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SUMMARY 

On the basis of operational evidence and a limited theoretical study it 
1s suggested that pilot actmn can modify the consequences of heavy landings 
involving bounce to a very great extent, both beneficially and detrimentally. 
It is shewn theoretically that large elevator movements, leading to fluctua- 

tions in lift, can increase bounce height and structural loadings. 

*Replaces R.A.E., Technical Report 69278 - A.R.C. 32146. 
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1 IXTRODXTION 

The object of the Civil Aircraft Airworthiness Data Recording Programme 

(CAADRP) is a systematic study of the operational flight of civil transports. 
A small number of jet aircraft in regular airline service are fitted with 
analogue paper trace recorders to collect data on airspeed, barometric height, 

normal acceleration, outside air temperature and control surface movement. 
The whole programme is described fully elsewhere'. 

Study of operational records that have become available as a result of 
CAADRP suggests that pilot action may contribute to undesirable aircraft 
behaviour leading to higher structural loading in the more Severe landings. 

The type of landing that is considered herein is characterised by bounce of the 
aircraft after the initial impact and the fact that second and subsequent impacts 

may involve equal, or more severe, structural loading. 

The effect that the aerodynamic lift variations, which produce the 
aircraft bounce characteristics mentioned above, have in influencing the 

structural loading is examined theoretically for landings at two high values of 
vertical velocity of descent. The theoretical model consisted of a rigid 

aircraft, tyres, unsprung mass, oleo spring and damper. 

2 OPERATIONAL EVIDENCE 

A record of a heavy landing from one of the CAADRP aircraft having the 
characteristics studied is shown in Fig.1, where individual traces have been 
marked for ease of recognition and the time base indicated. The same 
identifications apply to Figs.3 and I, 

Fig.1 shows a flight recording of a two-bounce landing with 
the peak acceleration recorded at the aircraft centre of gravity on the second 
impact larger and the aerodynamic lift smaller than those on the first impact; 
thus some structural loads are more severe on the second impact. Fig.2 
presents on an enlarged scale time histories of pitch attitude, control column 
moveillent ) eicvetor angle and normal acceleration due to lift. All but the 
principal oscillations have been smoothed out for clarity. It is possible to 
deduce from the acceleration trace that there is an oscillatory variation in 
the aerodynamic lift during the landing. The Initial acceleration peak occurs 
during the first impact and is approximately 1.03 g, thereafter falls to 0.85 g, 

2.6 sac after touchdown, rxses to approximately 0.95 g during the second impact, 
4.6 sac after Initial touchdown, and finally decays to 0.85 g after 6.0 sec. 
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After this time the lift variations cannot be inferred from the acceleration 

record. The lift variations noted above result from changes in the aircraft 
attitude and elevator angle brought about by pilot action and the steady 

decline of airspeed. 

The pilot, responding to some cue that cannot be established from the 

record, applies up elevator vary rapidly (140/set) over the 1 sac prior to 
impact. At the instant of impact he reverses elevator (from 18'). These 
actions cause pitch up and excess lift at initial touchdown aggravating the 
tendency of the aircraft to bounce on landing. The pilot then re-applies a 

large degree of pitch-up elevator (at a rate of 9'/sec) in order tb arrest the 
sink rate for the second touchdown. Nevertheless the effect of pitch-up 
elevator is an increase in the sink rate for about one second on large aircraft 
with high pitching inertia2. This sequence of actions with elevator is 
repeated (up to a maximum rate of 330/set) prior to, and throughout, the 
second and subsequent impacts. The pitch attitude of the aircraft varies in the 

following manner during the complete landing process:- 5.1' during the flare 
rising to 7.7' (2.0°/sec) as a result of the initial elevator action, falling 
to 5.7' (-1.4'/sec) during the lift off, peaking to 8.5' after the second 
impact (l.l'/sec), and finally decaying gradually to the ground running value. 

For comparison purposes, and to provide some indication of alternative 
pilot action in the case of a heavy landing, the operational event in Fig.3 is 
presented. Fig.4 presents, on a larger scale, time histories of pitch attitude, 

control column movement, elevator angle and normal acceleration due to lift. 
As in Fig.2 all but the principal oscillations are smoothed out for clarity. 
The initial acceleration peak (Fig.3) is of the same order as that depicted 
in Fig.1 but for this event there is no bounce. A significant difference 
between the two events is the absence of extreme elevator action in the second. 

The procedure in this case was to initiate the elevator down action just after 
touchdown and continue this motion throughout the landing. Aircraft pitching 

motion resulting from the action is smooth and pitch angle decays in a linear 
manner down to the nose wheel down attitude. Fig.5 presents the results of a 
vary smooth landing and the pilot action is characterised by a downward trend 
similar to that in Fig.3. Time histories of the pitch attitude, control 
column movement, elevator angle and normal acceleration due to lift are present 
in Fig.6 on an enlarged scale and all but the principal oscillations are 

siroothed out a:-'- for clarity. The similarity of the aircraft behaviour after 
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impact in these two cases and wide difference from the case shown in Figs.1 
and 2 is revealed by the figures in Table 1 below and the discussion in the 

preceding paragraph. 

Table 1 

Figs.1 & 2 Figs.3 & 4 Figs.5 & 6 

Time to zero pitch 16.7 set 4.4 set 4.5 set 
Pitch angle at impact + 5.4o + 6.7o +5.4o 

Pitch rate after touchdown + 2.0’lsec - 0.94’lsec -0.94’lsec 

Elevator angle at impact -la0 -10.5O -8.75O 
Mean elevator rate following impact - + 0.940/set +1.53’/sec 

In airline circles it has been suggested that pilots can alleviate 

bounce or ballooning by applying power gently after the bounce commences in 
order to have the facility to go round again or make a second controlled landing 
having achieved adequate elevator control. There is no operational evidence 

to suggest that this action is being taken in the type of heavy landings which 
have been studied. 

The disparity between pilot action revealed in Fig.1 and Figs.3 and 5, 

and the effects on aircraft behaviour is so great that it was felt to be 
necessary to investigate theoretically the effect of such differences on the 

undercarriage loading in heavy landing cases corresponding to vertical 
velocities at impact of 7 and 11 ft/sec. 

3 CALCULATIONS 

Having defined the problem on the basis of the operational evidence, 
section 2, the next problem was to try to simulate the characteristics 
theoretically. The lift variation throughout the landing revealed by study 
of Fig.1 is one of a possible infinity of patterns depending on pilot action, 
runway characteristics, aircraft type etc. It was decided that, to reveal the 
effects of lift variation, families of theoretical curves would be constructed 
that covered most operational events. The curves have a decaying sinusoidal 
characteristic which takes account of the effect of pitch variations and 
elevator motion. The phasing with respect to the instant of initial 

touchdown is varied from case to case to simulate the timing of the pilot’s 
use of the elevator. 
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Two formulae (see below) describing the sinusoidal aerodynamic lift 

variation are considered. Formula 1 assums that the pilot's action affects 
only the phasing of the sinusoidal waveform. The envelope of the decay is a 
function of time (measured from the instant of touchdown) and is designated 

Type A lift decay. It was recognised that this form of decay is only one from 
the infinity that might be achieved in the practical case. Flight records 
examined indicated that the period of the oscillations were approximately 
constant at the value chosen, i.e. 4 seconds. In order to illustrate that the 

effects noticed in the practical case were not a function of a particular 
decay form a second form was considered. The decay in this case is assumed 

to depend on time modified by the phase shift, T, and is designated Type B. 

Each lift curve is composed of two parts superimposed: 

(i) A component decaying, from a value of 1 g at the instant of 
touchdown, in accordance with the steady reduction in aircraft speed. 

(ii) An exponentially decaying sinusoidal component. 

The sinusoidal component has a period of 4 seconds and the constant, k, 
in the exponent is -0.20125 such that the amplitude of the oscillatory component 

is reduced by half every 3.4 seconds in all cases. 

The oscillatory phase shift/decay relationships investigated were: 

(9 Type A (Figs.7 to 12) 

L = ALekt sin $ (t + T) __ 

and (ii) Type B (Figs.13 to 18) 

L = ALek(t + T) sin 5 (t + T) 

(1) 

(2) 

where L = oscillatory lift about mean value at time t 

t = time with respect to the instant of initial touchdown 
'I = phase shift 

AL = incremental amplitude from which the oscillatory lift is calculated, 
hereafter termed the 'basic amplitude'. 

The lift variations are plotted in Figs.7 to 18, extending over 

10 seconds starting at the instant of touchdown. A total of six curves on any 



one figure illustrate the variation in phasing of the oscillatory component of 
the lift with respect to the instant of initial touchdown. 

For each of the two landing conditions above three values for the basic 
amplitude are considered, namely 0.1, 0.2 and 0.3 g and two values of descent 

velocity namely 11 and 7 ft/sec which represent severe and hard landings 
respectively. Each of the Figs.7 to 18 considers one basic amplitude. In each 
case the effect of the phasing of the oscillatory component with respect to the 
instant of initial touchdown is studied. Six values of phase shift (T) are 

considered ranging from -2 to +l$ set in steps of $ sec. 

In Figures 7 to 12 (Type A decay) the basic amplitude 

occurs at touchdown for all values of T. In Figs.13 to 18 (Type B decay), at 
negative values of T, the amplitude decays from a level at touchdown in 

accordance with formula 2 above and reaches the basic amplitude at a time of 

-T; at positive values of T the amplitude at touchdown is less than the 
basic amplitude, and has a value as though it had been decaying in accordance 
with the formula prior to touchdown. Equivalence between the two families, 

Type A and Type B, is obtained when f = 0 and thus the bottom left hand curve 
in Fig.(7 + n) is identical with the corresponding curve in Fig.(l3 + n) where 
n = 0, 1, ---- 5. 

For comparison a lift variation obtained from a 'good' pilot landing 
practice is also considered for each case, i.e. no oscillatory component 

induced and the aircraft pitch steadily reduced from the moment of initial 
touchdown. The good practice has been defined in terms of the parameters 

outlined in section 2. The same pit& rate (-0.94'/sec) as in the events of 
Figs.3 and 5 and the same elevator rate (1,53'/sec) as in Fig.5 are considered. 
The lift variation is indicated in Figs.7 to 18. 

It W.XB decided in the first instance to uee the two degrees of freedom 
aircraft/undercarriage model incorporating an orifice damper considered in an 
earlier paper3 modified in that an undercarriage oleo having a longer etroke of 
1.2 ft was considered. This modification meant that the maximum reaction 

factor obtained in the proof rate of descent touchdown case (11 ft/sec), 

i.e. 2.02 g increment, was typical of that of a current high-speed subsonic jet. 

The weight of the lower oleo and wheel assemblies (i.e. the unsprung weight) was 
131 lbf compared with the sprung weight of 2411 lbf and the damping constant 
60 slug/ft. It was assumed that the nosewheel did not contact the ground during 



8 

the landing phase. Initial calculations were made with this descent rate at 

initial touchdown but were subsequently extended to include the hard landing, 

7 ftfsec. No extension of the work beyond the two degree of freedom system has 

been attempted to date. 

3.1 Theoretical results 

The results of the calculations are indicated in caption form on each of 

the individual graphs that make up Figs.7 to 18. The parameters that are 
included in each caption are, in each column 

PH = peak height reached by upper mass, i.e. aircraft, on first bounce 
relative to initial touchdown value (ft) 

tPH = time at which peak height achieved (set) 

vv2 = vertical velocity of the upper mass at instant of second touchdown 
(:t/sec) 

"*2 = downward acceleration of the upper mass at the instant of second 

touchdown (f&x') 

t2 = time at which second touchdown occurs (WC) 

FS1 = peak undercarriage strut reaction during first impact expressed as a 
fraction of the total weight 

FS2 = peak undercarriage strut reaction during second impact expressed as a 

fraction of the total weight. 

The first column contains results appropriate to an undercarriage having an oleo 
damping constant on extension equal to that on compression for the oscillatory 

lift case, the second coluxnn refers to an undercarriage with a damping constant 
on extension fifty times that on compression (hereafter called the 5O:l damper) 

again for the oscillatory lift case, and the third to the 5O:l damper with lift 
varying according to the 'good' landing practice law. The results are presented 

for a 'good' landing practice for different levels of aerodynamic lift at 
touchdown when pitch rate has been set at -0.94'/sec prior to touchdown and 
throughout the landing. 

3.1.1 Severe landings (descent velocity 11 ft/sec) 

A study of Figs.7, 8 and 9 for the severe landing in Type A lift conditions 

s?rws that the worst conditions at second touchdown (defined xn terms of vertical 
I--:-:ity of descent at this instant) obtain when pllot action has led to 
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increasing lift at the instant of touchdown, i.e. elevator up about one second 
before touchdown, and maximum lift occuring approximately 1 to 2 seconds after 

touchdown. Table 2 shows the vertical velocity at second touchdown, for the 
5O:l rebound damping constant ratio, for the worst condition (W2 max) in each 
of the figures expressed as a percentage of the initial touchdown velocity (W,). 
Also indicated is the peak height reached during the bounce resulting in W2 max 
and, for comparison with W2 max, the velocity at second impact achieved with 

optimum timing of the oscillatory lift (W2 min) and that achieved when the 
'good landing practice' is adopted. These are again expressed as a percentage 
of the initial touchdown velocity. All non-dimensionalxelocities quoted are 
rounded to the nearest 5%. 

The structural severity of these second landings (F82) as indicated by 
. . comparison with FS1 (i.e. Fig.7: SO%, Fig.8: 130% and Fig.9: 200%) is 

greater than indicated by vertical velocity alone because of reduced 
aerodynamic lift that is experienced at the instant of second impact. 

Figs.13 to 15 give results of severe landings effected in Type B lift 
conditions. They may be summarised in the same terms as above and are 

presented, again for the 5O:l damper, in Table 2. 

Table 2 

5O:l damper. Vertical velocity at initial touchdown 11 ft/sec 

W2 max P.H. (ft) 
Fig. - 

w1 
% 

W2 min 
corresponding - 

wl 
x 

w2 min (good 
- 

to w2 max w1 % landing 
practice) 

7 80 10.7 20 20 
8 120 17.1 25 20 
9 165 23.8 15 20 

13 85 10.1 25 20 
14 120 17.1 10 20 
15 165 23.8 20 20 

Such differences as do exist in the structural loadings on second impact, which 
are relatively small, between corresponding cases possessing the alternative 
type lift oscillation decay can be put down to the relative differences in 
oscillatory amplitude about the mean. 
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The results show that bounce and undercarriage loading may be reduced 

most effectively by the pilot if he can adopt the 'good' landing practice in 

which control action Induces a steady pitch rate of about l'jsec throughout the 

landing. The oscillatory elevator movements never lead to significantly 

reduced loads on the second impact relative to the 'good' practice (see 

Flgs.19 to 22). For aircraft with a large pitching moment of inertia and 

relatively long response time this would involve initiation of gentle down 

elevator action umnediately before touchdown. A typical time for a large 

civil aircraft might be l-2 sec. This elevator movement would be continued 

throughout the landing. The consequences of alternative pilot actlon 

uwolving rapid reversals of elevator are indicated on Figs.7 to 9 and 13 to 15. 

The critical nature of the lift phasing relative to Initial touchdown time ;a 

strikingly brought out. It is unlikely that this type of pilot actlon will 

alleviate the heavy landing problem unless the phasing with respect to the 

Instant of initial touchdown is favourable. Operational data suggests that 

cues allowing this phasing to be accurately controlled are not available to 

a pilot. 

3.1.2 Hard landings (descent velocity 7 ft/sec) 

The corresponding tabular notation to that adopted in 3.1.1 for SO:1 

dampers 1s adopted in Table 3 below. 

Table 3 

5O:l damper. Vertical velocity at initial touchdown 7 ftfsec 

w2 *ax P.H. (ft) 
Fig. - % 

w2 rnli=l 
corresponding - w2 m1n %(good % - 

wl to w2 max wl w1 
landing 
practice) 

10 90 5.0 10 5 

11 120 10.8 5 5 

12 165 17.0 5 5 

16 90 4.1 5 5 

17 130 10.2 5 5 

18 165 16.9 0 5 

In the worst cases vertical velocities at second impact are seen to be 

increased by the same proportion as those in severe landings although, of 

course, the load levels are less than in the severe landings. Even so these 
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levels can exceed those experienced during the first touchdown and approach 

the typical design reaction factor. The Type B lift variations lead to similar 

results and relative values are much the same as those found in the severe 
landing case. 

In some cases on the 5O:l damper the rebound peak height was found to 
be negative (the loading on the second impact being small). This is due to the 

tyre leaving the ground with the oleo being only partially extended. Rebound 

would not have occurred had the oleo extension rate been sufficient for the 
tyre to remain in contact with the ground. 

3.1.3 Impact reactions 

Figs.19 to 22 show the peak impact reaction for the 5O:l damper on both 
initial and second touchdowns (Fsl and FS2 respectively) plotted against the 

oscillatory lift phase shift (r) for the severe and heavy landing cases and 
types A and B lift oscillation decay. Each figure comprises three diagrams 
appropriate to basic amplitudes (AL) of 0.1, 0.2 and 0.3 g respectively. The 
graphs show that the maximum value of F82 for a particular oscillatory lift 

amplitude occurs at values of T from -4 to -1 set and that its level rises 

significantly with increase in this amplitude. Also shown in the diagrams 
are curves representing the reaction at second impact which would be achieved 

if the lift characteristics appropriate to the 'good landing practice' (as drawn 
in each diagram of Figs.7 to 18) were to be achieved from the instant of 
initial touchdown. It can be seen that FS2 for the 'good' landing practice 

remains at a more consistently low value in all cases. 

‘ 3.1.4 Discussion 

We have seen above that oscillatory variations in lift which are 
attributed to pilot action and ground effect can lead, when the lift is 
badly phased with respect to the instant of touchdown, to severe loadings on 

second impact whereas they have a negligible effect on the first impact. It 
may be conjectured that application of spoilers at a particular time relative 

to the instant of touchdown could lead to a similar phenomenon. For example, 
if spoilers are applied during rebound in a landing that is made with lift 
increasing at the instant of touchdown, a situation exists that is similar to 
that depicted for the cases when T = 0 in the figures and might be expected 
to lead to similar extreme loadings. 
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Attention has been restricted in this paper to the heavier landings. 

There is no operational evidence to suggest that this type of extreme pilot 

action occurs significantly during light landings although it is known2 that 

pilots do tend to 'pump' the stick whilst feeling for the ground. There is 

operational evidence, however, to suggest that the runway surface does play 

an important role in determining the multiple bump nature of lighter landings. 

This topic should be explored in a further paper as Indeed should the effect 

of runway roughness on the heavier landings. 

4 CONCLUSIONS 

On the basis of study of operational records and some simplified calcula- 

tions it is suggested that pilots should be discouraged from making violent 

elevator movements in the course of a landing. It has been seen above that, 

during a heavy landing, these can increase the bounce height and the structural 

loadmgs on the second impact, compared with when the 'good' landing practice 

is used, and they never significantly reduce them. OperatIonal data confirms 

that these types of elevator movement occur during hard landings and that the 

timing tends to increase structural loads on the second and subsequent impacts. 

The risks of exceeding proof load, therefore, can be as high after a bounce as 

at the Initial touchdown using current operatmg techniques. 
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FS1 = 

FS2 = 

k = 

L = 

AL = 

PH = 

t = 

tPH = 

t2 = 
VA2 = 

vv2 = 

T = 

No. 

SYMBOLS 

Peak undercarriage strut reaction during first impact expressed as a 
fraction of the total weight. 

Peak undercarriage strut reaction during second Impact expressed as a 

fraction of the total weight. 

Exponential constant. 

Oscillatory amplitude of lift above mean value at time t. 

Incremental amplitude from which the oscillatory lift is calculated, 
termed the 'basic amplitude'. 

Peak height reached by upper mass, i.e. aircraft, on first bounce 
relative to initial touchdown value (ft). 

Time with respect to the instant of initial touchdown. 

Time at which peak height achieved during first bounce (xc). 

Time at which second touchdown occurs (set). 

Downward acceleration of the upper mass at the instant of second 
touchdown (ft/sec2). 

Vertical velocity of the upper mass at instant of second touchdown 

(ft/sec). 

Phase shift of oscillating lift (xc). 
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