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Chapter 1

Linear and Nonlinear Response of a Continuous-Interface BARC:
FEA Prediction and Test

Sean Magoffin, Brooklyn Andrus, Matthew S. Allen, and Raymond Joshua

Abstract This paper presents the results of finite element modeling and linear and nonlinear testing of a BARC structure
with a continuous interface (as opposed to the split-interface BARC). Before the actual hardware was constructed, blueprints
were used to create a FEM in which the bolts were modeled in detail, including contact at the interfaces due the expected
preload based on the bolt torque specs. This model was used to predict the linearized natural frequencies, to infer which
modes might exhibit nonlinearity, and then quasi-static modal analysis was used to predict the amplitude dependent natural
frequency and damping for the modes that were expected to exhibit the strongest nonlinearity. Once the FEM predictions
were mostly complete, a BARC was constructed based on the blueprints and tests were performed to measure its linear
modes and characterize those modes that exhibit nonlinear behavior. The linear modes measured in test are compared to
those computed from the FEM about the preloaded state. Additionally, for those modes where significant nonlinearity was
observed, quasi-static modal analysis (QSMA) was used to predict their amplitude dependent natural frequencies and damp-
ing ratios.

Keywords BARC - Quasi-static modal analysis - Nonlinearities - FEA

Introduction

The Box Assembly with Removable Component (BARC) structure was created in 2017 to provide a common benchmark
structure to evaluate dynamic environment testing methods [1]. State of the art environmental testing methods do not consider
nonlinearity, although one could argue that they seek to capture it by testing the component of interest at high enough levels
that any nonlinearities would be observed. In any event, while many studies have tested and modeled the BARC over the
past decade, very few focused on its nonlinear behavior. On the other hand, because the removable component consists of
three parts bolted together, it can behave nonlinearly and experimental campaigns have noted this since it was introduced.
This work presents a first effort to characterize the nonlinear behavior of the continuous-interface BARC structure, both
experimentally and using nonlinear finite element simulations.

This study is a complement to the various studies that have used experimental modal analysis to extract the linear modes
of the BARC and compared those with modes from finite element models. For example, Alvis and Schoenherr [2] used
the BARC to perform a detailed study on the best practices for modeling bolted interfaces. Their study, as with others,
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[31[4]1[5][6] focused on the low amplitude, linearized behavior. Several studies have had good success in creating finite
element models that correlated very well with measurements of the natural frequencies and mode shapes of the BARC,
although most have noted that care had to be taken in modeling the bolted connections appropriately. The authors found very
few studies that quantified the nonlinear behavior of the BARC. Takeshita’s thesis [7] and some precursor papers did explore
this somewhat, in particular the randomly excited response of the BARC to a base input. No other detailed studies were found
before this paper had to be submitted. In this work the BARC is tested and simulated in free-free conditions. Note also that
this study focuses on the continuous-interface BARC, while many prior studies have focused on the split-interface BARC.

In undertaking this study, the authors began with blueprints of the BARC structure, and the finite element models were
created from those before any hardware had been machined. The authors did have the benefit of comparing their results
to other papers that had also modeled this structure, but other than that the predictions were blind in that the linear and
nonlinear testing was not performed until after the finite element models had been created and debugged. The FEM included
a simplified, three-dimensional model of the bolts, which were preloaded based on the torque specified in the assembly
drawings. The FEM was created in Abaqus, which solved the nonlinear contact problem to obtain the preloaded state of the
bolts and contact between the components. Linear modal analysis was performed about this preloaded state. This produced a
prediction of the linearized natural frequencies of the BARC that didn’t depend on model updating. Similarly, the nonlinearity
in the BARC was predicted using quasi-static modal analysis [8], which consists of applying static loads in the shape of a
mode of interest in order to predict its amplitude dependent natural frequency and damping ratio. This was also performed
before any nonlinear tests had been performed. Hence, the paper presents an idea of the predictions that might be obtained
with these tools based only on the nominal design of the components. These predictions are then compared with the actual
test measurements.

The following section details the finite element model that was created, the validation steps that were performed, and
the linear and nonlinear results obtained. Then Section 3 discusses the manufacturing of the actual BARC and the linear and
nonlinear tests that were performed. The FEM and test results are then compared and conclusions are presented.

Creating a Finite Element Model of the BARC

A 3D finite element model (FEM) of the BARC was created using Abaqus from the provided drawings. The joints were
modeled by creating simplified 3D bolts that were meshed with solid elements, as was found to work well in [2] as well as
in the authors’ prior work [9, 10]. The structure was preloaded by applying a bolt load in Abaqus to the middle surface of
each bolt (see Figure 1) and then fixing the bolt length in the subsequent step. The specified torque values were converted
to preload values using the plot of preload force versus torque found by Wall et al. in [11]. Furthermore, in [10] the best
agreement with measurements was found when using a friction coefficient of 0.2, so this was used in Abaqus even though
this is a lower value than typically expected for steel-on-steel contact.

(b)

Fig. 1 (a) The surface that the bolt load is applied to is highlighted in red. (b) Yellow arrows represent the applied preload
to those surfaces of each bolt.

The regions where contact was defined are shown in Figure 2. Notice that the interfaces between the bolts and the
respective parts are tied in Abaqus instead of having contact defined because Jewell et al. [9] found these regions to contribute
a negligible amount of damping and nonlinearity when similar joints were in a state of microslip.

The model was meshed with 3D, 8 node linear brick elements with reduced integration (C3D8R in Abaqus). In order
to reduce the number of nodes in the model a separate part in Abaqus was created for the contact region on the box and is
shown in Figure 4. These parts were then bonded together using a tie in Abaqus.
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(a) (b)

Fig. 2 (a) surfaces where contact was defined and (b) example of where a tie was used between the bolt heads and their
mating surface.

e
5

(@) (b)

Fig. 3 (a) Separate parts created for the contact region, which had a fine mesh so that the contact could be resolved. (b)
Remaining part of the box assembly, which had a coarser mesh. The parts shown in (a) were connected to the box using tie
constraints.

Splitting the box into three parts as shown allows one to use a coarser mesh on the box without losing the ability to mesh
the contact region finely so that contact at the interface could be resolved. This technique brought the number of nodes from
~ 218,000 in our initial model to ~ 110,000, essentially cutting the size of the model in half. These models are denoted
the 218k model and the 110k model respectively in the following. To verify this technique, modal analysis was performed
on both models and the natural frequencies of the first ten elastic modes were compared. The maximum and average errors
were 3.24% and 2.05% respectively between the two models. This confirmed that the two models were acceptably similar
while also minimizing the number of nodes. The authors also created a third model, called the 190k model, which had a
similar density of elements as the 110k model over the box, but a much finer mesh over the contact region. The 218k model
was used to compute the linear natural frequencies and mode shapes in all results below, because that computation was fast
with either model. In the following subsection the results of quasi-static modal analysis are shown for these models and the
computational savings are discussed.

Abaqus then solved for the linear mode shapes and natural frequencies of the preloaded structure with free-free boundary
conditions. Figure 4 shows the first ten resulting mode shapes and natural frequencies. The results were compared to [5, 12]
and found to agree reasonably well with their published natural frequencies and mode shapes.

Nonlinear Predictions from the FEM

Once the authors were comfortable that the model was giving accurate results, the mode shapes were examined to determine
which might induce the most slip in the joints and hence the most nonlinearity. Mode 2 was chosen as the first promising
candidate because vibration in that mode shears the RC. Quasi-static modal analysis (QSMA) [8] was applied to the FEM
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Fig. 4 First ten elastic modes of the BARC and their natural frequencies in Hz

to predict the nonlinearity in this mode. QSMA is performed by applying a force in the shape of the mode of interest, and
solving for the nonlinear static response of the structure when subjected to that force. The static load displacement curve can
then be used to compute the effective damping and natural frequency. Details on the QSMA process can be found in [8]. The
predictions from QSMA were obtained before any test data was available. Section presents the test results, which reveal
which modes actually exhibited the most nonlinearity.

Figure 5 shows the damping versus amplitude and natural frequency versus amplitude curves obtained for Mode 2 using
the 218k model. The process was repeated four times, with the force scaled to four different amplitudes, denoted by the
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Fig. 5 Damping and Frequency vs. Amplitude for Mode 2. Each line represents a computation up to s different maximum
force. These results are for the 218k model.
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maximum displacement that each force would produce for the linear structure. These values ranged from 0.0254mm (0.001
in) to 5.08mm (0.2 in). The fact that the four curves agree with each other helps to verify that the behavior is physical and
not an artefact of the numerical solution or function of the contact settings [9].

Figure 5 shows an increase in damping with amplitude as well as a decrease in frequency with amplitude. The damping
increases with amplitude, up to a maximum value of about { = 0.005, while the natural frequency decreases by about 15
Hz (3.3%). One would expect to be able to detect this level of damping and stiffness nonlinearity in a test. The QSMA
predictions below about 1.0g are noisy, presumably because the mesh isn’t fine enough to smoothly resolve the stick and slip
transitions at this amplitude, so these should be ignored. At low amplitudes material damping would dominate so predictions
are not needed for low amplitudes. At higher amplitudes the FEM shows microslip in the joints, which would likely be the
source of the increase in damping observed here. Figure 7 shows the changing contact area and the slip in the joints as the
analysis progresses. The mesh seems to be adequate to resolve a gradual change in the contact area and the sticking and
slipping regions, providing additional confidence in the predictions.

Figure 6 compares the results between the 218k and 110k models. Although there is a shift in the frequency the trends
between the two match well which helps validate this modeling technique. The 218k model, which had a single part for
the box, took approximately 5.5 hours for the entire QSMA process while the 110k model, which had separate parts for the
contact regions, finished in just under 3 hours. The fact that the results match suggests that one can reduce the computation
time while keeping accuracy when examining a contact interface. This is especially helpful when one needs to run the model
many times, for example to examine nonlinearity in several modes, or to cover a wide range of amplitude for a single mode.
The frequency and damping for the 190k model were also nearly identical to these, so they were not shown here for brevity.
The contact status for the 190k model was shown in Figure 7, where one can see that the overall areas of slip and stick were
similar between the two models.
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Fig. 6 Damping and Frequency vs. Amplitude for mode 2. The red line is from the 110k model and the black line is from
the 218k model.

The authors also suspected that Mode 6 might exhibit nonlinearity, as the deformation of the removable component
tends to want to open and close the bolted joints when the structure vibrates in that mode. QSMA was also attempted on
this mode. Force displacement curves were obtained for a force applied in the shape of Mode 6 in both the positive and
negative directions (i.e. a force that drives the removable component upward and downward respectively). These curves
were compared and found to be significantly different. As a result, the standard QSMA approach could not be used on this
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Fig. 7 The slip or stick status of the contact region on the box. (a), (c) and (e) show the 218k model, which has ~ 5,600
nodes in the contact region while (b), (d) and (f) show the 190k model, which has ~ 44,600 nodes on the contact region. (a)
and (b) show the status at the beginning (= 1g), (c) and (d) the middle (= 500g), and (e) and (f) at the end (= 4000g) of the
QSMA analysis.

mode. One could instead use the approach developed by Shetty et al. [13], but time did now allow the authors to pursue
this. instead it was simply noted that, based on the QSMA results, this mode might be expected to exhibit a bilinear-type
nonlinearity.

Physical Testing

The BARC structure was manufactured per the drawings and instructions available on the Sandia website, which is in the
process of being transitioned to another site hosted by SEM. A few of the washers had to be ground slightly so they wouldn’t
interfere when everything was assembled, but otherwise the structure was built per the drawings and reasonable tolerances
seemed to have been achieved.


https://sandialabs.sharepoint.com/sites/UUR_TestBoundaryConditions/SitePages/Home.aspx
https://wiki.sem.org/wiki/Dynamic_Environments_Testing_Wiki
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Linear Testing and Data Analysis

The BARC structure was hung from a metal frame by looping rope through the box component, then connecting the rope to
0.125 inch bungee cord, which then attached to the frame. Accelerometers were attached to several points, denoted 1317+,
13372+,1352+,231 X —,231Y —, 2312+, and 237Y — and shown in Figure 8. Using a tiny PCB impact hammer, each point
was hit 3 times and averaged to obtain the frequency response functions (FRF) between the hammer and all accelerometers.
The CMIF for the set of FRFs that was obtained is shown in Figure 9, and confirms that each mode appears at a distinct
frequency in the spectrum.

112

114

() (b) i

Fig. 8 (a) Photo of test setup for the BARC structure and (b) Measurement Grid

The set of FRFs was curve fit using the Algorithm of Mode Isolation and the modes below 2kHz were extracted. These
are shown in Figure 10.

Nonlinear Testing and Data Analysis

A series of impacts was performed and the measurements processed to detect and characterize the nonlinearity in each of the
first six modes. Based on the mode shapes shown in Figure 10, points for testing were chosen based on where the greatest
displacement of the removable component was. A medium-sized hammer (PCB 086-C0x) was used for all modes except
Mode 3. For that mode both a medium and large (PCB O86-D0x) hammers were used. Hence, the excitation location should
have been that which best excites each mode. Data was processed in MATLAB using the Hilbert Transform as outlined in
[14], which estimates the natural frequency and damping ratio as a function of vibration amplitude. The curves from various
impacts were then combined into a single graph to check consistency.

Mode 1 responds in both the X and Z directions, and so impacts were applied in both directions. Figure 11 shows
natural frequency and damping that were obtained from each of various impacts. The legend gives the impact number,
maximum force, and the location and direction of the impact (237X —,238 X — or 231Z—). The response was measured at
point 231X — for X -direction hits and 2317 — for Z-direction hits. The amplitude on the x-axis is that of the acceleration
at that point, which should be close to the maximum acceleration for the mode in question. Both sets of measurements
show minimal change in the damping ratio, as the impact with the greatest damping ratio range (impact 28) only has a net
change in damping of 0.08%. The natural frequency also shows a small change with amplitude. The results are similar for
the Z-direction in Figure 11(b), although these results seem to show a sudden decrease in the natural frequency at higher
amplitudes. The Z-direction measurements were taken on two different days, and it is interesting to note that the linear
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Fig. 9 Complex Mode Indicator Function for FRFs obtained in the linear test of the BARC
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Fig. 10 First ten elastic modes of the BARC and their natural frequencies in Hz

natural frequency appears to have shifted by about 0.2 Hz from one day to the next. In summary, Mode 1 a slight softening
(stiffness) nonlinearity, yet it is small relative to experimental uncertainty.

Data for Mode 2 was taken on two separate days, 6/4/2024 and 6/7/2024, and as was the case for Mode 1, the linear
natural frequency was slightly higher on the first day. The shift in the natural frequency is once again fairly small, only
about 1.5Hz or 0.3%, all data does show the same trend. The damping increases by a factor of three or four. Both of these
observations agree perfectly with the typical nonlinearity that is exhibited by bolted joints, as seen in [14, 15].

Data for Mode 3 was all collected on the same day, but using both the medium hammer (denoted mh, purple-yellow lines)
and the big hammer (denoted bh, green and blue lines) in Figure 13. This mode was active along the top of the removable
component near the center, so points 233-236 were excited in the negative Z direction. The big hammer didn’t seem to be
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Fig. 12 Mode 2 Natural Frequency and Damping vs. Amplitude. All impacts were applied at 232Y — and amplitude is that
measured at points 231Y —.

able to excite any nonlinearity in this mode, as the measurements showed little to no change in the damping and natural
frequency. The tip on that hammer may have been too soft to excite this mode effectively. The medium hammer did appear
to produce changes at high amplitudes, the overall changes in the damping ratio (5e-4) and natural frequency (0.6 Hz or
0.2%) were fairly small.

Mode 4 was tested on 6/14/2024 (red-yellow lines) and 6/18/2024 (green-purple lines) at points 233 and 234 in the —Z
direction. As with previous modes the linear natural frequencies were at slightly different values based on the day the data
was taken, The damping shows no significant trend and while the frequency did decrease consistently on the second day of
testing, the change was small (0.4 Hz or 0.06%).

Modes 5 and 6, shown in Figure 14, were somewhat difficult to process using the Hilbert Transform because they are
somewhat close together and decayed quickly relative to the other modes. Hence, the results were somewhat noisy. Even
then, the variation in these modes is small suggesting that they are behaving linearly.

To confirm that these modes were truly linear, the frequency response (FRF) was computed by dividing the FFT of the
response by the FFT of the input force. The result, in Figure 15, shows that there is not a significant change in the stiffness
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Fig. 13 (a) Mode 3 and (b) Mode 4 Natural Frequency and Damping vs. Amplitude. For Mode 4, impacts 9 and 10 were at
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Fig. 14 (a) Mode 5 and (b) Mode 6 Natural Frequency and Damping vs. Amplitude. Amplitude is that measured at point
2317 —.

or damping of these modes for the various impacts. Mode 5 does show an amplification of about 50% for Impact 17, as
compared to the other tests, but the trend is not consistent for Impacts 18 and 19, which also had lower amplitudes.

Comparing Test Results and Predictions

Linear Mode Shapes and Natural Frequencies

The mode shapes, shown previously in Figures 4 and 10 show a strong visual correspondence between the FEM and test.
These are repeated in Figures 17 and 18 in the Appendix to allow an easier comparison. The natural frequencies are compared
in Table 1. They differed by at most 1.7% except for Mode 6, which differed by 8.0%. This is an opening-closing mode; the
other modes don’t involve this type of motion. Most of the natural frequencies agreed to within 1-2%.
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Fig. 15 Frequency Response Functions (FRFs) computed from several high amplitude impacts, to quantify nonlinearity in
Modes 5 and 6.

Table 1 Comparison of Natural Frequencies between FEM and Test

Mode | FEM Test % Diff
1 391.77 | 388.7 0.79
2 426.02 | 427.7 -0.39
3 523.77 | 525.8 -0.39
4 664.21 | 660.2 0.61
5 977.38 | 980.9 -0.36
6 1072.9 | 1166.8 -8.0
7 1359.7 | 1350 0.72
8 1516 | 1508.2 0.52
9 1655 | 1629.3 1.6
10 1699 | 1721.1 -1.3

Nonlinearity

As was expected based on the FE analysis described in Section , Mode 2 showed the strongest nonlinearity in the test data.
Furthermore, that mode exhibited a classical bolted-joint type nonlinearity, so one would expect QSMA to be effective at
predicting its behavior. Figure 5 and 12 both show an increase in damping with amplitude as well as a decrease in frequency
with amplitude. The damping also increases by a similar amount in both cases (about half an order of magnitude for a two-
order of magnitude increase in vibration amplitude). These results are overlaid in Figure 16. To facilitate the comparison,
material damping of ¢ = 0.001 was added to the FEM predictions, as this was clearly manifest in the test data. Note that
the horizontal axis for the FEM data is the peak modal amplitude, or the product of the modal acceleration and the mode
shape at the point where the displacement is largest. For the test data the horizontal axis is the acceleration amplitude at point
231Y —, which appears to be the point of maximum displacement.

The FEM and Test results agree qualitatively, and have similar orders of magnitude. The anomaly in the damping
that was observed in the FEM predictions around 3-6g happens to be the same region in which the test data shows the
strongest nonlinearity; hence it would be wise to refine the model to make sure that the contact is well resolved for this
amplitude. In contrast, if one extrapolates the power law behavior that the FEM exhibits from 200-2000g, that seems to
agree with the lower bound of the test data. The lower bound is typically of interest in measurements such as this, as it
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Damping vs. Velocity Amplitude
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Fig. 16 Comparison of damping vs vibration amplitude between FEM and test for Mode 2: (black dashed) FEM Prediction,
(colored lines) Measurements

would have the minimum influence from other modes (i.e. see [15]) and hence agrees best with the assumptions made in
QSMA.

It is surprising that the results agree this well. In [10] the authors found that one had to model the interface very carefully,
including any lack of flatness, to accurately capture damping.

The FEM analysis also noted that Mode 6 was likely to behave nonlinearly, with an opening-closing type nonlinearity.
The measurements did not show significant nonlinearity in Mode 6. However, it should be noted that bilinear-type nonlinear-
ities may not exhibit a significant change in the resonance frequency with vibration amplitude [16]. Further analysis would
be required to see if the test data confirms any bilinear behavior of Mode 6.

Conclusion

The Box Assembly with Removable Component (BARC) was modeled using Abaqus FEA software in order to predict the
linear mode shapes and natural frequencies. Then QSMA was performed on Mode 2, which was suspected to have nonlinear
behavior, in order to predict the amplitude dependant damping ratio and natural frequency. These predictions from the FEM
were complete before physical testing on the BARC structure was performed, thus giving blind predictions of the linear and
nonlinear behavior based only on the nominal design of the components.

Once the FEM predictions were well along, the BARC was manufactured and linear and nonlinear testing was performed
on the physical BARC structure. Modal analysis was performed in MATLAB to extract the linear mode shapes and natural
frequencies. The mode shapes were found to visually match those of the FEM and the linearized natural frequencies from
the FEM matched the tests well with typical errors of less than 1% and a maximum of 1.7% error, except for mode 6, which
had an error of 8.0%. Mode 6 involves opening and closing of the joint while the other modes do not have this behavior.
The first six modes were examined for nonlinearity and Mode 2 was found to exhibit a typical joint-type nonlinear damping
behavior while the other modes had minimal nonlinearity. The nonlinearity predicted by applying QSMA on Mode 2 agreed
quite well with the measurements.

This study demonstrates the feasibility of using finite element analysis and QSMA to predict the linear and nonlin-
ear behavior of a component such as the BARC. The linear and nonlinear FEM predictions agreed very well with mea-
surements in this study, but, as was cautioned earlier, research on other structures with joints [10] suggests that predic-
tion may often be much more challenging. Still, these results are encouraging and motivate further use of these predictive
tools.
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Appendix
(a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4 (e) Mode 5
391.77 Hz 426.02 Hz 523.77 Hz 664.21 Hz 977.38 Hz
(f) Mode 1 (g) Mode 2 (h) Mode 3 (i) Mode 4 () Mode 5
388.7 Hz 427.7Hz 525.8 Hz 660.2 Hz 980.9 Hz

Fig. 17 Modes 1-5 with the FEM being on top and the mode shapes from tests on bottom.
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(a) Mode 6 (b) Mode 7 (c) Mode 8 (d) Mode 9 (e) Mode 10
1072.9 Hz 1359.7 Hz 1516 Hz 1655 Hz 1699 Hz

004 oo 005 O

(f) Mode 6 (g) Mode 7 (h) Mode 8 (i) Mode 9 () Mode 10
1166.8 Hz 1350 Hz 1508.2 Hz 1629.3 Hz 1721.1 Hz

Fig. 18 Modes 6-10 with the FEM being on top and the mode shapes from tests on bottom.
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