to deceler-
ate the mass of the impinging cross-section as shown in Eq.(6) and Fig.
10. The figure shows that the crushing load does not greatly affect
the magnitude of the impact force so much. Preferably, a mass distri-
bution and the coefficient &, which are significant, should be evaluat-
ed precisely for the evaluation of the impact force.

4. Conclusion

Valuable experimental data obtained from the full-scale aircraft impact
test were analyzed to evaluate the impact force against a rigid wall.
The analysis and evaluation gave an accurate impact force-time curve
under the test conditions and confirmed that the existing "Riera
approach” with slight modification is a practical way of evaluating the
impact force.
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