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A method of comparing two acceleration time histories to determine
whether they describe similar physical events is described. The method
can be used to assess the repeatability of full-scale crash tests and it can
also be used as a criterion for assessing how well a finite-element analy-
sis of a collision event simulates a corresponding full-scale crash test.
The method is used to compare a series of six identical crash tests and
then is used to compare several finite-element analyses with full-scale
crash test results.

Historically, roadside hardware has been evaluated by performing
full-scale crash tests representing practical worst-case scenarios.
Crash tests are relatively expensive and require specialized facilities
and personnel to perform, therefore, researchers generally try to
minimize the amount of full-scale testing required to evaluate the
performance of a roadside safety appurtenance. The result is that
often important policy and design decisions are based on the results
of just one or two full-scale tests. Crash tests, like all other physical
phenomena, are subject to small variations in impact conditions,
vehicle characteristics, construction materials, and imprecise con-
struction methods. Recommendations for performing full-scale
crash tests, such as NCHRP Report 350 and SAE J211, are designed
in part to minimize experimental variations, although experimental
error can never be eliminated (1,2). Even using these test and data
collection procedures to minimize experimental variation, if several
essentially identical tests were performed it is reasonable to expect
that the resulting acceleration and velocity histories of the vehicle
would exhibit some variability as a result of random experimental
error. The purpose of this paper is to use several highly repeatable
crash tests to quantify the variability that can be expected in crash
test results and finite-element analyses used to predict crash test
results.

The issue of the repeatability of crash tests has several important
practical applications. First, an appreciation for the variability in
crash testing will help researchers and policy makers make decisions
about performing crash tests and evaluating the significance of any
one crash test experiment. At times it may be prudent to run identi-
cal tests when the outcome of the test will have broad policy impli-
cations. Second, if finite-element analyses are used to either predict
or explain crash test behavior, it is essential to be able to quantify
how well the analytical predication compares with the actual crash
test event. Although subjective comparisons are useful, more quan-
tifable criteria for judging the validity of a simulation compared
with a crash test are needed. A finite-element analysis of a collision
event should be expected to produce results that are as good as run-
ning another test. It would be remarkable for a series of full-scale

crash tests to produce “identical” results, because collisions are
complicated events. A simulation, then, need not exactly replicate
an acceleration history as long as the response is within the reason-
able range of responses expected in a test. The objective of this
paper is to present a technique for comparing two acceleration his-
tories to assess the quality of a simulation compared with that of a
full-scale crash test.

ANALYSIS OF TIME HISTORY RESIDUALS

Usually the first information an analyst obtains about a crash event
is acceleration time histories. If two time histories are sampled at the
same rate and start at the same time, one method for comparing time
histories would be to measure the residuals between each pair of
data points. Because the data are sampled and filtered at the same
frequency, each data point can be paired with a data point from the
other time history. The difference between the two data points is the
residual. A statistical analysis of the resulting residuals will provide
a good measure of the correspondence between the two time histo-
ries. If the two curves are identical, each pair would be identical and
the residual at every point would be 0. Unfortunately, even two
accelerometers at the same location in the same test will not provide
truly identical samples because of random vibrations, experimental
error, and sampling errors. One method for exploring the relation-
ship between two time histories is to make the assumption that they
represent the same physical event and then perform statistical tests
to either support or disprove that assumption.

If the two time histories are the same and the only differences are
random experimental and data acquisition errors, the mean residual
should be 0. The residual measures the difference at each instant in
time between two time histories that are assumed to be the same.
The line passing through the point where the sum of the residuals is
0 is, by definition, the average response. Likewise, the standard
deviation of the residuals can also be calculated.

If the two time histories are assumed to represent the same event,
the differences between them (e.g., the residuals) should be attrib-
utable to random experimental error. If a time history is digitized at
2000 Hz, there will be 100 data points in a 50-msec-long event. The
residual at each point in time is an independent random error. If the
residuals are truly random, then the residuals should be normally
distributed around the mean error of 0.

Once the mean and variance of the residual distribution are
known, they can be used to plot an envelope around the average
response. For example if the standard deviation of the residuals is
multiplied by 1.6449 and then added to the average response the
upper-bound 90th-percentile envelope response is obtained (assum-
ing that the residuals are normally distributed). Likewise subtract-
ing yields the lower-bound 90th-percentile response.
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A paired two-tailed t-test can be performed with the mean and
standard deviation where the t-statistic is defined as follows (3):

(1)

where

ē 5 average residual between the two curves,
se 5 standard deviation of the residuals, and
n 5 number of paired samples.

If the t-statistic is in the range

(2)

where ta,n-1 can be found in a table of critical t-statistics (e.g., most
typical textbooks on probability and statistics have such a table), it
can be concluded that there is no significant difference between the
two time histories at the a level of significance. A statistical test,
such as the t-test, cannot prove that the two histories are identical.
What the test does indicate is that there is no statistically significant
reason for rejecting the hypothesis that the curves represent the same
response. One advantage to the t-test approach is that it requires only
two curves: two test curves or a test curve and a simulation curve.
In practice, an analyst will not have any information about the vari-
ability of the test data and will have to depend on the response of
one test and one simulation to decide how well the simulation pre-
dicted the response of one test and one simulation to decide how
well the simulation predicted the response of the test. The t-test indi-
cates whether the differences between the two responses can be rea-
sonably attributed to normal experimental error without having a
series of repeated tests.

The analysis of variance leads to the following criteria for evalu-
ating two time histories (suggested critical values for ē and se will
be discussed in a later section):

(3)

The average residual between two time histories averaged over
the event should be essentially 0. The standard deviation of the
residuals should be less than some accepted reasonable value. The
absolute value of the t-statistic should be less than the critical t-
statistic for a two-tailed t-test at the 5 percent level (90th-percentile).

Ensuring that the two time histories are correctly paired is an
important feature of this technique. If the start of one event is offset
from the second time history, incorrect residuals will result. When
there is uncertainty about pairing the time histories, the most prob-
able starting point can be obtained using the method of least squares:

• Make a trial estimate of the starting point on each time history.
• Square each individual residual and sum them to obtain the

summed squared residual.
• Move the pairing point of one time history a small amount for-

ward or backward from the initial point. Recalculate the summed-
squared-error and iteratively search the region where the summed-
squared-error is at a minimum. This is the most likely pairing point
according to the method of least squares.
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One common technique used to qualitatively compare crash test
data is to compare the velocity time histories. Velocity can be cal-
culated from experimentally observed accelerations by numerically
integrating the acceleration history. The process of integration tends
to smooth out the velocity history because small positive perturba-
tions are canceled by other small negative perturbations, making
velocity histories less “noisy.” If two acceleration histories are iden-
tical the two resulting velocity histories are guaranteed to be identi-
cal because the velocity curve is the integral of the acceleration
curve.

An analysis of the residuals should be performed only on mea-
sured time histories (e.g., accelerations) and should never be per-
formed on time histories mathematically derived from primary mea-
surements (e.g., velocity and displacement). Accelerations are
usually measured directly in a full-scale crash test, whereas veloci-
ties and displacements are derived by numerically integrating the
experimentally measured accelerations. Residuals (random experi-
mental error and random vibrations) do not accumulate in an accel-
eration trace when the acceleration is the measured quantity;
because residuals are independent there is no relationship between
the residual at one instant in time and the residual at another instant
in time. When the acceleration curve is integrated, however, the
residuals are accumulated in the velocity history. An error in mea-
suring acceleration will be integrated and added to the velocity
curve, so all the error in the acceleration curve will accumulate in
the velocity history. Integrating once more to obtain displacements
will further compound the accumulation of error. An analysis of
variance, therefore, should be used only on measured experimental
data (e.g., acceleration data from a full-scale crash test).

REPEATABILITY OF FULL-SCALE TESTS

Description of Test

Normally, only one full-scale crash test is available for evaluation.
An understanding of the variability of tests will assist engineers in
judging derived evaluation parameters such as the occupant impact
velocity, the occupant ridedown acceleration, and the vehicle exit
conditions. If a finite-element analysis is being used to either predict
the results of a crash test or explain the results of an already-
performed crash test, it is important that the analyst appreciate how
close the predicted and actual histories must be to be considered
essentially the same event.

Full-scale crash tests are an aggregate of many interdependent
complicated smaller events. Normally a developer of roadside hard-
ware has resources for only a few tests, so identical tests are a rar-
ity. The degree of repeatability of a full-scale crash test is a function
of the type of test and the vehicle and barrier interacting in the test.
Some tests, such as rigid pole impacts with identical vehicles,
should have a high degree of repeatability. Other tests, for example
gating guardrail terminal tests, will probably not be repeatable.

A series of six identical full-scale crash tests were performed at
the Federal Outdoor Impact Laboratory (FOIL) between 1991 and
1994 (4–6). Each test involved a 1988–1992 Ford Festiva striking a
rigid instrumented pole at 32 km/hr on the center-line of the vehi-
cle. The Ford Festiva in these model years was exactly the same
platform with only minor nonstructural differences. The tests were
all performed at the same facility, with the same personnel, using
the same data acquisition and reduction techniques. These particu-
lar tests should be repeatable.
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Acceleration History Criterion

Even when two independent measurements of the same collision
event are obtained, usually there are differences between the result-
ing time histories. Table 1 shows statistics for time histories derived
from two redundant accelerometers located at the same location,
aligned in the same direction for an impact at 32 km/hr with a rigid
pole (Test 94F001). The time histories are similar although there are
small differences as a result of experimental error and random vibra-
tions. The mean residual and the standard deviation of the residual
between these two time histories were found to be 20.0219 and
1.3446 g, respectively. Even though the time histories “look” nearly
identical, the maximum residual between the two time histories is
5.29 g. The t-statistic is much less than the critical t-statistic of 2.58,
indicating 90-percent confidence that there is no statistically signif-
icant difference between the two time histories.

Next, data from six nearly identical full-scale tests were obtained
from FOIL. As shown in the acceleration histories in Figure 1, there
is noticeable variability between tests, although all six of the tests
display the same basic response and they clearly represent similar
events. The average acceleration history can be determined by aver-
aging the acceleration value at each sampling point of these six tests
as shown in Figure 2. Once the average response has been calcu-
lated, the residual of each sampling point in each curve can be cal-
culated. The residual is the absolute instantaneous value of acceler-
ation in the test subtracted from average response at that time.

If the cumulative density function of the residuals for the six iden-
tical tests is plotted, Figure 3 is obtained. The residuals appear to be
normally distributed as would be the case if experimental errors and
random vibrations were independent random events. The cumula-
tive density function of the residuals is exactly the curve that would

be obtained by plotting the cumulative density function of a normal
distribution with a mean of 0 g and a standard deviation of about 2
g, the test statistics from Table 2.

If the instantaneous residuals for each test are plotted as a func-
tion of time, however, it can be seen that the magnitude of the resid-
uals has some time dependency. The region between time 0.01 and
0.03 sec shows the largest residuals. Physically this corresponds to
the part of the collision where the bumper-radiator-core support
assembly has collapsed but has not yet made contact with the engine
block. This should be a noisy part of the impact because the response
will be dominated by many small unrepeatable events. The major
response of the vehicle, however, is determined by the primary
masses and load-carrying assemblies, such as the engine, the frame
systems, and the main body. When these systems are encountered,
the residuals are generally less than 3 g. Although the magnitude of
the residual seems to be partly a function of time, the randomness of
the residuals is still apparent. For example, the residuals are sym-
metrically distributed about the 0-g line, indicating that positive 
and negative residuals are equally probable (i.e., the distribution is

TABLE 1 Analysis of
Variance for Residuals of Two
Redundant Accelerometers

FIGURE 1 Acceleration of six identical rigid pole impacts 
at 35 km/hr.

FIGURE 2 Average acceleration response of six tests and the
90th-percentile confidence envelope.

FIGURE 3 Cumulative density function of residual
accelerations from six identical tests.
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(less than 20 percent of the peak acceleration), and the t-statistic sug-
gests that the residuals are statistically indistinguishable.

Energy Balance Criterion

Crash tests are generally performed to assist engineers in learning
how energy is dissipated in a collision event. The designer of a vehi-
cle or a roadside barrier is attempting to manage the precollision
kinetic energy in such a way that the vehicle occupant is protected.
The conservation of energy is one of the fundamental principles of
mechanics. The total energy of a system during a collision is the
instantaneous sum of all the different forms of energy of each parti-
cle in the system. For a vehicle-barrier collision, most of the energy
will be represented as kinetic and strain energy. Other forms of
energy such as thermal energy are neglected using this approach
under the assumption that they represent a small part of the total
energy (e.g., mechanical collisions are assumed to be adiabatic).
Friction is another source for energy loss that may be important in
some types of impacts, for example redirectional collisions with lon-
gitudinal barriers. For the case of a vehicle striking a rigid pole con-
sidered here, however, friction does not play an important role, so it
is neglected in the following discussion. Kinetic energy is the energy
of motion of the particles, whereas the strain energy produces dis-
tortion and displacement of the particles. At the start of a collision
event the kinetic energy is at its maximum value, whereas strain
energy is 0. The impact event transforms kinetic energy into strain
energy required to deform the vehicle structure and overcome the
frictional forces in the collision.

The initial kinetic energy is easily calculated as

(4)

where m is the mass of the vehicle and v0 is the initial velocity of the
vehicle. The kinetic energy at each instant of time is also easily cal-
culated for this unidirectional collision on the basis of the instanta-
neous velocity observed in a crash test. In general, the total kinetic
energy would have to be calculated incorporating all six rigid body
motions.

Strain energy is not measured directly in a full-scale crash test,
but when the device that is struck is an instrumented rigid pole or
wall the work done on the vehicle can be calculated on the basis of
the measured force history. Because the work done on a structure
must equal the strain energy dissipated, the strain energy history can
be obtained from

(5)

where

U 5 strain energy,
W 5 work done on the structure,
Fi 5 instantaneous forces on the rigid barrier, and
ui 5 generalized displacements resulting from the application of

those forces.

Instantaneous values for the force, Fi, are measured directly in rigid
pole and rigid wall tests. The displacements can be obtained in sev-
eral ways, but the easiest method is to integrate the Fi history twice
to obtain the instantaneous displacements.
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heteroscadastic). The assumption that the residuals are independent
random events, however, should be retained because it helps to
explain most of the impact event. If repeated tests were always
available, the analyst could determine the functional relationship
between the residuals and time. Because ultimately the analyst will
have only one test and one simulation, the independence of the
residuals is vital to testing hypotheses about the responses of a test
and simulation.

The average response of the test data should by definition be 0.
As shown in Table 2, the actual average residual was 0.17 g, which
is less than 1 percent of the peak acceleration, for all practical pur-
poses 0. For the six tests shown in Figure 1, the standard deviation
of the residuals varies from 1.92 to 2.63 g, a little less than 10 per-
cent of the peak acceleration. The average standard deviation of the
residuals for these six tests was found to be 2.3 g. These test results
suggest that for very repeatable tests, the average and standard devi-
ation of the residuals will be within 1 and 10 percent of the peak
acceleration, respectively. One possible set of criteria might be that
the average residual should be less than 5 percent of the peak accel-
eration and the standard deviation should be less than 20 percent of
the peak acceleration. Only experience using these values will deter-
mine whether these critical values are too restrictive.

The 90th-percentile envelope in Figure 2 is formed by adding
1.6449*2.3 5 3.8 g to the average response to obtain the upper
boundary and subtracting 3.8 g from the average response to obtain
the lower boundary. If 10 tests were performed, 9 of them should
fall within the nearly 8-g-wide envelope shown in Figure 2.

Two-sided paired t-tests were performed between the six experi-
mental acceleration curves and the averaged response. Table 2
shows the resulting statistics. The critical t-statistic for a 5 0.005
and 380 degrees of freedom (essentially ∞) is 2.58. Since all the t-
statistics in Table 2 have absolute values much less than the critical
value, the chance that these paired time histories are not essentially
the same physical event is less than 10 percent.

All six of the velocity histories are virtually identical because the
acceleration histories from which they are calculated are all closely
related. As discussed earlier, it would be inappropriate to perform
an analysis of the residuals for the velocity histories because they
are derived quantities rather than measured values. If an analysis of
the variance is performed, the t-statistic derived is greater than 24,
much greater than the critical value of about 3 required for 90-
percent confidence. Although velocity histories are useful for sub-
jective analyses, quantifiable measures must be based on the mea-
sured acceleration data.

These six tests satisfy the three criteria listed earlier in this paper:
the average residual is close to 0 (the average is less than 5 percent
of the peak acceleration), the standard deviation is reasonably small

TABLE 2 Test Statistics for Six Paired
t-Tests

.
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Because kinetic energy is a function of the square of the initial
velocity, the energy balance is more sensitive to small variations in
the initial conditions than the acceleration history. To help remove
the effect of the initial conditions it is convenient to divide both the
kinetic and strain energy histories by the initial kinetic energy; the
resulting histories are called the relative strain and relative kinetic
energy histories. The relative strain energy (or work) can be plotted
against the relative kinetic energy to obtain an energy balance such
as that shown in Figure 4.

The energy histories should display several important character-
istics. First, the initial kinetic energy should be essentially equal
between tests or in comparison to a simulation. The initial kinetic
energy is simply a function of initial conditions and if it is not rea-
sonably similar (e.g., 5 percent or so) the tests may not be equiva-
lent collision events. Second, the time when the maximum strain
energy occurs should coincide with the time when the minimum
kinetic energy occurs. At all instants of time the sum of the relative
kinetic and strain energy should be close to 1 in the absence of

significant friction effects and other energy losses. Figure 4 demon-
strates that the losses caused by thermal and friction effects are rel-
atively minor for this rigid-pole impact because the sum of the strain
and kinetic energy at the end of the event is essentially 1.

Performing an energy balance is in principle possible for any
impact event; however, it is more difficult to perform the required
calculations as the event becomes more complicated. For simple
symmetrical center-on frontal impacts with a rigid instrumented
pole or wall the calculations are straightforward and should be done.
For collisions where there is no instrumentation of the impacted
device it will not be possible to determine the strain energy (or work
done) experimentally. Using an energy balance to compare time his-
tories is, therefore, probably not a practical technique for most types
of impacts.

SIMULATION COMPARISONS

The small-car rigid-pole impact described in the previous section
was also simulated using the DYNA3D nonlinear finite-element
program (7 ). The simulated response is shown with the average
response from the six identical tests discussed in the previous sec-
tion in Figure 5. Table 3 shows the values for the analysis of vari-
ance of the DYNA3D simulation compared with the average
response of the six full-scale crash tests. The two curves follow each
other generally but an analysis of the variance would provide a more
quantitative assessment of the correlation. The simulation accelera-
tion history seems to follow the test curve better before the peak
acceleration. The statistics shown in Table 3 also indicate that the
correlation is better in the earlier phase of the impact. The t-statistic
for the whole event is 4.18, greater than the critical 90th-percentile
value of 2.58. This suggests that the later part of the event does not
replicate the full-scale tests. An analysis of just the first 70 msec of
the event (the time up to the peak acceleration) indicates that the
simulation and full-scale tests cannot be distinguished from one
another, at least as far as the t-statistic is concerned. This analysis of
the variance suggests that the model does a good job at predicting
the response of the full-scale tests until peak loading occurs.

Figure 6 shows an example of another simulation compared with
a full-scale crash test. The test and simulation involve a 1988 Ford
Taurus striking a rigid wall at 57 km/hr, the typical FMVSS 208 test
conditions (8,9). As shown in Figure 6, the two acceleration histo-
ries seem to correspond subjectively to the same event. If the time
history residuals are examined as discussed earlier, the results
shown in Table 4 are obtained. The standard deviations of the resid-
uals are about 17 percent of the peak acceleration, and the average
residual is about 2 percent of the peak acceleration. The t-statistic
indicates that there is no statistically valid reason for not consider-
ing these two time histories equivalent, even with the significant
postimpact spike and the somewhat “rounder” appearance of the

FIGURE 4 Relative energy balance for six identical pole
impacts at 32 km/hr.

FIGURE 5 Comparison of a simulation and the average of six
tests of impacts of 1988 Ford Festivas at 35 km/hr with a rigid
instrumented pole.

TABLE 3 Analysis of Variance for 35-km/hr Test and Simulation of
1988 Ford Festiva Impact with Rigid Pole
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• Effective for comparing time histories produced using differ-
ent methods (e.g., simulations versus crash tests), and

• Based on a logical quantitative mathematical procedure.

A simulation should be judged an adequate representation of a full-
scale crash test when the following conditions are met:

• The average residual should be less than 5 percent of the peak
acceleration (ēresiduals # 0.05apeak);

• The standard deviation of the residuals should be less than 20
percent of the peak acceleration (sresiduals # 0.20apeak); and

• A t-statistic should be calculated between the test and simula-
tion curves. The calculated t-statistics should be less than 3 (23 
# t0.005,` # 3).

Using more quantifiable validation criteria will assist analysts in
making more objective decisions about the quality of finite-element
models and their ability to predict impact events. As demonstrated
in this paper, there is some degree of variability between nearly
identical tests and even between different accelerometers measur-
ing the impact event. Finite-element analysis should produce results
that fall within the normally expected values for tests if a series of
tests were performed.
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simulated event. The model, therefore, is as good a predictor as run-
ning another test with the same impact conditions.

CONCLUSIONS

The technique described in the previous sections is certainly not the
only method that can be used to compare crash test and simulation
data. The particular choice of what measure of validation to use is
not nearly as important as a commitment to using some type of
quantifiable and objective measure.

The full-scale crash tests described in this paper represent some
of the most repeatable of crash test scenarios. The critical values rec-
ommended earlier may prove to be too restrictive for some roadside
hardware collision scenarios (e.g., redirectional longitudinal barrier
collisions). On the other hand, these results should be useful for
examining typical NHTSA compliance tests, such as FMVSS 208,
which also feature highly repeatable crash test scenarios. Only addi-
tional experience with typical roadside hardware simulations and
crash tests will provide the answers for how well crash tests and sim-
ulations can be correlated. The recommendations in this paper are
intended to suggest a quantifiable technique for making such com-
parisons. The technique described in the previous sections has sev-
eral practical advantages for comparing time histories. Examining
the residuals is

• Easy to implement,
• Ideally suited for cases when only two time histories are avail-

able (e.g., one crash test and one finite-element simulation),

FIGURE 6 Comparison of a simulation and test of a frontal
impact at 57 km/hr of a 1988 Ford Taurus with a rigid wall.

TABLE 4 Analysis of Variance for 
a 56-km/hr Test and Simulation of a
1988 Taurus Rigid Wall Impact


