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Vibration Analysis Fundamentals: How Fast We Forget the Basics

| like to say that if you are not grounded in the fundamentals—"“knowing what you know”—then trying to understand more complex phenomena
becomes a circular chase. My focus is on the mechanical performance of structures and systems, and from a vibration viewpoint, there are
only three key concepts to consider: 1.) Its natural frequency and associated mass; 2.) Its mode shape; and 3.) How it will be excited (i.e., a
time-varying load), which is broken down into frequency, phase, and direction.

Let's use a simple example to illustrate these points. A kid on a swing has a natural frequency associated with mass (the kid). Its mode shape
is swinging back and forth. To make the kid swing higher, one needs to push in the direction of the mode shape (the principle of orthogonality—
the mode shape aligns with the direction of the force) and push in phase—meaning at the right frequency and timing. This is a crucial concept.
If one pushes while the kid is still moving toward them (180 degrees out of phase), the motion will slow down.

Thus, to excite a structure harmonically, the applied force must be aligned with the mode shape and in phase with its natural frequency. If these
conditions are not met, then the structure remains static, with only a load applied. These concepts fundamentally explain why many structures
do not experience harmonic excitation from transient loading conditions, even if the frequency matches that of the structure.

| understand that | am compressing a lot of information into a short explanation. For a more detailed read, take a look at my short articles on
vibration at PredictiveEngineering.com. Why is understanding the basic concepts so important? In engineering mechanics, mastering the
fundamentals will make you a hero. Let's analyze another simple system and apply the principles to something more complex. All mechanical
structures and systems have natural frequencies. If a time-varying load does not match these frequencies and is not aligned with the mode
shapes, the load acts statically. In that case, it's just a plain, simple, static load.

Returning to the kid on the swing example: If one pushes the kid sideways (at a right angle to their motion), even if the push is at the correct
frequency and in phase, nothing happens—except for a static sideways force—because the force is not aligned with the mode shape. Applying
this logic to the simplest example of a cantilevered beam, we see that it is only excited when the time-varying load matches its frequency. This
principle is particularly important for impulse loading. If an impulse does not match the structure’s natural frequency, the response will be
static, meaning the load will only equal the applied maximum impulse (in this case, acceleration).

Application in the Rail Industry

In the rail industry, a powerful technique has been developed for assessing the robustness of rail freight car transportation systems: ISO 1496-3,
which applies to Series 1 freight containers. The test procedure involves striking a loaded rail car with sufficient force to exceed a defined
Shock Response Spectrum (SRS) curve between 3 and 100 Hz. If the transportation frame remains serviceable and all contents intact, it meets
the ISO 1496-3 specification. From an FEA consultant’s perspective, the key question is: How does one simulate this test? Please read on.
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Vibration Basic Concepts: The Joy of Simplicity

Kid on a Swing: One Frequency Simple Cantilevered Beam: One Frequency (20 Hz)
Frequency (mass), Mode, In-Phase Load Frequency sweep only excites structure at its natural frequency
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Let's Hammer a Beam: Acceleration Impulse Loading

Acceleration Pulse at Frequency of Beam And, when the Pulse is NOT at Frequency of Beam
Hit at Frequency (20 Hz) - Hit NOT at Frequency (5 Hz)
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Rail Transportation Analysis: ISO 1496-3, Part 6.6 Dynamic Longitudinal Impact Test

Rail Transportation: Can it take a hit and not leak? Rail Transport: Type IV COPV Hydrogen Storage
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Dynamic Longitudinal Impact Test with Impulse Hit

3rd Mode - 70% Longitudinal (Z)
Freq= 24104

Contours of Resultant Displacement
min=0.00465777, at node# 135910
max=16.6747, at node# 67047

Normal mode response is
longitudinal and is in the direction
of the Rail Bump Test (ISO 1496-
3) and contains significant mass.
Thus it meets two of the three
requirements to be excited.
However, the impact pulse is at 5
Hz; hence no excitation and a
“rigid-body” response is obtained.
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Rail Transportation Analysis: ISO 1496-3, Part 6.6 Dynamic Longitudinal Impact Test

Transient, Dynamic, Nonlinear FEA Impact Test Results ISO 1496-3 Minimum SRS Curve Requirement

Rail Transportation Analysis: 1SO 1496-3, Part 6.6 Dynamic Longitudinal Impact

e SO 1496-3 Nonlinear FEA Simulation - Rail Bump Test Results
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Data processing of the acceleration curve shows that the transportation frame experiences a shock
response spectrum higher than the minimum curve and importantly nothing is damaged or permanently
deformed. This simulation provides quantitative data that the frame will pass the ISO 1496-3, Part 6.6

Dynamic Longitudinal Impact Test.
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Predictive Engineering — The Advantage of Getting it Right the First Time

Project Examples Our Services

FAA 166G SLED TEST VERIFICATION FEA

Predictive Engineering brings to bear
more than 20 years of finite element
analysis FEA consulting experience in
solving the most difficult mechanical
engineering analysis challenges.

Our validated experience ranges from
transmissions to submarines to satellites.
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Predictive Engineering | TRANSIENT NONLINERR

At Predictive Engineering, we pride
STRESS AND VIBRATION ANALYSIS OF SATELLITES ourselves on the ability to idealize

complex structures and systems into
predictive numerical models. Our nonlinear,
static and transient dynamic work has
been validated against strain-gauges,
drop and sled test results, accelerometers,
crack growth and fracture and in extreme
service environments.

Finite element analysis consulting services, software,
training and technical support.
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ASME-BPVC

From seismic to buckling to cyclic service
(fatigue), Predictive can assist in verifying
the most challenging pressure vessel
designs. Our hard-earned experience

= Composites, Pressure Vessels, Vibration.

* NASTRAN: Linear Dynamics.

* LS-DYNA: Drop-test, Impact, Burst Analysis. o
« STAR-CCM+: CFD Thermal/Flow Analysis. {}g

+20 years allows us to safely classify tanks and
experience vessels as “fit-for-service” that would
typically have required extensive redesign
or re-work.
CFD

Our expertise in computational fluid
dynamics (CFD) comes from hundreds
of thermal-fluid projects in medical,
aerospace, marine, HVAC (data centers),
civil and automotive. This experience
gives us the capability to quickly optimize
and provide accurate digital prototypes.
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