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by R.M. French, R. Handy, and H.L. Cooper

A COMPARISON OF SIMULTANEOUS AND SEQUENTIAL
SINGLE-AXIS DURABILITY TESTING

C
omponent durability testing using shaker tables is
a common part of product development programs in
many different industries—a major one being the
automotive industry. The goal is to predict the

effects of long-term service on a component or even an entire
piece of equipment without having to simply run it through
a service life in expensive field testing.

For example, automotive components are subjected to fatigue
testing to ensure they will not fail during the design life of the
vehicle, typically 150,000 miles. A test vehicle will be driven
over a set of road surfaces chosen to simulate the range of
expected driving conditions while accelerations are measured
on the part in question. These data are then brought into the
lab and loaded onto the shaker table controller. The controller
drives the table so as to reproduce the measured accelera-
tions, thus subjecting the part to the same fatigue conditions
it experienced in the test vehicle. At least this is the ideal.

Several significant factors combine to place limits on how well
the test can reproduce road conditions. Perhaps, the most
significant of these is the number of independent degrees of
freedom of the table. Shaker tables are typically either single-
axis or six-axis machines, though other configurations, in-
cluding the one used here, are available. Single-axis tables are
certainly the more common of the two. They are generally less
expensive to purchase and install and often have a higher
maximum frequency.

Real applications almost universally subject components to
accelerations in all six possible degrees of freedom, so serious
compromises must be made in test design to perform a mean-
ingful test on a single degree of freedom table. While several
different schemes are widely used to test parts sequentially in
the various axes, we believe them to be very rough approxi-
mations to the ideal of simultaneous multiaxis testing.

This paper presents the results of a series of durability tests
on notched-beam specimens using both sequential single-axis
and simultaneous multiaxis testing. The drive signals and
test specimen geometry are both simple enough that two
approaches should produce nearly identical results if such is
possible.

BACKGROUND

The literature on high-cycle fatigue is vast and a number
meaningful technical publications appeared as early as the
late 1800s.1 A critical theoretical problem is that of developing
a model capable of predicting fatigue life based on a known
loading history.2,3 The micromechanical nature of fatigue

damage makes the task of predicting fatigue life a very diffi-
cult theoretical problem and one for which results must be
cast in terms of probabilities.4 As a result, much of the liter-
ature deals with tests in which the specimens have a simple
geometry and the loading condition is well defined;5 the
dynamic loading is often uniaxial.

It is rare for the complete load history of a load-bearing com-
ponent to be known, so the problem of random loadings is
a particularly challenging one. Much of the extant work in
the literature explores different methods for counting cycles.6,7

While advanced lifetime prediction methods are being applied
to complex products,8 durability testing for product develop-
ment efforts generally takes a much more pragmatic ap-
proach. The methods tend to be simpler to describe and to
implement. It is not uncommon for a project to define a suite
of standard dynamic loading profiles9 and require that the
product be shown to withstand them before being released
for production. In practice, durability testing is conditioned
strongly by economics. The ideal test procedure would be to
run the component on a six degree of freedom shaker table
and to duplicate the required durability profile in real time.
However, cost constraints are often used to justify sequential
uniaxial testing because the test equipment is much cheaper.
Unfortunately, sequential single-axis testing is being shown
to be a poor substitute for simultaneous multiaxial testing.10

One of us (R.M.F.) has experience with product durability
testing in industrial environments. Simultaneous multiaxis
testing routinely reproduced in-service failures while the record
for sequential uniaxial tests was much less robust. Single-axis
test machines are clearly less expensive to purchase, but the
resulting test time is necessarily longer than for machines
capable of running several axes at once. In addition, serious
questions about the relevance of the results would seem to
make claims of decreased amortized test costs for uniaxial
machines specious.

TEST DESCRIPTION

The tests described here were all conducted using a TEAM
Tensor three-axis shaker table as shown in Fig. 1. This is
a small electrodynamic machine capable of reproducing sig-
nals up to 2000 Hz. The machine was driven by a laptop com-
puter through a Vibration Research three-axis controller.

The test specimens were 19 in long beams cut from 0.25 inches
square 6063 T52 aluminum stock. This is an inexpensive
grade of corrosion-resistant architectural aluminum. Notches
were cut in two adjacent sides as shown in Fig. 2. Notch depth
was 0.08 inches.

A clamped-free boundary condition was provided by a steel
fixture that allowed four samples to be tested at a time.
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A small alignment fixture was used to ensure all the samples
were placed in the fixture identically with the lower of the two
notches approximately 0.050 inches above the clamp. Fig. 3
shows a group of four specimens under test.

Because the specimens were very stiff along the axis,
we shook them in the two lateral directions only (though the
table and controller could have run all three directions
simultaneously).

In order to make the test easily repeatable, we used a simple
combination of drive signals on the two axes. The base signal
was a sine chirp from 10 to 35 Hz over 30 s. The peak-to-peak
amplitude was a constant 4 g. To make sure the resulting
force vector changes directions as a function of time, one chan-
nel used an increasing frequency, while the other used a
decreasing frequency. Fig. 4 shows the drive signals for the
two axes in time–frequency domain.

In order for this test to be easily duplicated, the drive signals
needed to have a simple, closed-form description. Using the
same form of the drive signal for both channels further sup-
ports this goal. However, it was also important that the direc-
tion of the resulting acceleration vector varied strongly as
a function of time so that the resulting test was inherently
multiaxis. Fig. 5 shows the x-axis and y-axis accelerations
plotted against each other as a function of time. This three-
dimensional Lisajou figure shows that the resulting test is not
approximately single axis or sequentially single axis.

BASELINE FATIGUE LIFE

In order to establish a baseline fatigue life, a pool of specimens
was run to failure using a simultaneous two-axis drive signal.

Failure was defined as a crack that propagated completely
through the test specimen as shown in Fig. 6. Cracks could
form in either the upper or the lower notch.

To establish a baseline, we ran a pool of test specimens to
failure using a simultaneous two-axis profile. That is, the
x- and y-axis actuators ran simultaneously to produce the
frequency variation shown in Fig. 4.

We called cracks at the lower slot mode 1 cracks and those at
the upper slot mode 2 cracks. Fig. 8 3shows the distribution of
mode 1 and mode 2 cracks in the baseline group. Note there is

Fig. 1: Three-axis shaker table

1.25 in

1.75 in

Fig. 2: Specimen geometry

Fig. 3: Four specimens in test fixture

Fig. 4: Time-varying frequency of drive signals
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no obvious relationship between the failure mode and the
failure time shown in Fig. 7.

In order to track the effect of crack growth during the
test, we instrumented a small number of specimens with
strain gauges on adjacent sides as show in Fig. 9. The gauges
were placed 2 inches above the upper slot to avoid stress
concentrations.

Fig. 10 shows the resulting data in time–frequency domain. It
is clear that the fundamental resonance starts at approxi-
mately 24 Hz and decays to about 20 Hz during the course
of the test. The decrease in resonance frequency is due to
crack propagation and the resulting loss of stiffness. While
the crack is clearly growing, there is still significant residual
bending stiffness and actual failure has not occurred.

SEQUENTIAL SINGLE-AXIS TESTING

It is a common practice to substitute sequential uniaxial for
simultaneous multiaxial testing. Accordingly, we ran a pool of
24 specimens first for 780 s in the x-direction and then 780 s in
the y-direction. Note that 780 s in the mean failure time for
the baseline pool. All specimens survived the initial uniaxial
test segment and nine survived the second uniaxial segment
as well. The results are presented in Fig. 11, and those that
survived are shown plotted as 780 s. Note that the variation in
results is much greater than that shown in Fig. 7. Addition-
ally, one would have expected 12 of the 24 specimens to fail,

Fig. 5: Time-dependent acceleration vector

Fig. 6: Crack formed in the upper notch
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Fig. 7: Fatigue life of baseline specimen group
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Fig. 8: Failure modes of baseline specimen group

Fig. 9: Strain gauges mounted on test specimen
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while 15 actually failed. This may be within the expected
statistical variation.

A more serious concern, however, is the nature of the failures
produced. Fig. 12 shows that of the 15 specimens that had
failed by the end of the test, 6 specimens (40%) experienced
mode 2 failures. This suggests that the distribution of failure
types may also be significantly different. Note that unfailed
specimens are plotted as failure mode 0.

Fig. 13 shows a time–frequency representation of the
response from the x-axis strain gauge due to forced motion
in the x-direction, and Fig. 14 shows the response due to the
subsequent forced motion in the y-direction. Note that the
fundamental resonance frequency of the specimen, initially
about 24 Hz, had decayed to about 22 Hz by the end of the
x-axis test. This decay is caused by decreased bending stiff-
ness due to crack growth.

Fig. 14 shows that both the resonances in the x- and
y-directions decay as a function of time. The cracking initiated

Fig. 10: Decay of fundamental resonance during multiaxial test
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Fig. 11: Results from sequential single-axis test (780 s in
x- and 780 s in y-direction)
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Fig. 12: Failure modes from sequential single-axis testing

Fig. 13: Decay of fundamental resonance due to x-axis cycle

Fig. 14: Decay of fundamental resonance due to y-axis cycle

C
o
lo
ur

F
ig
ur

e
C
o
lo
ur

F
ig
ur

e
C
o
lo
ur

F
ig
ur

e

C
o
lo
ur

F
ig
ur

e
C
o
lo
ur

F
ig
ur

e

SIMULTANEOUS AND SEQUENTIAL
SINGLE-AXIS TESTING

4 EXPERIMENTAL TECHNIQUES September/October 2006



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

by the x-direction forcing continues even under forcing in the
y-direction and eventually leads to failure at about 520 s. The
fully developed crack leaves a small segment of metal that
acts as a crude hinge. Thus, there is very little bending strain
in the specimen above the failure point and the recorded
strain is essentially zero.

The obvious problem is to assign a failure time for a specimen
that has been subjected to 780 s in the x-direction and 520 s in
the y-direction. Would one then simply average the two num-
bers? We know of no credible physical argument for doing
this, so there must then be some robust algorithm for relating
failure during a sequential uniaxial test to a failure time for
the general multiaxial condition.

Another serious problem is that the nature of the cracks gen-
erated during the sequential testing was fundamentally dif-
ferent from those produced during multiaxial testing. Fig. 15
shows a typical mode 1 failure crack from a sequentially
tested specimen. The crack was initiated at the back of the
notch and propagated back. However, when the axis of motion
was changed 908, the crack then started growing inward from
the sides adjacent to the slot.

Compare this result with that shown in Fig. 16. This is the
failure crack produced by simultaneous multiaxis testing. The
crack initiated at the bottom of the slot and propagated back
toward the opposite surface. From this, we conclude that the
sequential single-axis test tended to produce a fundamentally
different type of failure.

SUMMARY

We have presented the results from a durability test series
using both sequential single-axis and simultaneous multiaxis
test procedures. The test specimens and the acceleration pro-
files are simple enough for the test to be duplicated by other
workers. Even so, differences in the results of the two methods
are significant. The two methods produced different failure
times, different failure distributions, and different failure
modes.

The specimen geometry is simple; if sequential single-axis
testing is not acceptable in this case, one might reasonably

conclude that it would be even less so for test specimens with
more complex structural features such as automotive or aero-
space components.

Single-axis testing is attractive at first glance because it
appears to be cheaper. The shaker hardware is certainly less
expensive, but the business case becomes much less attractive
when one considers the cost of testing and the value of the
results. A sequential three-axis test will generally take at
least three times as long as a simultaneous three-axis test
(configuration changes between the three sequential tests will
require additional technician time). Furthermore, the results
from the sequential test are likely to be suspect. One is then
faced with a test that takes much longer and produces much
more questionable results. The value of this approach would
seem much less obvious than first assumed.
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