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Abstract. The design principles of strength test support methods for aircraft structural
components were introduced in this paper. Aiming at the vertical tail static test of a certain type
of aircraft, a supporting stiffness simulation method was invented, and a support fixture was
designed. The supporting stiffness was accurately simulated by stiffness strength. The research
results of this paper provide an important reference for the research of static test support methods
for similar aircraft structural components.
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1. Introduction

In the 21st century, the aviation industry has entered a stage of rapid development, and a large
number of new aircrafts have been approved. In the structural selection or structural change stage
of aircraft development, a large number of static strength and fatigue strength tests of structural
components will inevitably be carried out [1]. In particular, static strength test, as the most basic
and classical verification method of structural strength, directly affects the aircraft structural
strength design process [2]. Unlike the full scale aircraft test, the component test needs to be
mounted on a support fixture. Moreover, the way how the component was supported affects the
stress distribution in the component. If the simulation is not accurate, it will cause huge differences
in the stress characteristics, damage sites, and damage modes [3]. Therefore, how to simulate the
boundary support conditions of the component has become the key to influence the results of the
strength verification test [4].

2. Design principle and application of proposed support method in component test

Where available, component tests should be performed on the aircraft. Using the aircraft as a
support for the test piece, applying loads to the test component and balancing loads to the rest of
the aircraft, this kind of test is advantageous in terms of real connection and real force transmission
[5]. However, at the stage of aircraft R&D, this idea simply cannot be realized. Therefore, the
component test is generally fixed on a specially designed support fixture for the test, and the
support fixture design principles are as follows [6]:

(1) the support fixture should maximize the simulation of the real use of aircraft components.

(2) the support fixture should maximize the simulation of the aircraft component stiffness,
displacement, and the boundary conditions of the load.

(3) the support fixture cannot limit the reasonable deformation of aircraft components.

(4) the support fixture should regard the weight of aircraft components.

Generally, structures are categorized into static stable and unstable structures. Therefore, static
test support methods for aircraft structural components can be categorized into static stable and
unstable constraints accordingly.

In a static stable structure, the distribution of forces is only related to the relative geometrical
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positions of the components and the acting forces, allowing the internal forces of the components
to be determined according to the static equilibrium conditions [7]. Therefore, in the design of
fixtures with static stable constraints, the internal forces can be calculated according to the test
loads and strength correction can be carried out. A general safety factor of not less than 2.5 is
sufficient.

Aircraft structures are mostly complex static unstable structures. In addition to the
establishment of equilibrium equations, it is also necessary to find out the forces on each
component according to the deformation coordination conditions, i.e., the distribution of forces is
also related to the stiffness and support conditions of each component itself. For static indefinite
constrained component tests, commonly the transition segments are used for boundary support
[8-9]. The structure of the transition segment is similar to the real aircraft structure with only local
reinforcement, which leads to a long production cycle and high cost. Sometimes the cost of the
transition segment is even higher than the test part. Therefore, it is of compelling engineering
significance to research on simulation technology of supporting fixture stiffness distribution
according to the “stiffness distribution principle” of the structure.

3. Stiffness simulation of the supporting fixture in the multi-joint suspended airfoil structure

The wing, horizontal tail, vertical tail and other airfoil structural components of most airplanes
are connected to the fuselage with bolts through multiple sets of station joints. The structural
components are subjected to shear loads perpendicular to the airfoil direction, and the station joints
are subjected to both shear and bending loads. Therefore, there are two requirements for the
supporting stiffness of the airfoil structure: shear stiffness and bending stiffness. A method of
stiffness simulation is described below.

3.1. Requirements for the supporting stiffness

In a vertical tail static test of a certain type of aircraft, the vertical tail and fuselage are
connected through three sets of station joints, and their theoretical supporting stiffness
requirements are shown in Table 1. The supporting stiffness required in the test is very strict, that
is, the stiffness value of each station of the support fixture is not more than 4 times of the
theoretical stiffness, and the error of the stiffness ratio of each station is not more than 5 %.

In Table 1, 12700 position represents that the Y coordinate value of the station is 12700 mm,
and so on.

Table 1. The stiffness value of each station

Station Item Stiffness Value Intersection coordinates (x, v, z) / mm
.. X shear stiffness 1.07x10* N/mm
+
12700 position Y bending stiffness | 1.83x10° N-mm/rad 120, 12700, 890
.. X shear stiffness 9.40x10° N/mm
+
13435 position Y bending stiffness | 2.28x10° N-mm/rad 128, 13435, 890
.. X shear stiffness 5.76x10° N/mm
+
14050 position Y bending stiffnes 1.72x10° N-mm/rad 113, 14050, 890
*X is perpendicular to the airfoil direction, Y is along the counter-course direction, and Z is vertically
upward. The coordinate origin is located at the nose of the aircraft

3.2. Supporting fixture designing

According to the test stiffness requirements of the fixture, the bending deformation of the
spring plate was used to simulate the bending stiffness at the support, and the bending deformation
of the shear beam was used to simulate the shear stiffness at the support. As shown in Fig. 1, three
station joints are fixed to the spring plate, and the vertical tail is connected to the station joints by
bolts. One end of the shear beam is connected to the column and the other end is connected to the
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shear bar through the loading seat. The connection between the shear bar and the station joints ,the
loading seat are both hinge joints. The hinged connection can separate the deformation of each
station joint under the action of unit bending moment My and unit shear force F, i.e., the
Y-direction bending stiffness and X-direction shear stiffness do not affect each other. The bending
stiffness and shear stiffness of each station are designed separately to ensure that the bending
stiffness ratio and shear stiffness ratio of each station meet the requirements. In order to adjust the
stiffness, the spring plate support and the limit assembly were designed, and the spring plate
support can slide along the length direction of the spring plate, and the limit assembly can slide
along the length direction of the shear beam.
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Fig. 1. Supporting fixture of the experimental component

3.3. Supports fixture stiffness calibration

After the design and processing of the vertical tail supporting fixture were completed, the
stiffness calibration test of the fixture was performed in order to ensure that the fixture simulation
is accurate.

3.3.1. Stiffness calibration test

The calibration fixture of the test is shown in Fig. 2. The calibration beam is connected to the
station joint by bolts, and there is a cleat between the station joint and the calibration beam,
through which the bending deformation can be enlarged and measured.

The method of the stiffness calibration test is shown in Fig. 3, and the test loads are applied by
means of horizontally mounted actuators. Two actuators are arranged at the top and bottom of
each station, and by adjusting the loads of the two actuators, pure bending and pure shear loads
can be applied to the joints of the station.

3.3.2. Displacement measurement for bending stiffness calibration
3.3.2.1. Displacement measurement procedure in the stiffness calibration test

As shown in Fig. 4, during the bending stiffness calibration, in order to obtain the turning angle
of the station joints, four micrometers were arranged at each station to measure the Z-direction
displacements w; (i = 1 to 12) at both ends of the cleat in Fig. 2. A total of 12 micrometers were
arranged.
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Fig. 4. Layout of displacement measﬁrement for beﬁding stiffness calibration
3.3.2.2. Displacement measurements for shear stiffness calibration

For the shear stiffness calibration, two micrometers were arranged at each station to measure
the X-direction displacement u; (i =1 to 6) of the station joints, as shown in Fig. 5. A total of 6
micrometers were arranged.

Note that Fig. 4 shows the layout of the displacement measurement determined by bending
stiffness, and Fig. 5 shows the displacement measurement arranged by shear stiffness.

3.3.3. Results of supports fixture stiffness calibration

In this paper, the displacement data at 100 % limiting load is used for linear fitting to obtain
the slope k; of each displacement measurement point, and the corner is calculated according to
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Egs. (1) to (3):

0 — tan-1 |(ws +w,) /2| + |wys) — tan-1 150 X (2 X |kys| + |ks|+|kyl) 1)
12700 (H1+H2)/2 + (H3 + H4)/2 4% 200 ’
0 =tan_1|(W5 +we)/2| + |(w; +wg)/2] — tan-1 150x(|k5|+|k6|+|k7|+|k8|) @)
13435 (H1+ H2)/2 + (H3+ H4)/2 4 %260
P — tan-1 |(Wo +wi0)/2 |+ |(wWy1 + wy3)/2]
14050 (H1+ H2)/2 + (H3+ H4)/2 3)
1 150 X (Jkol| + Kyl + |k11|+|k12|)

= tan 4 % 250

where, 6;,700 represents the rotation angle of the 12700 station joint, and 12700 indicates the Y
coordinates of the station joint. 68,3435/ 814050 represents the same meaning.
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Fig. 5. Layout of displacement measurements for shear stiffness calibration

The bending stiffness is calculated by Eq. (4):

K== “4)

where M is the Y-direction supporting moment of the stationary joint at 150 % limiting load.
The shear stiffness is calculated by Eq. (5):

o 2F 2F S
T ul+u2 150 % (ky + k,) ®)

where F is the X-directional support reaction force of the stationary joint at 150 % of the limiting
load.

The calibrated stiffness results are shown in Table 2. It can be seen that the stiffness value of
each station of the support fixture is less than 4 times of the theoretical stiffness, and the error of
the stiffness ratio of each station of the support fixture is less than 5 %, which satisfies the
requirement of stiffness.

3.4. Implementation results

MOOG16 multi-channel coordinated control system was adopted as the control system, and
T24 data acquisition system was adopted as the measurement system. They both have an accuracy
of 1%FS and a linearity of 0.5%FS. In addition, the micrometer has an accuracy of 0.1%FS and a
linearity of 0.1%FS. Therefore, the measured data are of equal precision.
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Table 2. Comparison of stiffness calibration test results with theoretical stiffness

Stiffness Position Theoretical |4 times theoretical | Theoretical | Calibration | Calibration Difference
type Stiftness stiffness stiffness ratio| stiffness | stiffness ratio
Bending 12700 | 1.83E+09 7.32E+09 1.064 5.36E+09 1.029 -3.32%
stiffness 13435 | 2.28E+09 9.12E+09 1.326 6.94E+09 1.331 0.39 %
14050 | 1.72E+09 6.88E+09 1.000 5.21E+09 1.000 0.00 %
Shear 12700 | 1.07E+04 4.28E+04 1.86 21621 1.86 0.13 %
stiffness 13435 | 9.40E+03 3.76E+04 1.63 18667 1.61 -1.60 %
14050 | 5.76E+03 2.30E+04 1.00 11624 1.00 0.00%
Note 1: The unit for bending stiffness is N-mm/rad and for shear stiffness is N/mm
Note 2: The stiffness ratio is calculated based on 14050 position

In the 150 % limiting load test of a certain aircraft composite full-size vertical tail static test,
the calibrated strain gauges on the fixture are used to speculate the real loading condition of each
station of the test piece, and the error is controlled within 5 %. At the same time, the measured
strain values on the vertical tail are consistent with the theoretical calculation results, which
indicates that the fixture stiffness simulation results are real and accurate, and supports the correct
and feasible fixture stiffness simulation method.

4. Conclusions

In this study, the structural form of joint and spring plate is adopted, and by adjusting the
design parameters of the spring plate (hinge support bar spacing, thickness and width of the spring
plate), the bending stiffness ratios of the three station joints of the vertical tail are made to meet
the requirements of the test design (with an error of less than 5 %). The simulation of the bending
stiffness of the support fixture on the vertical tail support is realized, which breaks through the
key technology of the support fixture stiffness simulation. The test results show that the stiffness
simulation meets the test requirements.

This proposed supporting stiffness simulation technique can not only realize the stiffness
simulation of vertical tail support fixture, but also can be applied to the support fixture stiffness
simulation of multi-joint suspension airfoil structural component test.
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