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An American statistical technique was evolved for the measurement of 
flight loads, but is of restricted use when applied to low aspect ratio 
multispar structures. This Report describes a modification in which a mix- 
ture of distributed loads (assembled by superposition of individual loads) 
and individual loads together with thezr corresponding strain gauge responses 
is used as a regression sample. This method is demonstrated on test results 
from a flight programme to measure fin loads on a Lightning aircraft. 

* Replaces R.A.E. Technical Report 68200 - A.R.C. 30958. 
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1 INPRODUCTION 

The difficulties in applying an American statistical technique' for the 
measurement of flight loads on low aspect ratio structures have been discussed 
in an earlier note 2 . Therein it was concluded that regression equations based 
on distributed load data were preferable to those based on the original 
individual load data. A more recent flight programme to measure the fin loads 
on a Lightning aircraft has led to a further modification in order to include 
steady sideslip conditions of flight. These developments and the calibration 

technique as used on the Lightning fin are discussed in this Report. 

2 CHOICE OF SAMPLE 

Ideally, the magnitude of a particular flight loading could be estab- 
lished by the direct comparison of the responses of installed strain gauges 
with those obtained in ground tests in which the flight load distribution was 
applied to the structure. This procedure could be very expensive if a variety 
of flight conditions were to be investigated and would require a fairly pre- 

cise knowledge of the various load distributions. In general, it can be 

expected that this knowledge is not available and recourse has to be made to 
techniques which allow some variations in either the magnitudes or distribu- 
tions of the loadings. Such techniques are available in regression analysis 
in which equations are fitted to samples of appropriate data. 

The NACA method' was the first application of regression analysis to 
the problem of the interpretation of strain measurements as flight loads. It 

uses a sample of gauge responses obtained from the successive application of 
an individual load at a number of stations on the structure. The gauges are 

usually installed across a section of the structure to measure the shear and 
bending strains in the main structural members. These quantities are dependent 
on the position of the calibration load in a simple or complex manner accord- 
ing to the detail design of the structure. It is then assumed that the 
responses p, p2 . . . of the gauges G, G2 . . . can be combined such that, 

for example, 

where M is the overall bending moment at the chosen section and pi,, pi2, 

etc. are coefficients obtained from the calibration data by regression 
analysis. Similar equations are obtained for the shear (V) and the torque (T). 
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There are two possible arguments for the application of these regres- 
sions in the estimation of a flight loading: 

(4 a statistical argument that the individual load sample is 
representative of the whole population of loadings and that any flight load- 
ing must be a member of that population. 

b) an argument that the flight loading is the summation of propor- 
tions of the individual loads. Each of these can be estimated by the regres- 
sions and consequently so also can their sum be estrmated. 

It is extremely difficult to establish the validity of (a) and also to 
accept that a distributed loading with a centre of pressure outside the sample 
is also a member of the sample. Thus any statisticsl forecast of the standard 
error of the estimate of such a distributed loading from the variances and 
covariances of the regression analysis would be dubious. 

The justification for (b) requires the structure to conform with the 
principle of superposition and the mesh size of the calibration to provide 
satisfactory representations of the continuously distributed loadings 
encountered in flight and of the associated gauge responses. There is nothing 
in this argument however which Justifies the acceptance of the standard error 

of the estimate which has been rejected above. Thus, whilst the regressions 
will cover a limitless range of centres of pressure, there is no statistical 

method of assessing the accuracy of its performance. In practice the accuracy 
of estimation of the unknown flight loading from the gauge responses can be 
assessed from the performance of the regression on similar distributed load- 
ings assembled by superposition of the original calibration data. 

It might be argued that the distributed loading data could be used for 
the semple, but there would still remain the difficulty of establishing that 
this sample is reasonably representative of the whole population and it is 
not practicable in this case to assume that any other loading is the summation 
of proportions of the particular members of the sample. 

It is expedient therefore to include distributed loadings with the 
individual load sample and obtain a regression for the mixture of distributed 
and individual loads. The residusl (actusl load - estimated load) for each 
member can be obtained directly by the computer programme. The inclusion of 

distributed loadings also has the advantage of biassing the regressions 

. 

. 
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towards the loadings expected. in flight. However, it is not permissible to 
use statistical theory for the estimates of the accuracy of a general predic- 
tion because the members of the sample, through the inclusion of the dis- 

tributed loadings, are no longer independent. The residuals of the distributed 
loadings can provide an indication of the accuracy of the regression for 
changes in the distributions. 

The acceptance of similar accuracies for flight loadings demands a 

reasonable matching of the flight responses with the appropriate members of 
the sample. 

3 DATA USED FOR LOAD ANALYSIS OF THE LIGHPNING FIN 

3.1 Individual load sample 

The calibration responses of the strain gauges, the positions of which 

are shown in Fig.1, are given in Tables 1 and 2 for the pre-flight and post- 
flight calibrations respectively, together with the sssoclated bending moment 
(M), shear (V) and torque (T). Details of these calibrations are given in 
Appendix A. Bending moment values are referred to the strain gauge section 
axis and torque values are referred to an axis 85.25 in (2.165 m) forward of 
spar 5 in Tables I-4. Zero values of M, V and T indicate that the load- 

ing pad was inboard of the gauge section. 

3.2 Distributed load sample 

As discussed in section 2 above, in order to provide a better estimate 
of flight loads, it is necessary to introduce a distributed. load sample. 
Theoretical distributions ofloads due to sideslip, rudder, gust and fishtail 
manceuvres were used to provide the proportions of load on the calibration 
pads appropriate to these loadings. The total gauge responses were then 
assembled by superposition of the responses due to the load on each pad. 

These basic responses are shown in Figs.2 and 3. The individual pad loads 
were varied about their theoretical values in order to provide a range of 
loadings with different centres of pressure. These responses sre given in 
Tables 3 and 4 together with the associated M, V and T values for the 
pre-flight and post-flight calibrations. The centres of pressure of these 

loads are shown in Fig.4 together with the estimated centres of pressure 
from the second calibration regressions (see section 3.4 and Table 5). 
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3.3 Mixed load sample 

The single load sample and a selection from the distributed load sample 
were used as a mixed load sample from which regression equations for cdculat- 
ing the flight loads were obtained. The selected rows from the distributed 
load samples are shown in the first column of Tables 3 and 4 (Nos.l-15). 

3.4 Rem-ession equations 

Equations for M, V and T were obtained by fitting regressions con- 
taining the twelve gauges to the sample matrices and successively discarding 
those gauges shown to be irrelevant or redundant. These equations are shown 
in tabular form in Table 5. 

3.4.1 Choice of torque axis 

Estimates of torque using regression equations based on the axis given 
in section 3.1 were of low accuracy and were improved by using regression 
equations based on an axis 28.75 in (O-73 m) aft of spar 5 for the indlvdual 
load data and 5.25 in (0.133 m) forward of spar 5 for the mixed load data. 

The bending moment sxis is defined by the strain gauge posItions. The 
torque axis cannot be so defined and a preliminary choice is an arbitrary one. 

Were it not for the loading points inboard of the strain gauge positions the 
choice would be comparatively simple: an arbitrary axis would be chosen, a 

regression equation found including a constant term, redundant or irrelevant 
gauges would be eliminated and the axis transferred to a position which 
reduced this constant to zero. With the introduction of inboard loading 

points in the data the above method has to be modified because, although, as 
before, as each gauge is eliminated from the regression equation the position 
of the torque axis is altered (as shown by the constant term), when the 
torque axis is translated to eliminate the constant term the redundancies or 
irrelevancies of the gauges change considerably. 

There would appear to be no absolute choice of torque axis which could 
be found easily but the followi% method has been used with reasonable success 
for data including mixed. loads. Regression equations containmg all gauges 

are evaluated for a succession of torque axes, the constant being suppressed. 

The standard error of regression (c) is then plotted against axis position and 
the regression equation found at the axis giving the minimum Sh.nd~d error. 

Redundant or irrelevant gauges are then eliminated from this regression. 
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4 DISTRIBUTED LOAD CALIBRATIONS 

Two distributed loadings, as described in Appendix A, section A.2.2, 
were applied to the fin during the post-flight calibrations. The first 
distribution simulated a gust loading and the second applied a torque load- 
ing with a forward centre of pressure. The gauge responses are given in 
Tables 6 and 7 and can be compared with the responses obtained from the 
superposition of the individual load data. In general, there is very good 
agreement between the sets of responses and this confirmed that the principle 
of superposition could be applied to the structure. The responses due to the 
distributed loadings, after scaling to an applied load of 1335 lb (606 kg), 
are plotted in Figs.5 and 6 together with the spread in the responses of the 
members of the sample (Table 4) which have &aced centres of pressure. 
There is reasonable agreement for the simulated gust loading but there are 
large differences in the corresponding responses of the shear gauges for the 
torque loading case. This could be expected from the relatively crude system 
(a total of 8 load positions) used in applying the distributed load to the 

fin compared with the 27 loads used to obtain the distributed load sample of 
Table 4. 

Nevertheless, the regressions of Table 5 were used to estimate the 

shear, bending moment and torque from the measured responses and the correspond- 
ing centres of pressure; these are compared with the known loadings in Tables 

6 and 7. The errors are presented both as percentages of shear, bending moment 
and torque and also, with more significance, as errors in the position of the 

centre of pressure. The large percentage error in the torque estimation for 
the simulated gust loading is associated with the smsll value of torque 
actually applied in this case and thus tends to be misleading. 

The performance of the regressions on the members of the distributed 
load sample has been assessed from the residuals and the latter are expressed 

in Fig.7 as percentage errors in the basic parameters, M, V end T, and as 

errors in the positioning of the centre of pressure in Fig.8. The analysis of 
the two directly applied distributions tend to substantiate the conclusion 
that the regressions should estimate the flight loads on the Lightning fin to 
within +% or, alternatively, to within 22 in (to.05 m). 



5 FLIGIFT RXORDS 

5.1 Range of tests 

The flight conditions investigated were steady sideslips, rolls, pass- 
ing manoeuvres with another Lightning aircraft and level flight in turbulence. 
This Report is concerned primarily with the technique of flight load measure- 
ment and the discussion is restricted to the interpretation of gauge responses 
in steady sideslip and roll conditions. 

5.2 Andysis of flight records 

The traces were read on Oscar trace readers which automatically con- 
verted the readings to digit values corresponding to the ground calibration 
recorder scale. The regression equations based on the post-flight calibra- 
tion, Table 5, were used to obtain estimates of the flight loads and the 
appropriate corrections were made for acceleration errors on the galvanometers 

(see Appendix A, section A.2.4). 

Typical examples of analysed flight records are given in Figs.+16. 

Figs.9 and IO show the gauge responses in steady sideslips to port and ster- 
board together with the responses of distributed loads obtained by interpola- 
tion from the sample matrix for the sane estimated centres of pressure. The 
large difference in response of gauge 9 (Fig.9) between the sample and the 
flight is reflected in the basic response for 1' sideslip shown in Fig.2. 

This is due to the very large response of the gauge to the calibration load- 
ing on pad 22 which provides about 1% of the total basic response. This 
effect could be lessened by a more extensive ground calibration and is men- 

tioned below in section 6. Flight responses in steady sideslips to starboard 
are all characterised by a large response of gauge 9 associated with a reduced 
response of gauge 7. This effect is also noticed in sideslips to port but to 
a lesser extent. 

Figs.11 and 12, end 15 and 16 show the time histories of the estimated 
sheers and centres of pressure during rolls to port and starboard at M = 0.9 
and M = I.7 respectively. Figs.13 and Ii+ show the distributions of the 
gauge responses across the section for the maximum shears in each Case. The 
sample used in the regression analysis did not include rolling cases and it 
is not possible to assess the accuracy of the estimation by interpolation. 
However the scaled responses in Figs.13 and 14 are not very different from 
those in typical gust loadings (Fig.5) and consequently it is reasonable to 
assume a similar accuracy. 
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6 COMPARISON OF P&FLIGHT ANE POST-FLIGm CALIBRATIONS 

The Lightning fin is a 5 spar structure (Fig.l); the spars are mounted 
vertically from fuselage frames and ribs run horizontally between the front 

and rear shear walls which, with the skins, complete the main structure. A 
leading edge structure of skin and ribs normal to the front shear wall is 
attached to the front shear wall. The 5 spars transmit both shear and bend- 
ing moments into the fuselage whereas the front and rear shear walls have 
only a shear attachment. The load positlons were, in general, at the spar- 
rib intersections. 

The gauge responses in the pre-flight and post-flight calibrations 
(Tables 1 and 2) are generdly similar, but there are more responses whose 
differences between the two calibrations are significantly higher than a 
probability distribution calculation indicated. Sensitivity to small changes 
in pad position could be expected where there is a large change of response 
with position of the load as when the load is very close to the gauge station 
(e.g. pad 16, gauges I and 2). There are alternative load paths for the 
torque transfer into the fuselage and the discrepancies for the two calibra- 
tions at pads 65 and 66, which are maximum bendIng moment ana maximum torque 
conditions, may be explained by a change in the stiffness of the fin-skin 
and fuselage attachment. 

These differences could have been reduced by decreasing the mesh size 
in these areas and. this would allow an averaging of responses when the 
dxstributed loads are assembled from superposed individual load data. It 
would be preferable to average the extra calibration data for inclusion in 
the individual load part of the sample as their separate inclusion would 
over-emphasise the local effects. 

7 CONCLUSIONS 

The accuracy with which flight loads can be estimated on a low aspect 
ratio multispar structure is poor for a regression based on a sample using 
only indivdXl calibration loads. It is dso difficult to Justify the use 

of regression equations based entirely on a distributed load sample and 
better accuracy is obtained from regressions which have been fitted to a 
mixed sample of individual and distributed loads. Furthermore the perform- 
ance of the regression equation on the distributed load items can be used 
in an interpolation method to assess the accuracy of the estimate of s 
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flight loading. Although it is not demonstrated, it would appear that mesh 
size, partxularly for loads near the gauges, and the make-up of the distri- 
buted loading could be important factors in the application of such a 
technique. 

In the particular case of the Lightning fin it should be possible to 
estimate flight loads to within ?$ or to within 22 m (kO.05 m) of the 
centre of pressure of the load. Both measures of accuracy should be used 
with caution when low values of load are involved. 

i 
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Appendix A 

GROUND CALIBRATION AND STRAIN GAUGE INSTALLATION 
(See section 3.1) 

A.1 Ground calibration eauipment 

A.l.l Loading rig 

Counterbalanced beams were placed, one either side of the fin and con- 

nected at each end. Load was applied to the fin through a rubber-faced pad 
attached to one beam and a cable led from the opposite beam to the side frame, 
passing round a pulley, to a deadweight equal to the maxuwm applxd load. 
The weight was raised by a turnbuckle thus allowing incremental loading with- 
out exceeding the allowable load. The applied loads were reacted at the mau 

undercarriage wheels which were restrained by brackets bolted to the floor. 
Side load on the nosewheel was reduced by mounting it on a plate supported by 
rollers. 

A strain-gauged link was connected between the counterbalanced beam and 
the cable to measure the applied load and a cslibrated C-link, fitted with a 
dial gauge, was mounted above the turnbuckle to indicate the incremental load 
applied. The loading rig is shown in F1gs.l7, 18 and 19 for a distrxbuted 
load (see section 4). 

A.1.2 Strain gauge installation 

Strain gauges were bonded to the fin structure Just outboard of rib 1 
(Fig.1) consisting of six half bridges on each spar. Three half bridges 
bonded to the spar web were arranged to measure shear forces and three half 
bridges on the spar flanges were arranged to measure bendlng moments. 

The connections to each of the half bridges were rewired for the flight 
tests to provide full brzdges, leaving a spare half bridge available ln the 

event of gauge unserviceability. The re$ponses were recorded on galvanometer 

paper-trace recorders. 

Responses were obtained from each of the three half bridges In the ground 
calibration. The responses from the two half bridges which formed the full 

bridges in the flight installation were summed and these responses are given 111 
Tables 1 and 2. 
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A. 2 Ground calibration 

A.2.1 Pre-flight load calibration 

Twenty-seven positions on the fin were chosen for the individual load 
calibration and are shown in Fig.1. Each position was loaded incrementally 
to a nominal 1000 lb (454 kg) and then unloaded. The Mercury computer was 
used to give a least-squares slope for each half bridge response against the 
strain-gauged link response. These slopes were expressed as responses for a 
IOOC digit link response representing a 1335 lb (606 kg) load. 

On completion of the individual load calibration (loading to starboard) 
the side frame was transferred to the opposite side of the aircraft and the 
calibration was repeated. No significant changes were noted in the responses 
and those for the starboard loadings have been used to form the sample. 

A.2.2 Post-flight load calibration 

At the conclusion of the flying programme, the pre-flight cslibration 
was repeated, omitting the calibration to port. The pre-flight calibration 
was made using a strain recorder which had a sensitivity of 2000 digits for 

1% w. The post-flight calibration was made using a high speed digital 
recorder (the original recorder was no longer available) which had a sensitiv- 
ity of 250 digits for 1% AF$4 and all responses have been referred to the 
sensitivity of the pre-flight recorder. 

In addition to the above calibratxons, two dwtributed loads were also 
applied to the fin. The first approximated to a gust loadlng and used five 
counterbalanced beams, loads being applied by either two or four pads on each 
beam. The correct proportion of the load on each beam was obtained by a lever 
system on the side frame (Fig.17). The second was in the form of a torque 
loading and used two pads per beam (four beams). Loads m one dire&Ion were 
applied to the rear shear wall and loads in the opposite direction were 
applied near the front shear wall. 

A.2.j Pre-flight and post-flight shunt calibrations 

At the beginning and end of each flight record a shunt wss introduced 
successively across each of the two strain gauges of each half bridge, thus 
providing positive and negative steps in the trace. These steps were also 
measured on each recorder used for the ground calibrations and provided con- 
versions for the flight responses in terms of structural load. 

. 

. 
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A.24 Normal acceleration calibration 

During the early flight tests It was fauna that many of the galvanometers 

in the flight recorders were unduly sensitive to normal acceleration. The 

recorders were therefore mounted In a centrifuge and the galvanometer deflec- 

tions were obtained for accelerations between -4 g and +4 g. 

A. 3 Accuracs of calibration 

The strain-gauged link was calibrated against load on both recorders and 

a slight change In sensitivity was observed. The gauge slopes (gauge response/ 

link response) for the second calxbration were corrected and the resulting 

slopes for both calibrations were then referred to the sensltlvlty of the first 

recorder; thus the slopes x 1003 represented responses for 1335 lb (606 kg) 

applied load. 

The scaled responses from the second calibration have produced rounding 

errors in addition to the basic errors of the data. An estimate of the over- 

all error between the first and second calibratun gave a standard devlatlon 

of 214 digits for the difference between the two calibrations, whereas estl- 

mates of the differences between four sticcesslve calibrations of one pad on 

the second callbratlon gave standard deviations of about 28 dlglts. 

An andys~s of variance using the F-ratio test showed that differences 

between the first ana second &ta due to possible change of gauge sensltlvlty 

or structural response were not significant; however this test 1s not entirely 

conclusive since the two sets of data were obtauxd with recorders of different 

sensitivity. 

. 



- 

n 

lb 1n - 

01 0 0 
02 0 0 
03 0 0 

04 0 0 
05 0 0 
06 0 0 

13 P76 81.5 
I4 7076 81.5 
I5 P76 a.5 
16 PF m.5 
22 23630 2i2.2 
23 24698 2N.5 
24 24698 2'34.5 
25 24698 284.5 
26 24m 284.5 
32 43788 504.4 
34 w!z2 506.0 
35 47se7 552.1 
36 475E7 552.1 
43 61544 709.0 
44 78365 922.0 
45 711% 819.7 
46 7lR3 m.4 
54 88511 1019.6 
56 03511 962.7 
65 I15478 1330.3 
66 112541 1296.5 

- 

Table 1 

PRE-FLIGHT CALIBRATION - STRAIN GAUGE RESPONSES FOR 1335 lb (606 k,d AT LOADING PAD 

V 
- 

lb - 

0 
0 
0 
0 
0 
0 

1335 
1335 
1335 
1335 
la5 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 

1335 
1335 
1335 
- 

- 

k3 - lb ln 

0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 

606 73099 052.1 
606 93658 1078.9 
606 113817 1311.2 
606 l&I19 1637.2 
606 44a 514.5 
606 73m9 842.1 
606 93658 1078.9 
606 113817 13112 
6~6 146124 1683.3 
605 6853 792.9 
64% 93658 1078.9 
606 1138l7 1311.2 
606 149328 17ao3 
606 833 1028.2 
64% 109945 1266.6 
606 lIw35 1328.1 
606 156136 1798.7 
606 I2I%z7 1403.4 
606 1562p 18X.2 
606 IEJAW 1778.7 
606 I 65081 1901.7 
- 

T 
1 

9 
0 

-6 
-9 
-5 

221 

2 
-76 

-l2@ 
29 

-la 
-77 

-199 
-040 

12 
-69 

-a 
-50l 

-41 

la2 
-I 68 
-474 
-144 

-416 
435 
49 

- 

- 

0 
3 
0 
0 

.26 
-93 

0 
6 

-16 
253 

9 
I7 

2 
7 

51 
24 

32 
45 
65 
50 
07 
0l 

118 
114 
1% 
190 
zce 
- 

- 

3 

- 

-7 
10 
17 
-l5 
103 
-17 

2 
-619 
-% 
-65 
-93 

-155 
-473 
44J4 
-124 
-106 
-200 
489 
-204 
-2x? 
Ql0 
-a9 
-1% 
-153 

-1P 
-178 
- 

- - - - - 

4 5 6 7 0 

- - - - - 

14 -17 
12 4 

5 47 
-5 95 

43 -16 
-42 -20 

43 47 
18 -732 

-20 -71 
41 43 
62 -93 

73 -166 
73 -508 

126 -1P 
62 -90 

123 179 
137 -319 
181 -162 
159 -119 
2l8 +.37 
27l -167 
250 -167 
242 -109 
WV -142 
337 101 

437 -53 
421 -77 

2l 
12 

-6I 
0 
0 

33 
-35 

I8 
29 
73 
93 

122 
103 

06 
161 
193 
2ol 
lE2 
280 
320 
2% 
277 
365 
327 
4m 
4% 

-33 14 
-21 7 

77 -63 
-17 0 

-9 25 
Ql 0 

-775 75 
-3 47 
-38 51 
17 28 

-133 76 

-490 176 
-133 107 

47 95 
-26 P 

-250 200 
-139 167 

46 163 
Q2 123 

-19 259 
-94 2% 
-88 730 
-18 179 
-72 266 
-15 217 
-26 313 

0 290 
- - - - - 

- 

9 

- 

-97 
138 

0 
-10 
-lO 

9 
-20 
Q4 
-17 

-31 
,554 
-00 
-50 
-30 

-9 
IS0 
-07 
-52 

-7 
,110 
-il 
-63 
-9 

59 
0 

-30 
-0 

- 

- - - 

10 11 12 

- - - 

5 116 492 
-3 -26 -I3 

15 -40 14 
18 -UC 5 
13 -17 0 
-0 0 15 
29 -P 25 
w -42 28 
36 -25 33 
14 5 39 

I.3 -312 2 

9 -109 42 
n -67 42 
65 -38 55 
38 4 6s 

102 -144 8c 
117 -02 75 
106 -50 % 
63 12 113 

178 -107 116 
164 -76 14s 
145 -61 135 

93 I3 1X 
166 -50 165 
115 6 1Z 
179 14 2a 
161 7 2.2 

- - - 

. . . . 



. 

Table 2 

POST-FLIGlD CALIBRATION - STRAIN GAUGE RESPONSES FOR 1335 lb (606 kg) AT LOADING PAD 

Dl 
m 
03 
04 
05 
06 

13 
14 
15 
16 
22 
23 
24 
25 
26 

2 
35 
36 
43 
48 
45 
46 
54 
56 

65 
66 

- 

0 
0 
0 
0 
0 
0 

7076 
7076 
7076 

7076 
23el 
246% 
242% 
24698 
2469a 
k3788 
w!z 
4797 
47927 
61544 
76365 
7ll% 
n@3 
St?511 
ej5n 

115478 
112541 

0 
0 
0 
0 
0 
0 

81.5 
81.5 
81.5 

81.5 
272.2 
284.5 
284.5 
28b.5 
284.5 
WI.4 
506.0 
552.1 
552.1 
P9.0 
932.8 

819.7 
a7.4 

1019.6 
w.7 

1330.3 
12%.5 

0 0 0 
0 0 0 
0 0 0 

0 0 0 
0 0 0 
0 0 0 

1335 606 EJJVV 
1335 606 93658 
1335 606 113817 

1335 606 142119 
1335 606 4664 
1335 606 73399 
1335 606 93658 
1335 606 113817 

1335 606 146124 
1335 606 6-7 
1335 606 93658 
1335 606 113817 
1335 606 14V328 
1335 606 Em3 
1335 606 109~945 

1335 605 115265 
1335 (fi6 156136 
1335 606 12lE7 
1335 606 156270 
1335 606 lsyIo0 
1335 6& 165081 

0 
0 
0 
0 
0 
0 

842.1 
1078.9 
1311.2 
1637.2 

514.5 
842.1 

1078.9 
1311.2 

1683.3 
79.9 

1078.9 
1311.2 
lFO.3 
1028.2 
1266.6 

1328.1 
1798.7 
1403.4 
1800.2 

rm.7 
1901.7 

0 0 -19 16 
0 0 -30 16 

-2 0 QY 24 

-15 0 -18 0 
-6 -8 1011 -Cl 

212 -78 QY -41 
-14 11 -51 42 
-54 0 -65 26 
-76 90 -627 -22 

1428 -301 -110 420 
28 10 -65 65 

0 20 5x4 78 
-62 21 -151 76 

-198 0 -468 121 

-847 38 -232 57 
0 26 -128 127 

-i9 30 -1% 136 
c24 40 -292 195 
-5s 63 -urS 159 
-17 42 193 199 
-93 83 -1% m 

158 -6 Q18 248 
-465 117 -205 240 

128 107 197 321 
-433 135 193 252 
-190 152 -149 388 
-293 178 -I57 3e2 

- 

-31 
-31 
-12 

97 
-12 
-42 

-g 

-65 
-66 
-98 

-in 
-502 
-176 
-105 
-1 so 
-325 
190 
118 
-*227 
-1G3 

-in 
-1ol 
IGO 

-89 
432 
-7c 

19 
24 

8 

-61 
4 
0 

35 
-32 
25 
33 
93 

105 
12Q 

97 
63 

li3 
198 
214 
192 

267 
330 

3oG 
?8l 

370 
327 
443 
434 

-31 
-32 

79 
19 
-15 

0 
-774 

-56 
-30 

-5 
-132 

joo 
-141 
-69 
-26 

-255 
-136 

-91 
-10 

-1% 

4 
0 

-58 
9 

20 
27 
a5 
40 
49 
23 
82 

166 
106 

iE 
G6 

204 
172 
168 
120 

253 
266 

236 
I 61 
267 
215 

m 
26: 

- 

-109 
129 

14 
-5 
-7 

-I7 
-22 
-31 
-21 

10 
-541 

-88 
-56 
-41 
-3 

-188 

4; 
17 

113 
-81 

-75 
-10 

-65 
-17 
-32 
-2 

1 0 1 136 1 -163 0 1% -163 
54 54 -38 -8 -38 -8 

11 -47 11 -47 -5 -5 
23 -27 23 -27 14 14 
31 31 -15 -15 12 12 
14 14 8 8 26 26 

36 36 -74 14 -74 14 
M-44 24 M-44 24 
37 37 -28 -28 33 33 
15 15 7 46 7 46 

174 -346 174 -346 19 19 
93 93 -110 -110 48 48 
83 -R 83 -R 62 62 
65 65 -37 50 -37 50 
43 0 n 43 0 n 

180 180 -164 -164 05 05 
122 -67 122 -67 81 81 
112 -63 112 -63 106 106 

P 0 P 0 113 113 
ITI ITI I07 I07 107 107 
168 -81 168 -81 145 145 

150 -P 150 -P 137 137 
105 105 6 6 162 162 

176 -63 176 -63 168 168 
11Y 11Y 8 8 177 177 
174 174 -28 215 -28 215 
161 161 0 0 21: 21: 
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Table 2 

Pm-FLIGHT CALIBRATION - STRAIN GAUGE RESPONSES FOR DISTRIBUTED LOAD OF 1335 lb (606 kd 
FOR VARIATIONS OF SIDESLIP AND GUST LOADS 

n 

lb in m 

8col2 Pi.7 
l?S% 867.4 
70711 814.6 
68465 7887 
66248 763.2 
65899 759.2 

63YP i37.0 
61996 n42 
60989 732.6 
59968 690.8 

55394 63'3.1 
55144A 635.3 
548p 632.1 

EG25 630.4 
Ym7 628.7 

ffi7xJ 768.4 
68516 7893 
58676 675.9 
60637 698.5 
5m3 663.4 
5944 680.2 

V 

lb 

1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 

1335 
1335 
1335 
1335 
1335 
1335 

- 
kg - 

1 
lb In em - 

606 21948 252.8 590 
606 430% 496.4 398 
606 63662 733.4 212 
606 73736 849.4 120 
606 mm 963.9 30 
606 18184 209.5 537 
606 37305 429.8 377 
606 E&l1 655.6 214 
606 6693 77Q.7 130 
606 77022 8873 45 
606 15384 177.2 498 
606 33% 3779 361 
606 51394 59.1 215 
606 61178 Ta.8 138 
606 7i314 tel.5 59 

606 1132290 1305.1 
606 115276 1328.0 
606 IO%% 1216.9 
6% II0303 1270.7 
606 1072% 1235Jl 
606 IO7351 1236.7 
- 

-175 
-l-i9 
-1% 
-167 
-lel 

-lP 
- 

T 

- - 

2 

- 

113 
104 

% 
ge 
89 
75 
73 
72 
7l 
7l 
47 
49 
52 
54 
55 

88 

93 
73 
79 
73 
74 

- 

- 

3 

- 

-7 
-47 
-85 

-105 

-123 
-33 
-64 
-% 

-112 
-l28 

33 
-78 

-la 
118 
-133 

I@ 
-181 
-173 
-178 
l-6 
-1-n 
- 

- - - - - - 

4 5 6 7 8 9 10 

- - - - - - - 

325 -180 JP 187 261 -467 241 

298 -171 Jri -l62 242 -388 218 

271 -162 303 137 224 -311 190 
258 -157 291 -124 2l5 Qi3 177 
245 -153 275 -112 206 -2% 163 
259 Q@4 29 413 243 437 235 

245 193 275 -l87 229 -373 212 
231 -1 I32 266 159 215 -306 188 

a -174 2&l 146 208 -273 176 
217 -168 253 132 201 Q38 164 
210 Q23 247 -233 229 4415 =7 
205 QlO a2 Ql% 2lY -361 207 
199 -l% al -178 208 -303 186 

1% -188 234 -I63 m2 472 175 
193 -18n 231 -148 1% -WI 164 

236 
243 
205 
212 
200 
206 

-1% 
154 
164 
-155 
-l58 
159 
- 

274 -ll4 
281 -ill 
238 137 
246 -l22 
233 1127 
239 426 

211 

2l3 
153 
193 
186 
191 
- 

-lo9 138 
-107 138 
1% 135 
127 132 
137 130 
-I38 1% 

- - - - - 

- 

11 

- 

4% 

-1-n 
137 
-la0 
-104 
-211 
-180 
-l47 
-131 
-114 

Ql5 
181 
1% 
140 
-124 

-69 
46 
-87 
-&I 
-87 
-85 

- 

- 

12 

- 

-17 
6 

28 

39 
50 

Ql 
0 

21 

32 
43 

-24 
-6 
15 
26 

3l 

103 
107 

93 
97 
Yl 
91 

- 
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3 
4 

5 
6 

7 
8 

9 
10 
11 
12 

13 
14 
15 
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4 Table 

POST-FLIGHT CALIBRATION - STRAIN GAUGE RESPONSES FOR DISTRIBUTED LOAD OF 1335 lb (606 kg1 

FOR VARIATIONS OF SIDESLIP AND GUST LOADS 

lb In 

EC012 9a.7 
752% 867.4 
70711 814.6 

68465 788.7 
66248 X3.2 
65899 759.2 
63972 737.0 
619% n4.2 
60989 7~6 
59968 690.8 
553% 638.1 
55144 635.3 
54870 632.1 
54725 630.4 

545n 628.7 

66-m 768.4 
68516 789.3 
58676 675.9 

60637 698.5 
57583 663.4 

59w 680.2 

lb 

1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 
1335 

1335 

1335 
1335 
1335 
1335 
1335 
1335 

v 
- 
kg - 

1 2 3 4 5 6 7 8 9 10 11 12 
lb In m - - - - - - - - - - - 

606 21948 252.8 624 107 -14 313 -185 346 -1% 22 -464 245 -23 -17 
606 430% 4%.4 427 99 -51 28-I -175 322 -168 238 -3% 218 -186 8 
606 63662 733.4 a5 4 -88 262 I 65 298 140 219 -311 1% 150 32 
606 iT36 E&T.4 141 87 -105 250 -161 287 -127 210 -33 180 132 43 
6x6 836-P 963.9 48 83 -123 238 -1% 276 -114 201 -237 167 -115 55 
606 18184 209.5 560 7l -42 256 -211 2% -z!4 246 *5 235 -225 Ql 
606 37305 429.8 397 69 -73 a2 -197 281 I 95 230 -3-n 213 -193 2 
606 WI1 655.6 230 68 -99 228 -185 268 -165 215 -306 191 -I59 2.4 
606 669~3 7x7 145 67 -114 221 -178 261 150 x17 QR 180 142 36 
606 m 887.3 59 66 -129 214 I?2 254 135 153 *9 168 -I25 47 
606 15382 I n.2 512 WI -62 214 -228 255 Q45 237 -413 228 -228 -23 
606 327% 3T1.8 374 46 -6 208 -215 249 -2l7 225 -359 209 -I98 -3 
606 513% 5se.l 226 49 -109 201 -2ol a3 186 211 -362 190 167 18 
606 61178 704.8 149 50 -12l 197 193 239 -169 205 -272 180 150 30 
606 7l314 821.5 68 Y -134 1% -185 236 153 197 40 169 -l33 41 

606 113290 1305.1 -I 63 81 -I79 279 I 61 273 -117 
606 1152% 1328.0 -1 67 86 -178 ~6 -157 279 -113 
606 105636 1216.9 -145 67 -169 198 -I67 238 139 
606 I10303 1270.7 -176 73 -174 206 -158 245 -124 
606 107236 1235.4 -1 il 67 1-D 195 I 61 234 -129 
606 107351 1236.7 -160 68 -174 200 I 62 239 -127 

-115 14-Z 
113 142 
-139 140 

130 137 
-139 136 
140 139 

109 
113 

98 
1CQ 

97 
98 

- - - - - - - 

205 
207 
188 
188 
le? 
186 

- - - 

-78 
-75 
-97 
-89 
-97 
-94 

- - 

T 

- - - - - - - - - - - 
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Fig.2 Basic gauge responses for simulated 
sidesiip and rudder loads 

- Gust \ood 133Slb (606 kq) 

-*--,- FIshtoil load l335lb (606kg) 

3 
G 
0 -100 - 
I 
:: RSW FSW 

E 0 I I , I I I 
5 I 2 3 4 5 6 7 5 9 IO II 12 Gouge number 
L 

g-l 100 - 
3 

G 

200 

300 - 

Fig.3 Basic gauge responses for simulated 
gust and fishtail loads 
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Torque loading -scaled to shear of 1335lb (606kg) 
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Fig.7 Percentage errors of estimates of sample distributed loads 
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Fig.9 Comparison of responses of flight load with sample load 
Sideslip to port-responses scaled to 
estimated shear of 1335 lb (606kg) 
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Fig.10 Comparison of responses of flight load with sample load 
SIdeslip to starboard-responses scaled 
to estimated shear of 1335lb (606kg) 
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M = O-9 Al t = 30 OOOft (7620m) Norma I accel = 2.59 



Gauge responses 
shown In Fig I3 
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Fig.12 Roll to starboard 
M = O-9 Alt = 31 OOOft (7874m) Normal accel=2.5g 
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Fig.13 Responses due to rolls at Mc0.9 
Responses scaled to estimated shear of 1335lb (606 kg) 
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Fig. 14 Responses due to rolls at M=I*7 
Responses scaled to estimated shear of 1335lb (606kg) 
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Fig.15 Roll to port 
M = I -7 Alt = 40 OOOft (lOl60m) Normal accel= 3.75g 
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Fig.16 Roll to starboard 
M = I.7 Alt=39500ft (lO033m) Normal accel= 3g (nornina 
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