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Abstract

Axial and bending tests for a multi-nut joint in the TriTruss structure
were conducted at NASA Langley Research Center (LaRC). This report
describes the test procedures used for the axial and bending tests of the
multi-nut joint, along with the test results. The joint's equivalent axial
stiffness (EA) and equivalent bending stiffness (EI) were characterized
based on these test results and are presented in this report. Additionally,
finite element models (FEMs) of the axial and bending test specimens were
developed, and the predicted axial and bending responses of the multi-nut
Jjoint were compared and validated with the test results.

1.0 Introduction

The Precision Assembled Space Structure (PASS) project has the goal to develop a structural
design and to demonstrate an autonomous assembly method for a 20-meter telescope support
structure. The structural shape is based on the in-space assembled telescopes (iSAT) study [1],
which details a 20-meter diameter telescope parabolic mirror built up from individual truss units
called TriTrusses (Figure 1).

Primary
Mirror

Instruments

20-m-diameter Mirror Support Truss
iSAT Telescope (37 TriTruss Modules) TriTruss Module

Figure 1. iSAT support structure and TriTruss Module.

The TriTruss [2,3,4] is an innovative structural module that has been developed by researchers at
NASA Langley Research Center (LaRC) for near-zero-g, i.e., the gravitational force experienced
in near Earth orbit, in-space-assembled telescopes and platforms for science and communications.
Some of the innovative features of the TriTruss include very compact packaging for launch, the
possibility of staged packaging, simple robotic deployment, ease of embedding payload
components, an innovative structural connector that has linear structural performance, ease of
module-to-module robotic assembly, design versatility, and ease of customizing its design for
specific applications [2]. For the PASS project, a doubly curved 20-meter telescope support
structure will be constructed by 37 identical wedge-shaped TriTruss modules. In order to achieve
a doubly curved structure comprised of uniform TriTruss modules, gaps are intentionally left at



the nodes between connecting modules. These gaps are filled using uniquely shaped nodal
connectors called multi-nuts, which connect adjacent modules using fasteners [5]. A wedge-
shaped TriTruss module and the multi-nut joint which connects corner nodes of three TriTruss
modules are shown in Figure 2.

«—— 28 meters ——

\
Corner Node
Multi-Nut

2.8 meters

Fastener Fastener

Corner Node

7

< 29 meters —

Figure 2. The wedge-shaped TriTruss module and multi-nut joint.

In the initial trade study [4], the governing equations for mass, dimensions, and frequency of a
multi-ring telescope support structure were developed. The governing equations for the multi-ring
telescope support structure were used to perform rapid and realistic parametric trade studies,
allowing major drivers in precision reflector designs to be determined. Finite element models
(FEMs) of TriTruss modules were developed with general Timoshenko (shear flexible) beam
elements. Individual module FEM was connected by rigid points at the multi-nut locations to
construct a multi-ring telescope support structure. Frequency and static analyses were performed
on these FEMs to investigate the overall structural response of TriTruss modules throughout the
assembly process and to support various tests involving robotic operations. Although the existing
governing equations and FEMs utilizing beam elements worked well in facilitating trade studies
and providing preliminary structural response for the multi-ring telescope support structure, an
improved analytical approach for the multi-nut joint model is essential for a comprehensive
analysis of the multi-ring telescope support structure.

In order to characterize the multi-nut joint with connected nodes of adjacent TriTruss modules,
tests were developed to characterize the joint's equivalent axial stiffness (EA) and equivalent
bending stiffness (EI). FEMs of axial and bending test specimens were developed for prediction
and test correlation. The axial test was developed to determine equivalent EA based on the axial
test program summarized in Ref [6]. The bending test plan was developed to determine equivalent
EI based on Ref [6,7]. Axial and bending tests were performed at LaRC and measured structural
response of the axial and bending test specimens, including forces and displacements, were
compared with the predictions obtained from FEM.



In this report, descriptions of the axial and bending test as well as comparison of selected test
results with predicted results are given in Section 2 and 3, respectively. Concluding remarks are
presented in Section 4.

2.0 Multi-Nut Joint Axial Test

The axial test series for the multi-nut joint consisted of a calibration test and the multi-nut joint
specimen test. First, a calibration test was performed using the calibration test specimen with a
known stiffness value in place of the multi-nut. The objectives of a calibration test were to verify
the axial test setup, test procedures, provide reference data, and to demonstrate the reliability of
the axial test equipment. After the calibration test, five axial test specimens fabricated with the
multi-nut joints were tested at room temperature. The objectives of the axial test of the multi-nut
joint were:

1. Evaluate the multi-nut joint for axial performance and provide reference data.

2. Determine the installation torque value of the attachment fastener to achieve linear load-
displacement response in the operation load range.

3. Determine an equivalent EA over the two corner nodes and multi-nut joint based on the
axial test results.

4. Provide multi-nut joint performance results to validate the finite element model of a multi-
nut joint.

In this section, the axial test setup, the results of calibration and multi-nut joint axial test, modeling
of a multi-nut axial test specimen, the calculated axial stiffness of the multi-nut joint, and the
summary of the axial test are provided in this section.

2.1 Axial Calibration Test and Analysis

The axial tests were conducted using the MTS Insight 30 EL axial tension-compression load frame,
equipped with the 1 kips in-line load cell. In both the axial calibration and the multi-nut joint test
specimens, applied maximum tension and compression loads were £ 500 Ibs. The maximum
tension and compression test loads were obtained from the 110-inch (2.8-meter) composite strut
test which was performed to test the bonding strength between composite tube and end fittings
and to obtain the strut buckling load. The first calibration test revealed a flaw in the test setup.
This first measurement, the resulting correction to the test setup, and the updated test measurement
are presented in this section.

The calibration test specimen was fabricated utilizing a 6061 aluminum tube having a total length
of 14.0 inch, an outer diameter of 2.0 inch, and a wall thickness of 0.5 inch. The calibration test
specimen had a 9.5-inch test section, a 2.0-inch threaded sections, and a 0.25-inch tab between the
test section and thread section at both ends. The design of the calibration test specimen is shown
using the fabrication drawing, Figure A-1 of Appendix A. As shown in Figure 3, the measurement
plates were placed above and below the test section. Three LVDTs (Linear Variable Differential
Transformers) were positioned between the plates as the specimen was loaded. The three LVDTs
were evenly spaces at 120 degrees and 1 inch in from the outer edge of the measurement plate, as
shown in Figure 3.



Figure 3. The measurement plate with three LVDT locations.

As shown in Figure 4, a custom jam nut, made using a medium-strength steel hex nut, locks the
measurement plates in place between the test section and the load machine couplings. The initial
test setup with the calibration test specimen is shown in Figure 4.

Calibration test specimen

Jam nut
]
B

Custom jam nut

LVvDT

14 inch

Calibration test specimen

LVDT extension tip

Measurement plates

Female clevis to threaded coupling

Locking pin

1inch
Thickness = 0.125 inch

Male clevis to threaded coupling

a) Calibration test specimen b) The initial test setup including the

calibration test specimen

Figure 4. The calibration test specimen and the initial test setup.

The FEMs of the test specimen and the test fixture are shown in Figure 5. For test-analysis
comparisons, the FEMs of the calibration test specimen and test fixture were developed using
Abaqus C3D8 solid elements [8]. Threaded sections of the test specimens and the load machine
female clevis were connected by the tie constraint. Contact boundary conditions were applied to
contact surfaces between test specimen tabs and measurement plates. The top and bottom nodes



of both female clevises were attached by kinematic constraints to reference nodes. The bottom
reference node was fixed, effectively simulating the clamped boundary condition of the bottom
male clevis. For calibration test, axial displacement was applied at the top reference node,
simulating the top male clevis in either tension or compression.

@ Top reference node

l «——— Custom jam nut
Tie between test
specimen, jam nut <« Calibration test
and female clevis specimen

Contact constraint
between test fixtures

Measurement plates

<«——— Female clevis to threaded
coupling

® Bottom reference node

Figure 5. Finite element model of the test specimen and the test fixture.

Static analyses were performed on the FEM subjected to the maximum axial tension and
compression loads. The load versus average measured displacement of three LVDTs, henceforth
referred to as the load-displacement response, were compared with the predicted pretest results of
the FEM and closed-form solution. The test results, predicted pretest results of FEM, and closed-
form solution are shown in Figure 6.
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Figure 6. Test and analytical results of load versus measured displacement between two

measurement plates.

As shown in Figure 6, the predicted pretest results and closed form solutions were consistent with
each other, while the test results show a stiffer load-displacement response. Examining three
individual LVDT results, shown in Figure 7, one of the LVDT results had an opposite sign relative
to the other two LVDT results. Based on the individual LVDT results, it was noticed that the
measurements plates were not secured to the calibration test specimen and tilted during the axial

test.

)
[0) T "\,\“
©  -0.0012 -0.0008 " 0.0004 0.0008 0.0012
(o] N \\,
L N —LVDT 1
-200 N
NG -LVDT 2
-300 .
N —LDVT3
s,
-400 \\\:\\
N
-500 x\

Displacement (in)

0.0006 0.0009

—Test
—FEM
- --Closed-form

0.0012

Figure 7. The load versus measured displacement of three LVDTs.

Based on the initial calibration test results, the following recommendations were made to prevent

movement of measurement plates.



e Refabricate the measurement plate with smaller tolerance on the center 1.5 inch hole.
e Replace custom jam nuts with material testing technology (MTT) LN46 jam nut.
e Remove the flexible LVDT tip extender and add a stiff rod to the end of LVDT.

The modified axial test setup is shown in Figure 8 with the initial axial test setup.

" Replace jam nuts

ogo

Thrasd: 1576 Thress Outer Dismeter: 2 5 Spanner Hole Size:  Thickness:

Price: $70.00

Add stiff rod to
end of LVDT

Remove LVDT
flexible tip extender

Refabricate LVDT plate with
smallertolerance

-

Modified tesi setup

Initial test setup

Figure 8. Modified axial test setup.

Individual LVDT results obtained from the modified axial test setup are shown in Figure 9 and
indicated that all three LVDT results showed the same sign and similar linear trend of the load-
displacement response. The load-displacement response obtained from the modified axial test
setup was compared with the predicted pretest results and closed-form solution in Figure 10. The
comparison results of test, predicted pretest results, and closed-form solution indicated that the
modified test setup could accurately obtain measured displacements between two measurement
plates and demonstrated the reliability of the axial test setup.
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Figure 9. The load versus measured displacement of three LVDTs (modified test setup).
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Figure 10. Test and analytical results of load versus measured displacement between two
measurement plates (modified test setup).

2.2 Multi-Nut Axial Test and Analysis

A test specimen with a 7.94-inch-long joint section composed of three corner nodes and a multi-
nut joint, was designed for the multi-nut axial test. In a TriTruss module, each corner node consists
of two diagonal and two in-plane bonded sections, and each bonded section has a conical and
cylinder bonded section. For the axial test specimen, corner nodes were modified to fit in the test
fixture by eliminating two diagonal bonding sections. Specially designed thread adapters were
bonded to both end cylinder bonding sections of the test specimen. The design of the thread adapter



is shown in the fabrication drawing, Figure A-2 of Appendix A. The modified corner node with
the threaded adapter is shown in Figure 11.

The diameter of the multi-nut joint is 1.15 inch, and the height is 0.71 inch with 10-degree taper
angle. Three fastener holes in the multi-nut joint are placed 120 degrees apart and aligned with a
fastener hole in each corner node. The geometry detail of the multi-nut joint is shown in
Figure 12.

Three modified corner nodes were connected to a multi-nut joint by M6 fasteners (45 mm/1.77-
inch-long steel socket head screws). Then, the test specimen was inserted into female clevis. The
final test specimen and the axial test setup are shown in Figure 13.

Threaded
adapter

Figure 11. Modified corner node and threaded adapter.

°
s —

3% R.39
[10.0]

Figure 12. The multi-nut joint design (units are in inches and degrees).
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Figure 13. Multi-nut test specimen and test setup.

Five axial test specimens were fabricated utilizing a multi-nut and modified corner nodes. The
fasteners were tightened with four different preload torque values (15 in-lb, 30 in-1b, 60 in-Ib,
120 in-1b). Axial tests, using the modified test set-up developed in the axial calibration test, were
performed on test specimens subjected to maximum tension and compression axial loads of
500 Ib with a loading rate of 10 Ib/sec. Each axial test consisted of three compression and tension
loading cycles. The multi-nut test procedure was:

1. Zero to compression load (50 seconds)
Hold 10 seconds

Compression to zero (50 seconds)
Hold 10 seconds

Zero to tension (50 seconds)

Hold 10 seconds

Return to zero (50 seconds)

e B N U

Repeat 2 more loading cycles

2.2.1 Multi-Nut Axial Test Results

In this section, the load-displacement responses of the multi-nut axial test specimens for different
preload torque values are presented and discussed. Each test specimen result is denoted as
Test i PT j, where 'I' represents the test specimen number (1= 1 to 5) and 'j' represents the preload
torque value (15 in-1b, 30 in-lb, 60 in-1b, 120 in-1b).

The load-displacement responses of two test specimens subjected to the preload torque of 15 in-lb
are presented in Figure 14.
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Figure 14. The load versus average measured displacement of multi-nut test specimens
(Preload torque = 15 in-lb).

When preload torque of 15 in-1b was applied, the multi-nut test specimens exhibited a nonlinear
load-displacement response for the axial testing condition. After the first compression cycle and
as tension load was gradually applied to the test specimen, starting from the maximum
compression load, the load-displacement response did not pass through the initial unloaded point.
Instead, two changes in the slope were observed before reaching the maximum tension load
condition. The test results indicated that a preload torque of 15 in-1b was insufficient to secure the
fasteners, resulting in the multi-nut loosening from the corner nodes during axial loading. After
the tests, post-test inspections of the test specimens clearly showed that the multi-nut had dislodged
from the connected corner nodes.

The load-displacement responses of five test specimens subjected to the preload torque of
30 in-1b are presented in Figure 15.
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Figure 15. The load versus average measured displacement of multi-nut test specimens
(Preload torque = 30 in-lb).

When a preload torque of 30 in-Ib was applied, the multi-nut test specimens exhibited nonlinear
load-displacement response for the axial testing conditions. Despite the improved load-
displacement response under tension loading and no evidence of loosening of the multi-nut from
corner nodes from the post-test inspection, the test results indicated that the preload torque of 30
in-1b was insufficient to secure the fasteners.

The load-displacement responses of five test specimens subjected to a preload torque of 60 in-1b
are presented in Figure 16. When the preload torque of 60 in-l1b was applied, the multi-nut test
specimens exhibited linear load-displacement response curves for the axial load, except the test
result of the specimen number 4, shown as the yellow curve in Figure 16. Post-test inspection
indicated that the fastener hole in the multi-nut of test specimen number 4 did not have the design
specified thread tolerance, and the fasteners were not fully engaged at the preload torque of 60 in-
Ib.
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Figure 16. The load versus average measured displacement of multi-nut test specimens
(Preload torque = 60 in-1b).

The CAD model of a multi-nut and corner node revealed that the 45 mm/1.77 inch long faster
was engaged from a corner node into the multi-nut 0.173 inch deep, as shown in Figure 17.

I Eastener

Multi-nut/,,,,,r"J'

Figure 17. Fastener, corner node, and multi-nut engagement.

The test specimen number 4 was reassembled with 55 mm/2.17-inch-long fasteners and the preload
torque 60 in-lb. The axial test was performed to study the effect of the fastener length on the load-
displacement response of the multi-nut joint. The load-displacement responses of test specimen
number 4 with different fasteners are presented in Figure 18. The load-displacement responses of
the test specimen using longer fastener in Figure 18 showed that the nonlinear load-displacement
response curve of the test specimen with 45 mm fasteners was improved to be more linear with 55
mm fasteners.
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Figure 18. The load versus average measured displacement of multi-nut test specimens

with different fasteners (Preload torque = 60 in-Ib).

Test specimens number 4 and 5 were reassembled with 45 mm long fasteners and a preload torque
of 120 in-1b. The axial test was repeated to study the effect of the higher preload on the load-
displacement response of the multi-nut joint. The load-displacement response of two test
specimens subjected to a preload torque of 120 in-Ib are presented in Figure 19. When preload
torque of 120 in-1b was applied, multi-nut test specimens exhibited linear load-displacement curves

for the axial testing conditions.
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Figure 19. The load versus average measured displacement of multi-nut test specimens

(Preload torque = 120 in-1b).
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In this section, the test results were presented for the axial load-displacement response of the multi-
nut joint for different preload torques and the lengths of the fastener. As shown in Figure 19, the
120 in-lb preload torque on the fastener achieved a nearly linear load-deflection performance over
the majority of the applied axial load range with repeatability. As shown in Figure 17 and 18,
while not as linear as the 120 in-1b fastener torque, the response for the 60 in-1b torque case was
linear in the compressive loading and repeatable in both tension and compression loads. The
change of fastener length, as demonstrated in Figure 18 with the fastener torque of 60 in-Ibs, helped
to improve the repeatability of test specimen number 4 and maintained the linear performance in
compression, with the near linear performance in tension. Since one of the issues of the assembly
of the TriTruss is the torque limit of the robot performing the assembly of the multi-nut joints, it
is important to understand how the applied torque on the multi-nut fastener and the length of the
fastener can determine the linear performance of the joint and thereby the structural performance
of the assembled structure.

2.2.2 Finite Element Model of the Axial Test Speicmen

For test-analysis comparisons, FEM of the axial test specimen and test fixture were developed
using Abaqus eight-node linear brick elements with reduced integration (C3D8R) and ten-node
tetrahedral (C3D10) elements [8]. The total number of nodes is 67639 and total number of
elements is 40980. The isotropic modulus of elasticity of 30 Msi and Poisson ratio of 0.3 were
used for the FEM. Fasteners were modeled with two Abaqus general Timoshenko beam elements
(B31). Both ends of fasteners were attached using kinematic constraints to multi-nut and corner
nodes and the preload torque was applied to the middle node of the beam elements. The contact
constraints were applied to the interfaces between the multi-nut and corner nodes. The FEMs of
the multi-nut, corner nodes, and fasteners are shown in Figure 20.

kinematic constraints
to multi-nut

Corner node ﬁ p

Corner node
Fastener

Multi-nut

Corner node

kinematic constraints
to corner node

Fastener Model

a) FEMs of the multi-nut and corner nodes b) FEM of fastener

Figure 20. Finite element model of multi-nut, corner nodes, and fasteners.
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Threaded sections of the adapter and the female clevis were connected to each other by a tie
constraint and contact boundary conditions were applied to contact surfaces between the test
specimen tabs and measurement plates. The top and bottom nodes of both female clevises were
attached using kinematic constraints to reference nodes. The bottom reference node was fixed,
effectively simulating the clamped boundary condition of the test machine’s bottom male clevis.
For the axial test, an axial displacement was applied at the top reference node, simulating the test
machine’s top male clevis in either tension or compression loading. The FEM of the test specimen
and the test fixture is shown in Figure 21.

o Top reference node

Tie between test
specimen and
female clevis

Contact constraint
between test fixtures

Bottom reference node

Figure 21. Finite element model of the axial test specimen and test fixture.

The load-displacement responses of FEMs with fastener preload torques of 30 in-lb and 60 in-1b
are shown in Figure 22.
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Figure 22. The predicted load versus average measured displacement of finite element
model with preload torque = 30 in-1b and 60 in-lb.

As shown in Figure 22, the results of FEMs predicted similar linear load-displacement responses
under compression loading, regardless of the preload torque values. In addition, as the applied load
increased from the maximum compression load, the load-displacement response curve passed
through the initial unloaded point. The effect of the preload torque on the load-displacement
response curve of FEMs is shown for the tension loading conditions where both FEMs predicted
a nonlinear response. Specifically, the FEM with a preload torque of 30 in-1b predicted a larger
displacement (0.0033 in) compared to predicted displacement (0.0024 in) of the FEM with a
preload torque of 60 in-1b at the maximum tension load.

In the static nonlinear analysis of the test specimen, fasteners were represented using beam
elements. Then, the FEM of the multi-nut was assembled with FEMs of corner nodes using beam
elements without leaving any gaps or clearances in the test specimen parts. In addition, the contact
force between the fastener and fastener holes in multi-nut and corner nodes was not simulated.
However, during the loading conditions, the actual test specimen underwent a settling phase that
could result in the closure or opening of clearances in the fastener threads. If the preload torque
applied to the fasteners was insufficient, this settling process could significantly affect the
nonlinear load-displacement response of the test specimens. The effects of fastener settling
became evident in the test results when the preload torque was below 60 in-lb.

The predicted load-displacement responses of FEM with a preload torque of 30 in-Ib are shown
with test results in Figure 23. The predicted load-displacement responses of FEM with preload
torque of 60 in-lb are shown with test results in Figure 24. In Figure 23 and 24, solid color lines
represent test results from different test specimens and the black dashed line represents the
predicted results of FEM. A comparison between the predicted load-displacement response from
the FEM and the test results revealed that when the preload torque was less than 60 in-lb, the
predicted response of the FEM did not correlate well with the experimental results. However, when
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the preload torque met or exceeded 60 in-lb, the predicted response of the FEM consistently
matched the test results.

500
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4
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Figure 23. The test results and predicted load versus average measured displacement of
axial test specimens with preload torque = 30 in-1b.
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Figure 24. The test results and predicted load versus average measured displacement of
axial test specimens with preload torque = 60 in-1b.
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2.2.3 Equivalent Axial Stiffness of Multi-nut Joint

Equivalent axial stiffness (EA) of the multi-nut joint was calculated to be 1.697 x 106 Ib. from the
average test result slope (EA/L = AP/Ad) of the specimen load-displacement response curve, as
shown in Figure 25.
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L=7.94 inch ua_ -0.003 -0.002 -0.001 0.001 0.002 0.003
——Test Results
-300
——FEM (60 in-Ib)

-400

-500
Displacement (in)

Figure 25. Axial stiffness of multi-nut joint.

2.2.4 Summary of the Axial Test

The axial tests for the multi-nut joint were performed and FEM of the axial test specimen was
developed. Nonlinear static analysis of FEM was performed, and the FEM results were compared
with test results. The summary of axial test and FEM are:

1. The test procedure was verified through the calibration specimen and the correlating closed
form solutions and the FEM of the calibration specimen.

2. The fastener torque and the length of the fastener affect the linearity and repeatability of
the joint axial load.

3. Increasing the fastener torque to the specs increased the tension linearity and repeatability
in the load range.

4. Increasing the length of fastener also improved repeatability and linearity by engaging
more threads.

5. Based on the test results, the installation preload fastener torque value and the length of
fastener were obtained as 60 in-lIb and 55 mm, respectively.

6. An equivalent axial stiffness of 2.138 x 10° Ib/in was calculated for future analysis of
assembled TriTruss structures within the £ 500 Ib member load range and the 60 in-lb
fastener torque.
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3.0 Multi-Nut Joint Bending Test

The multi-nut joint bending test were conducted utilizing a three-point bend test setup, similar to
the one described in Reference [7]. The objectives of the bending test were to:

1. Evaluate multi-nut joint performance bending stiffness performance and provide
reference data.

2. Determine an equivalent EI of the multi-nut joint over the two corner nodes and multi-
nut joint for different joint orientations.

3. Provide multi-nut joint bending performance results to validate the finite element
model of multi-nut joint.

Bending test setup and calibration specimen, the modeling of a multi-nut bending test specimen,
the bending test results and multi-nut performance, and the calculated equivalent bending stiffness
of the multi-nut joint are provided in this section.

3.1 Bending Calibration Test and Analysis

As with the multi-nut equivalent axial stiffness test discussed in Section 2, a calibration specimen
was used to develop and verify an equivalent bending stiffness test. The objective of the calibration
test was to verify the bending test equipment, setup, and to provide reference data. The bending
stiffness calibration tests were performed using an aluminum tube specimen. In addition, three
composite tube specimens with manufacturer provided stiffness values were tested for verification
of bending stiffness properties prior to the bending test of the multi-nut joint specimen. The
composite tube data will be used with the results of the multi-joint bending test to calculate the
equivalent EI of the multi-joint. All tests were performed at the room temperature. The details of
aluminum calibration tube specimen and composite calibration test tube specimens are presented
in Table 1.

Table 1. Tube specimen information.

Material Aluminum Composite
Length 6 feet 6 feet
Outer diameter 1.25 inch 1.195 inch
Inter diameter 1.12 inch 1.125 inch
Thickness 0.065 inch 0.035 inch
Elastic Modulus | 1.00 x 107 psi | 2.93 x 107 psi**

** Value provided by manufacturer.

For the three-point bending test, a tube specimen was rested on specially designed cradle fixtures
representing simply supported end conditions. The fixtures were placed 6 inches from the end of
the tubes to establish a simply supported boundary conditions. The design of the support cradle
and simply support fixtures are shown using the fabrication drawing, Figure A-3 of Appendix A.
Weight was suspended at the midpoint of the joint to apply the bending load. Displacements were
measured using five LVDTs: one at the center of the test specimen, two 3.47 inches from the
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center, and two at the simply supported boundary. The bending test setup and aluminum calibration
tube are shown in Figure 26. A close-up view of the cradle and simply support fixture is shown in
Figure 27.

LVDT, P1 LVDT, P3 LVDT, PS5

6 inch 6 inch
7.94 inch «—y—>»

A
LVDT, F’2T T LVDT, P4 vl
> \ l
Z i Mass Closed-up view

< »
»

6 feet

Figure 26. Bending test setup.

Test specimen

Cradle

Simply support
fixture

Figure 27. Close-up view of the cradle and simply support fixture.
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The center displacement response due to the load provided the load-deflection response for
characterization of the bending performance of the specimens.

3.1.1 Aluminum Specimen Tube Results

A three-point bending test was performed for the aluminum tube. Weights were incrementally
added to the middle of the aluminum tube using a hanging fixture that had a weight of 3 Ib. The
applied test loads were 5 1b, 10 Ib, 20 1b, 30 Ib and 40 Ib. Static analyses were performed on the
FEM subjected to bending load. The load-deflection response of the aluminum calibration tube
was compared with the predicted pretest analysis results and the closed-form solution. Figure 28
presents the test results, predicted pretest results, and the closed-form solution.

50
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Figure 28. Load-deflection response of the aluminum calibration tube.

The comparison of results in Figure 28 shows that the test results were consistent with the pretest
predictions and the closed-form solution. The test results were less than 1% different from pretest
predictions and the closed-form solution, thus demonstrating the reliability of the bending test
setup.

3.1.2 Composite Specimen Tube Results

Three-point bending tests were performed for three composite tubes. Weights were incrementally
added to the middle of the composite tube using a hanging fixture that had a weight of 3 1b. The
total applied load was 43 1b. including the weight of the hanging fixture with 5 Ib. increment.

The load-deflection response of the three-point bending test on the composite tubes and the
average of the test response are presented in Figure 29. Also, the load-deflection response of the
composite tube was calculated using three different elastic moduli, the manufacturer provided
modulus (E, 29 Msi), 20% reduced modulus (23 Msi), and 30% reduced modulus (20 Msi), and
presented in Figure 29. The test results are in relatively good agreement, within +/- 5% of the
average result. The calculated load-deflection response using the manufacturer provided modulus
(29 Msi), shows stiffer than test results, while the calculated load-deflection response using 20%
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reduced modulus was consistent with test data, as shown in Figure 29. The elastic modulus of the
composite tube was previously determined through compression and tension modulus tests
conducted by the PASS project; revealing values of 24 Msi for tension and 22 Msi for compression
[9, 10]. These results indicate that the manufacturer provided modulus was inaccurate and the
elastic modulus of the composite calibration tube was closed to 23 Msi (a 20 % reduction from the
manufacturer provided modulus). The elastic modulus of 23 Msi was used in the FEM for the
composite calibration tube.

——Test 1
—Test 2
Test 3
e Test Average
- - - E: Manufacturer provided modulus (29 Msi)
- --20% reduced E (23 Msi)
- - -30% reduced E (20 Msi)

-0.5 -0.4 -0.3 -0.2 -0.1 0
Displacement (in)

Figure 29. Load-bending response of composite calibration tubes.

Static analyses were performed on the FEM subjected to a bending load. The load-deflection
responses of the composite tubes were compared with the predicted pretest analysis results and the
closed-form solution. The comparison of results in Figure 30 shows that the test results correlated
accurately with the pretest predictions and the closed-form solution (exhibiting a difference of less
than 1% in the load-deflection response) and demonstrates the reliability of the bending test setup.
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Figure 30. Test results and predicted load-bending response of composite calibration tubes.

3.2  Multi-Nut Bending Test and Analysis

Three 6-foot-long test specimens were fabricated for the multi-nut bending test. These specimens
included a 7.94-inch-long joint section comprising three corner nodes and a multi-nut joint as
shown in Figure 31.

Figure 31. 7.94-inch-long joint section.

The multi-nut joint was evaluated for two preload values (60 in-lb and 120 in-lb). The test
specimens were subjected to four different bending orientation as shown in Figure 32: downward,
upward, side 1, and side 2 orientations. Figure 31 shows the multi-nut joint section with these four
test orientations.
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Downward Upward Side 1 Side 2

Figure 32. Bending test orientation.

For the downward and upward orientation, the applied weight was hung from a hanger attached to
the bottom of a multi-nut joint. The mid-point deflection of the test specimen was measured at the
top center of the multi-nut. In the cases of the side 1 and side 2 orientation, wing head screws were
attached to both the bottom and top of the multi-nut joint. Steel rings were looped around the wing
head screws and connected to the weight hanger. Subsequently, the applied weight was hung from
the weight hanger, and two LVDTs measured deflections from the wing head screws. The
deflection data from the two LVDTs was averaged to provide the joint overall deflection. The
LVDT and weight hanger setup for side 1 orientation is presented in Figure 33.

Figure 33. LVDT and weight hanger setup for side 1 orientation.
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Table 2 lists three bending test specimens with the test configuration and corresponding fastener
torque. The detailed bending test procedure of the bending test specimen is described in
Appendix B.

Table 2. The test specimen configurations and fastener torque.

onfiguration | Up | Down | Side 1 Side 2

Specimen 1
Fastener load 60-in-1b
Fastener load 120-in-1b

2 |<]
<2 |<2]
<2 |2 ]
< |<2]

Specimen 2
Fastener load 60-in-1b N N \ N
Fastener load 120-in-1b | N \ \
Specimen 3
Fastener load 60-in-1b N N \ N
Fastener load 120-in-1b | N \ \

(Check mark indicate the completion of test)

3.2.1 Multi-Nut Bending Test Results

In this section, the load-deflection response of the bending test specimens for different loading
orientations and preload torque values are presented and discussed. For each test specimen, the
load was applied to the test specimen until the deflection reached closed to 1 inch. Load-deflection
responses of the test specimens with preload torques of 60 in-1b and 120 in-Ib for different loading
orientations are shown in Figures 34 through 37. In these figures, solid lines represent the load-
deflection responses of the test specimens with the preload torque of 60 in-lb and dash lines
represent the load-deflection responses of the test specimens with the preload torque of 120 in-Ib.

The load-deflection responses for the test specimens in the downward orientation are presented in
Figure 34. All test specimens exhibited an initial linear load-deflection response. As the load was
increased, existing gap between the multi-nut and fasteners, as well as the interface between corner
nodes and the multi-nut, closed and interlocked. Consequently, the load-deflection responses of
the test specimens changed from the initial linear slope to a nonlinear slope as the physical gaps
were closed. Then the slopes began to resume a linear slope after the gaps were presumed closed
and interlocked. As seen in Figure 34, the slopes of the test specimens with the preload torque of
120 in-1b exhibited a stiffer slope, compared to the test specimens with the preload torque of 60
in-1b. In the case of the test specimens with the preload torque of 60 in-1b the change from a linear
to non-linear response occurred at the applied load of 15 Ib. On the other hand, for the test
specimens with the preload torque of 120 in-Ib, the change from a linear to non-linear response
occurred at the applied load of 20 1b.
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Figure 34. Load-deflection responses of test specimens, downward orientation.

The load-deflection responses of the test specimens in the upward orientation are presented in
Figure 35. Similar to the load-deflection responses of the test specimens in the downward
orientation, all test specimens in the upward orientation exhibited an initial linear load-deflection
response which then transformed to a nonlinear slope followed by a return to a linear slope
response. As seen in Figure 45, the higher preload torque value, resulted in a stiffer load-deflection

slope.
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Figure 35. Load-deflection responses of test specimens, upward orientation.
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The load-deflection responses of the test specimens in the side 1 and 2 orientation are presented in
Figure 36 and 37, respectively. All test specimens subjected to the side 1 and 2 orientations
exhibited an initial linear load-deflection response which then transformed into a nonlinear
response. The test specimens with the preload torque of 120 in-lb consistently transitioned at a
higher load than the specimens with the preload torque of 60 in-1b.

After each test specimen under different orientations, the test specimens were reconfigured to
remove the deformed shape from the previous bending test, since the specimens physically
realigned under load as indicated by the change in slopes, as well as could be visibly witnessed.
In Figure 36, the load-deflection response of the test specimen 1 with the preload torque of 60 in-
Ib was significantly stiffer than other two test specimens with the preload torque of 60 in-1b. The
stiffer response is suspected to result from the test specimen 1 not having been properly aligned
prior to the side 1 loading profile, after the specimen had gone through a previous load test.

—e—Spec 1 (60 in-lb)
—eo—Spec 2 (60 in-Ib)
—eo—Spec 3 (60 in-Ib)
-e-8pec 1 (120 in-lb)
(
(

(ar) b

- e~-8pec 2 (120 in-Ib)
- e-8pec 3 (120 in-Ib)

-1.2 -1 -0.8 -0.6 -0.4
Displacement (in)

Figure 36. Load-bending responses of test specimens under side 1 orientation.
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Figure 37. Load-bending responses of test specimens under side 2 orientation.

The load-deflection response of the test specimens with different preload torque are presented in
Figures 38 through 40. As it can be seen in the figures the load-deflection stiffness response of the
multi-nut joint is nonlinear likely due to the clearance gaps between fasteners and multi-nut, and
the complex geometry in the interface between corner nodes and the multi-nut surface. The initial
assembly conditions and complex geometry could cause the inconsistent nonlinear response of the
test specimens and difference in the maximum applied load required for one-inch center deflection
of the test specimens. The load-deflection response for the up and down configurations is similar
as is the response for the side 1 and side 2 configurations. The up and down configurations appear
to have a stiffer response than the side 1 and side 2 configurations for any given specimen. As
also demonstrated in the axial stiffness test results, the higher fastener load supports a stiffer
response and a smoother transition from a linear to non-linear curve as the applied load increases.
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Figure 38. Load-bending response of test specimen #1
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Figure 39 Load-bending response of test specimen #2
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Figure 40. Load-bending response of test specimen #3

3.2.2 Finite Element Models of the Bending Test Specimen

For test-analysis comparisons, a FEM of the bending test specimen was developed using Abaqus
eight-node linear brick element with reduced integration (C3D8R) and ten-node tetrahedral
element (C3D10) elements [6]. The total number of nodes is 223420 and total number of elements
is 129900. The isotropic modulus of elasticity of 30 x 10° psi and Poisson ratio of 0.3 were used
for nodes and multi-nut of the FEM. The isotropic modulus of elasticity of 23 x 10° psi and Poisson
ratio of 0.3 were estimated from the composite tube specimen test and used for the FEM of
composite tube. Fasteners were modeled with two Abaqus general Timoshenko beam elements
(B31). Both ends of the fasteners were attached via kinematic constraints to the multi-nut and the
corner node and the preloaded torque was applied to the middle-connected node of beam elements.
The contact constraints were applied to the interfaces between the multi-nut and corner nodes.
Fastener modeling with contact conditions and beam elements are presented in Figure 41.
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Figure 41. Fastener Modeling with Contact Condition and Beam Elements.

Four different bending orientations were applied to the FEM of the bending test specimen using
different displacement constraint conditions at the simply supported locations. Boundary and
loading conditions of the FEM for the bending test specimen for downward and side 2
orientations are shown in Figure 42.

Downward condition

z
z = fixed
N -

Side 2 condition

z
F
Y

Y, ", Y z=fixed

z

Figure 42. Boundary Condition of Finite Element Model of the Bending Test Specimen.

The predicted load-deflection responses of FEMs under downward and upward orientations are
presented in Figures 43. In Figure 43, blue curves represent the predicted results of downward
orientation, orange curves represent the predicted results of upward orientation, solid curves
represent the FEM with preload torque of 60 in-lb and dotted curves represent the FEM with
preload torque of 120 in-lb. Similar to the test results, an initial linear load-deflection response
was exhibited by all predicted load-deflection responses of the FEM. As load was applied, an
interlocked condition was simulated to represent the closing of the interface between corner nodes
and multi-nut assembled conditions. The gaps in the fastener and the multi-nut could not be
simulated since the fastener was modeled with beam elements. Consequently, a change in the slope
of the load-deflection responses of the FEM was observed when the interlocked condition was
reached. The predicted load-deflection responses of FEMs indicated that the load-deflection
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responses of FEMs with upward orientation were stiffer than the load-bending responses of FEMs
with downward orientation. The effect of the higher preloaded torque of the fasteners was
emulated by developing the interlocked condition with the application of more load.
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Figure 43. Load-deflection responses of FEM in downward and up orientation.

Comparisons between the predicted load-deflection response from FEMs with 60 in-1b and 120
in-1b preload torque and the test results for downward orientation are shown in Figure 44 and 45
and for upward orientation in Figure 46 and 47. Comparisons between the predicted load-bending
response from the FEM and the test results indicated that the predicted response of the FEM were
consistent with the test results for both downward and upward orientation.

33



40
35
30
=
25 Qo
Q
=
20 =
—e—Spec 1 (60 in-Ib) 15 =

——Spec 2 (60 in-Ib)

—e—Spec 3 (60 in-Ib) 10
- --FEM (60 in-Ib) 5
v 0
{2 E 08 06 -04 02 0

Displacement (in)

Figure 44. The test results and predicted load-deflection response of test specimens
(Downward orientation, preload torque = 60 in-1b).
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Figure 45 The test results and predicted load-deflection response of test specimens
(Downward orientation, preload torque = 120 in-1b).
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Figure 46. The test results and predicted load-deflection response of test specimens
(Upward orientation, preload torque = 60 in-1b).
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Figure 47. The test results and predicted load-deflection response of test specimens
(Upward orientation, preload torque = 120 in-1b).
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The predicted load-deflection responses of FEMs for side 1 and side 2 orientation are presented in
Figures 48. For both side 1 and side 2 orientations, the linear load-deflection responses of the test
specimens were predicted from FEMs. The interaction between the corner nodes and the multi-
nut was not simulated from FEMs.
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Figure 48. Load-deflection responses of FEMs for side 1 orientation.

Test-analysis comparisons indicated that FEMs of the test specimen were not able to predict the
load-deflection response consistent with test results due to lack of modeling details around the
interface between fasteners, the multi-nut, and nodes. Fasteners in the multi-nut joints were
modeled with beam elements but the clearance between fasteners and the multi-nut was not
included in the FEM. Also, the complex geometry in the interface between corner nodes and multi-
nut surfaces was not properly modeled in FEMs of the multi-nut joint. Sensitivity analysis of the
friction on the interface between the corner node and multi-nut joint was performed to add
interaction between nodes and the multi-nut joint. For the sensitivity analysis, three different
friction parameters, 0.07, 0.15, and 0.3, were added in the contact constraint between the nodes
and multi-nut surfaces.

Test-analysis results of load-deflection response of the test specimens with preloaded torque of
60 in-lb and 120 in-lb for side 1 orientation were shown in Figures 49 and 50, respectively. In
Figures 49 and 50, solid lines represent the test results, while dotted lines represent the predicted
load-deflection response of FEMs with different friction parameters. The predicted load-deflection
responses of FEMs with friction parameters showed the initial linear response and predicted the
interlocked condition as load was applied. An increase in the friction parameter of the FEMs results
in the interlock condition occurring at a higher applied load. Although FEMs weren’t able to
predict the slope of the load-deflection response and nonlinear response from the interlock
condition of the test specimens, for both FEMs with preload torque 60 in-Ib and 120 in-Ib, the
FEM with the friction parameter of 0.15 simulated the interlock condition and showed similar
trends of the load-deflection response with the test results.
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Figure 49. Test and analysis results of FEMs with different friction parameter for side 1
orientation (Preload torque = 60 in-1b).
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Figure 50. Test and analysis results of FEMs with different friction parameter for side 1
orientation (Preload torque = 120 in-lb).
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Test-analysis results of load-deflection response of the test specimens with preloaded torque of
60 in-1b and 120 in-Ib for side 2 orientation were shown in Figures 51 and 52, respectively. In
Figures 51 and 52, solid lines represent the test results, while dotted lines represent the predicted
load-deflection response of FEMs with different friction parameters. Similar to the predicted linear
load-deflection response of FEM for side 1 orientation, FEMs with friction parameters predicted
the initial load-bending response and interlock condition with the friction parameter of 0.15.
However, after the interlock condition was reached, the load-deflection responses of FEMs were
not consistent with test results. Including clearance between fasteners and the multi-nut utilizing
gap element or connect elements and more detailed features in the interface and gap between nodes
and the multi-nut are needed in the FEM to better simulate the load-bending response of the
bending test specimen beyond the interlock condition.
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Figure 51. Test and analysis results of FEMs with different friction parameter for side 2
orientation (Preload torque = 60 in-lb).
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Figure 52. Test and analysis results of FEMs with different friction parameter for side 2
orientation (Preload torque = 120 in-lb).

3.2.3 Equivalent Bending Stiffness of Multi-nut joint
The equivalent bending stiffness of the multi-nut joint with the preload torque of 60 in-lb was

calculated by Equation 1
(B a®, (y a®
Ely = (48 6) ' (P 6EIS)’ M

where L is the distance between support, a is the distance from the support to the joint-node
interface, y is the center deflection, and EI is the equivalent bending stiffness of the composite
strut [7].

The equivalent bending stiffness of three multi-nut joints was computed. Then, the average
equivalent bending stiffness of three multi-nut joints was normalized by the composite strut
bending stiffness and was plotted against the corresponding loads for the bending orientation in
Figure 53. The equivalent bending stiffness of the multi-nut was found to vary significantly for
given bending orientations. As shown in Figure 53, the plot of the normalized stiffness decreases
as the load is increased. For side 1 and side 2 configurations, the normalized stiffness reaches a
constant value, while for the up and down configurations the normalized stiffness appears to trend
toward an asymptote.

Among the four different bending orientations, the upward orientation results show a stiffer
equivalent bending stiffness (22 % of the bending stiffness of the composite strut with 0.9 mid-
deflection). For downward and upward orientations, the response is a nonlinear decrease of the
equivalent bending stiffness. This represents the change in interaction between the corner nodes
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and multi-nut surface from an initial assembly condition to an interlock condition. Equivalent
bending stiffness of side 1 and side 2 orientations show the sudden drop of the equivalent bending
stiffness and converges to 12 % of the bending stiffness of the composite strut. The drop of the
bending stiffness for side 1 and side 2 orientation is due to slip along the interface between nodes
and the multi-nut surface. The minimum equivalent bending stiffness values of the multi-nut joint
for different bending orientation are summarized in Table 3. Based on the minimum bending
stiffness and the load-deflection response for different bending orientation, the bending behavior
of the multi-nut joint could be modeled and analyzed utilizing a torsion spring and other connector
elements.
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Figure 53. Normalized joint equivalent bending stiffness.

Table 3. Minimum equivalent bending stiffness of multi-nut joint in different bending

orientation.
Orientation | Bending Stiffness (Ib-in?)
Downward 7.303 x 10*
Upward 1.059 x 10*
Side 1 6.237 x 10*
Side 2 5.845 x 104

40



3.2.4 Summary of the Bending Test

The bending test setup of the multi-nut joint was established based on the calibration test. The
bending test setup, as described in this report, allowed for precise measurement of the
mid-deflection of the test specimen under various bending load orientations, enabling the
calculation of the equivalent bending stiffness (EI) of the multi-nut joint based on the load-
deflection response results. For all four different bending orientations, the load-deflection response
of the multi-nut joint remained linear from the initial condition until the interlock condition was
reached. However, as the bending load increased beyond the interlock condition, a nonlinear
response was observed due to the complex geometry of the interlock condition at the node and
multi-nut interface. In the case of side 1 and side 2 bending orientations, there was slippage
between the multi-nut and nodes before reaching the interlock condition. These results also suggest
that increasing the preloaded torque to the multi-nut joint increased the bending linearity and
affects nonlinear response of the multi-nut joint. For example, the load-deflection responses of the
multi-nut joint with the preloaded torque of 120 in-1b showed more linear and less nonlinear
response than the load-deflection responses of the multi-nut joint with the preloaded torque of 60
in-1b.

The intricate nonlinear bending response of the multi-nut joint could not be adequately modeled
using standard beam elements. Based on the observations from the bending test and the calculated
minimum bending stiffness for different bending orientations, further modeling efforts are needed
to simulate the bending response of the multi-nut joints. This may involve the incorporation of
other connector elements such as gap and torsional spring elements to accurately capture the
complex bending behavior of the multi-nut joint.

4.0 Summary

This report provides the details of the axial and bending tests conducted on a multi-nut joint. It
includes axial and bending test results of the multi-nut joint. The axial test results provide insights
into the installation preloaded torque value of the fastener. Additionally, the report presents
sensitivity study of the impact of fastener length and clearance inside the multi-nut on the load-
displacement response.

The bending test results examined the influence of bending orientation on the load-deflection
response of the multi-nut joint. Based on the test results, EA and equivalent bending stiffness EI
of the multi-nut joint have been estimated and are listed in Table 3. The test setup and procedures
established in this study can be applied to assess equivalent EA and equivalent EI for other multi-
nut joints. The report also provides modeling assumptions and approaches of FEM to predict the
axial and bending response of the multi-nut joint. A comparison between the axial test and FEM
analysis reveals that the predicted load-displacement responses from FEM align with the test
results for FEMs with preload torques of 60 in-lb and 120 in-1b. In the case of the bending test,
FEM effectively simulated the initial linear load-deflection response from the assembled condition
to the interlock condition. However, the report acknowledges the limitations of FEM in simulating
the nonlinear response beyond the interlock condition, highlighting deficiencies in geometry
details and the ability to model the interaction between nodes and the multi-nut. Suggestions for
further modeling approaches are proposed to address these limitations.
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6.0 Appendix

A. Support Drawings

Figure A-1. The axial calibration test specimen

Figure A-2. The thread adapter

Figure A-3. Support cradle and simply support fixtures
B. Bending Test Procedure
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Figure A-1. The axial calibration test specimen
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Figure A-2. The thread adapter
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Figure A-3. Support cradle and simply support fixtures
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B. Bending Test Procedure

Test Procedure Up and Down

1.

10.

11.

Assemble a multi-nut, a node without a composite tube, and two composite tubes with
bonded node.

Add a screws and a load ring to the multi-nut for center LVDT measurements and loading.
* Center deflection is measured from the top screw head.

Place the assembled test specimen on pivot cradles.

Check LVDT measurement points on the test specimen and reset the LVDT initial zero.

Add weigh on the test specimen with 5 1b increment, until the center deflection reaches 1
inch.

After the test, remove the screws and the load ring from the multi-nut.

Flip the test specimen and reattached the screw and the load ring to the multi-nut for the
correct orientation.

Check the LVDT measurement points on the test specimen and reset the LVDT initial zero.

Add weigh on the test specimen with 5 Ib increment, until the center deflection reaches 1
inch.

After the test, disassemble the screws, the load ring, the multi-nut, the node without a
composite tube, and two composite tubes with bonded node.

Inspect and clean multi-nut fastener holes.

Test Procedure Side 1 and 2

1.

Assemble a multi-nut, a node without a composite tube, and two composite tubes with
bonded node.

Add two wing head screws to the multi-nut for center LVDT measurements and loading.
* Center deflection is the average of two LVDT data from wing head screws.

Place the assembled test specimen on pivot cradles.

Check LVDT measurement points on the test specimen and reset the LVDT initial zero.

Add weigh on the test specimen with 5 Ib increment, until the center deflection reaches 1
inch.

After the test, remove deformed shape of the test specimen by dissemble and reassemble
multi-nut and composite tubes with node. Flip the test specimen.

Check the LVDT measurement points on the test specimen and reset the LVDT initial zero.

Add weigh on the test specimen with 5 1b increment, until the center deflection reaches 1
inch.
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9. After the test, disassemble wing head screws, the multi-nut, the node without a composite
tube, and two composite tubes with bonded node.

10. Inspect and clean multi-nut fastener holes.
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