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Validation of a Surrogate Vehicle for
Luminaire Support Certification

Testing

ALLEN G. HANSEN, MARTIN W. HARGRAVE, AND CHARLES R. HoTT

This paper describes the validation of a surrogate vehicle for lumi-
naire-support testing. The history of surrogate vehicle develop-
ment is briefly recounted, and a proposed validation process is
discussed in detail. Four levels of validation are described. Level
1 relates force-deflection characteristics between the surrogate and
an actual automobile, while level 2 considers velocity-change com-
parisons. Level 3 focuses on crush-length comparisons, where the
concept of normalized crush is introduced. Finally, level 4, the
highest level of validation, is based on physical-modeling compar-
isons. For the purposes of evaluation of luminaire supports and
sign posts, it is suggested that validation of a surrogate at levels
1 and 2 oniy is sufficient to meet the requirements of the American
Association of State Highway and Transportation Officials
(AASHTO) specifications. Test results are then presented for the
new surrogaie vehicie, being used by the Federai Highway Admin-
istration (FHWA), when impacting luminaire supports mounted
on different types of bases. The FHWA surrogate is shown to be
validated for evaluation of the breakaway performance of lumi-
naire supports mounted on either transformer bases or couplings.
Not only is validation achieved for levels 1 and 2, but also partially
for level 3 and level 4. It is recommended that the proposed val-
idation technique be reviewed by the highway research community
and considered for future validation of surrogate vehicles. Further,
it is recommended that the breakaway bogie, developed under
research sponsored by the FHWA, be accepted by the roadside
safety community for use in evaluating breakaway luminaire sup-
ports.

A new surrogate vehicle (or bogie) has been developed by
the Federal Highway Administration (FHWA) for evaluating
the performance of breakaway luminaire supports when
impacted by lightweight vehicles. This paper describes a pro-
posed validation technique and the use of this technique to
validate the new bogie for luminaire supports mounted on
transformer bases and frangible couplings.

HISTORY OF SURROGATE DEVELOPMENT

Rationale for Surrogates

For many decades crash testing has used actual automobiles
impacting into roadside hardware. These tests can be quite

costly, particularly when devices must be re-evaluated due to
changing, more stringent criteria. In addition, using actual
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automobiles can bias test results due to the widely different
frontal crush characteristics of various makes and models of
vehicles and even the differences within a particular make
and model. Because of the cost of full-scale testing and attend-
ant test-result repeatability problems, recognition of the need
to develop lower-cost, controlled laboratory methods, includ-
ing the use of surrogate vehicles, gradually evolved.

Pendulum Devices

In 1970, the FHWA published a notice that permitted the use
of a newly developed rigid-nose penduium as a substitute for
full-scale testing. In 1973, the FHWA determined that there
was only a weak relationship between the rigid-nose pendu-
lum test and full-scale testing. This was due in part to the lack
of vehicle-crush simulation on this pendulum. As a result, the
FHWA conducted additional studies. and a crushable-nose
pendulum was developed. The final version of this pendulum
contained a new nose assembly consisting of two parallel
members between which crushable aluminum honeycomb ele-
ments were collapsed. Aluminum honeycomb material was
also placed on the frontal, or impact. surface of the lead sliding
member (Figure 1). This design., which removed the depend-
ency on object shape, was intended to emulate the crush
performance of a 2,250-1b (1022-kg) 1973 Chevrolet Vega,
and was widely used to certify luminaire-support breakaway
performance under the 1975 American Association of State
Highway and Transportation Officials (AASHTO) criteria.

Bogie Vehicles

Satisfactory results were obtained with the pendulum when
testing single luminaire supports. but testing of large dual-
legged signs presented additional problems. These problems
were primarily associated with the snagging of the support
cables on the sign blank. In 1978. to overcome these problems,
a low-speed bogie vehicle was developed. This vehicle incor-
porated the pendulum nose and weight assembly mounted on
a simple frame with four wheels. with no capability to adjust
or model additional vehicle properties such as the weight
distribution (center of gravity and inertia). the wheel base.
or the track width. This bogie proved to be a reasonable
surrogate for low-speed testing of sign posts.

The next step in the evolution of surrogate vehicles was the
development of the high-speed breakaway bogie. currently
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FIGURE 1 FHWA pendulum test system.

used at the Federal Outdoor Impact Laboratory (FOIL). This
vehicle, shown in Figure 2, models many vehicle properties
not included in the earlier low-speed bogie. In addition, this
vehicle can be used at test speeds up to 60-mph (26.8 m/s).
This vehicle can emulate the actual impact and post-impact
(runout) performance of many of the smaller real-world vehi-
cles. Any automobile weighing from 1.,400-1b (636-kg) to 2,250-
Ib (1022-kg) can be modeled by adjusting the weight, weight
distribution, wheelbase, and track width of the bogie. Testing
at FHWA’s FOIL has indicated that reductions in test costs
of up to 75 percent are achievable using this surrogate instead
of an actual automobile. The validation of this bogie, in an
1,800-1b (817-kg) configuration, for evaluating the breakaway
performance of luminaire supports mounted on transformer
bases and frangible couplings is the subject of this paper.

THE VALIDATION PROCESS

Before a surrogate can be accepted for use in evaluating the
performance of roadside hardware. its performance must be
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FIGURE 2 FOIL Breakaway bogie test vehicle.

validated against actual automobile test results. It is proposed
that this validation be segregated into four distinct (though
not independent) levels:

1. Force-deflection curve comparisons,
2. Velocity-change comparisons,

3. Crush-length comparisons, and

4. Physical modeling comparisons.

For each level of validation obtained, a higher overall level
of validation is achieved. While it is desirable to obtain val-
idation at all four levels, validation to a lesser level should
be appropriate for specific purposes, as discussed later.

Force-Deflection Comparisons

The first level of validation is force-deflection curve compar-
isons. The bogie can be considered a reasonable loading device
(as determined, for example, with low-speed rigid instru-
mented pole experiments) if the force-deflection curve of the
bogie is similar to an automobile. That is, the force exerted
by the bogie on the rigid instrumented pole (when plotted
versus aluminum honeycomb crush) is equivalent to an auto-
mobile’s loading pattern (when plotted against the automo-
bile’s actual frontal crush).

These comparison experiments, to be strictly accurate, must
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be conducted with a rigid pole whose impact face is similar
in shape to that of the luminaire support being evaluated.
This is particularly true when testing with an automobile to
properly account for any force-deflection differences due to
device geometry. This is not as great a concern with the break-
away bogie because it has been designed with parallel sliding
surfaces between layers of crushable honeycomb to minimize
any geometric effects due to luminaire support shape.

Velocity-Change Comparisons

A second level of validation is based on velocity-change com-
parisons. When combined with level 1, a higher level of val-
idation is obtained. The bogie can be considered a reasonable
predictor of velocity change when a series of tests (into actual
luminaire supports, for example) indicates that the velocity-
change values of the bogie are similar to the automobile values
at both low (20-mph or 8.9 m/s) and high (60-mph or 26.8-
m/s) speeds. This would show that the areas under the respec-
tive acceleration-time traces are essentially equivalent for both
the bogie and the automobile. It does not, however, indicate
that the shapes of the two traces are necessarily identical or
even similar, merely that the velocity changes obtained are
equivalent.

To be conservative, the bogie should either predict closely
or over-estimate the velocity change, making it a reasonable
worst-case predictor. This assures that no devices will be cer-
tified by the bogie that would fail tests using automobiles. A
bogie also provides very repeatable controlled test results, so
that variations among different makes and models of full-scale
automobiles are eliminated (7).
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Crush-Length Comparisons

A third, and even higher, level of validation couples the first
two levels with crush-length comparisons (which are impor-
tant only from a research and not a certification standpoint).
A bogie can be used to predict the crush of a vehicle if the
crush-length measurements (as determined from tests into
actual luminaire supports) of the bogie and automobiles agree
at both low and high speeds. That is, predictions of intrusion
into the engine compartment of a vehicle can be made with
a bogie which satisfies this criterion.

The actual crush length (L., ,.,) reported here is normalized
by the change in Kinetic energy (AKE) of the vehicle. The
normalized crush length takes into account the different force
levels resulting from variations in the impact velocity and
velocity change observed in the tests, and allows for a straight-
forward comparison of crush length.

Since most of the work done on the vehicle at low speed
results in vehicle crush, the work done can be approximated
by the integral of the force (F, ) acting on the vehicle from
the luminaire support times its crush length. if the tire and
aerodynamic forces are neglected. Also, because at low speed
the work done is approximately equal to the change in the
kinetic energy of the vehicle, this normalization is essentially
a measure of the reciprocal of the average force (F,,,) acting
on the vehicle. That is,

AKE

f Fimpac[ chrush
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Thus, normalized crush is equivalent to the reciprocal of
the average force when all units of measure are correctly
accounted for. However, in the following comparisons, the
crush length is expressed in inches and the change in kinetic
energy is expressed in ft-kips. consistent with common usage
and convention for each.

At high speed, the crush energy is only a portion of the
AKE of the vehicle due to a significant energy exchange between
the vehicle and the luminaire support. Thus, this normali-
zation technique is not strictly accurate from an analytical
standpoint. However, the trend of increased AKE leading to
increased crush length is still valid and provides for a com-
parative assessment of vehicle crush with less dependence on
variations in impact velocity and velocity change.

Physical Modeling Comparisons

The final and most complete level of validation (level 4) includes
physical modeiing. Here three interreiated phenomena must
all agree between bogie and automobile:

1. Impact dynamics,
2. Chronology of breakaway, and
3. Fracture patterns of the device.

In addition, the lower levels of validation must also be achieved.

For the impact dynamics to be validated. the acceleration
versus time history of the bogie and the automobile must be
in agreement. Not only must the areas under the respective
curves be reasonably similar but also the shapes of the curves.
Because acceleration is proportional to force, this level of
validation implies that the force applied to a break-away device
over a specific time period is essentially the same for a bogie
and the corresponding automobile.

Using high speed film or other methods, the chronology of
breakaway is obtained by observing and comparing the break-
away of respective breakaway devices when impacted by a
bogie and an automobile. Validation is achieved when the
sequence of events initiates breakaway and complete break-
away of each device at approximately the same time for both
the bogie and the automobile.

Finally. the resulting fracture patterns of each breakaway
device can be obtained and compared after completion of the
tests. Validation is achieved when the fracture patterns of
bases impacted with the bogie and with automobiles are sim-
ilar.

Desired Level of Validation

The level to which a bogie surrogate must be validated is
determined by the function which the bogie is to perform.
Ideally, all levels of validation should be obtained. However,
for luminaire-support certification testing. it is proposed that
only levels 1 and 2 are necessary. This is because velocity
change is the primary criterion for breakaway support accept-
ance. Therefore, a valid velocity-change comparison (level 2)
must be obtained as well as a valid force-deflection compar-
ison (level 1). However. it is not necessary that the shape of
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the acceleration traces of the bogie and the automobile agree,
nor that the breakaway chronology and fracture patterns agree
(level 4). In addition, although desirable, it is not essential
that the crush lengths closely correlate (level 3).

VALIDATION FOR TRANSFORMER-BASE
LUMINAIRE SUPPORTS

Prior Data

Transformer-base luminaire supports were previously tested
in the unmodified design at the FHWA pendulum test facility
and, if they did not pass the current acceptance criteria, they
were modified to provide acceptable breakaway performance
(Z). Table 1 presents the results from the 20-mph (8.9-m/s),
2,250-1b (1022 kg) pendulum impact tests, listed by manufac-
turer and model number, with the bases in the unmodified
and the modified conditions.

TABLE 1 TRANSFORMER BASE HISTORIC

TEST DATA
Delta V
Delta V Span
Test No. (ft/sec) (ft/sec)
Unmodified
HAPCO 45964
201 293 17.2
202 12.1
203 219
208 129
210 29.1
Phaff and Kendall TB2A
206 10.5 7.3
212 125
213 17.8
Union Metal 2851
242 14.2 1.0
244 13.2
Pole-Lite TB20-8
236 146 1.2
237 134
Union Metal 2852
21 9.1 0.5
225 9.6
HAPCO 44681
245 113 2.3
246 13.6
Modified
HAPCO 45964
215 9.6 25
219 12.1
Phaff and Kendall TB2A
(Modification 1)
207 9.2 24
222 116
(Modification 2)
232 126 29
233 15.5
Phaff and Kendall TB4
265 11.9 2.2
266 141
Union Metal 2850
239 10.1 7.0
251 13.9
256 153
258 83
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Analysis of these data reveals that transformer bases have
a large variation in breakaway performance. The span of change
in velocity for each transformer-base model varies from a low
of 0.5 ft/sec to a high of 7.0 ft/sec (0.15 to 2.1 m/s) even after
the bases were modified to improve their breakaway per-
formance. Thus, a large variation in safety performance exists
for each model of a transformer base due to production var-
iables. This variation must be taken into consideration when
comparing test results between two different vehicles (such
as a bogie and its corresponding automobile) or even when
comparing results produced by the same vehicle.

Level 1: Force-Deflection Comparisons

Previous research studied the variation of the force-deflection
characteristics of a 1979 Volkswagen Rabbit and other small
cars at several impact locations across the front of each vehicle
(2). The quarter point of the Rabbit was modeled by the bogie
because this research indicated that it yielded one of the higher
changes in velocity when compared with the other cars and
impact locations tested, providing a conservative surrogate.

A comparison of the force-deflection characteristics of the
bogie vehicle with the quarter point of a 1979 Volkswagen
Rabbit automobile at level 1 validation is shown in Figure 3.
These tests were conducted at the FOIL by impacting each
vehicle at low speed into a rigid, instrumented pole with a
cylindrical shape. Since the pole face should have modeled
the shape of a typical transformer-base/luminaire-support sys-
tem, the results shown in the figure are not strictly applicable.
However, the localized crush characteristics of each vehicle
are reasonably similar when impacted with a vertically dis-
tributed, cylindrical loading pattern having a width of approx-
imately 9 in (0.23 m). This is less than the width of a typical
transformer base, which is approximately 15 in (0.38 m). The
effect of this difference in shape is not known, but is presumed
to be small based on the level 2 validation results discussed
below.

Levels 2 and 3: Velocity-Change and Crush-Length
Comparisons at Low Speed

The transformer base selected for this series of tests was a
modern, two-piece design composed of two castings welded
together. This design is typical of the design practice of many
transformer bases currently in use in the United States. In
addition, this base was selected and used previously in tests
conducted during development of the FOIL and the bogie
vehicle. Because this base is typical of current design practice
and because it was used in prior development testing, this
base was selected and used in the current test series.

Five tests, three with bogies and two with automobiles, were
performed with a 20-mph (8.9-m/s) test speed (3). Two of
these tests (one bogie and one automobile) were conducted
with the transformer bases mounted to the test foundation
using standard mounting hardware tightened to 400 ft-1b (537
N-m) of torque. These transformer bases did not break away.
Three additional tests (two with the bogie and one with an
automobile) were conducted with the base-mounting hard-
ware tightened to 200 ft-1b (268 N-m). In these tests, the
transformer bases all broke away. All five transformer bases
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tested were the same model number and from the same man-
ufacturing lot.

Velocity-Change Comparisons

The change in velocity for the five tests are compared in Table
2. In the tests with the base torqued to 400 ft-1b (537 N-m),
the change in velocity for the bogie and automobile were
essentially the same as the impact speed (bogie impact at 28.2
ft/sec, automobile impact at 29.5 ft/sec). The change of the
bogie vehicle was slightly higher because it rebounded with
a small negative velocity while the automobile stopped com-
pletely without rebounding after hitting the base. In the tests
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with the base torqued to 200 ft-1bs (268 N-m), the two velocity-
change values for the bogie vehicle bracket the value for the
automobile.

Crush-Length Comparisons

Normalized crush lengths for this series of tests are compared
in Table 2. At a mounting torque of 400 ft-Ibs (537 N-m), the
normalized crush length of the bogie is identical to the value
for the automobile. At a torque of 200 ft-lbs (268 N-m), the
normalized crush length of the bogie varies from essentially
the same as the car to slightly higher than that of the car.
This suggests that the bogie crush length at low speed can be

AVERAGE FORCE DISPLACEMENT
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FIGURE 3 Force-deflection characteristics of VW Rabbit and FOIL bogie.

TABLE 2 SUMMARY OF RESULTS FOR TRANSFORMER BASE TESTING

Actual Actual Normalized Base
Impact Delta Crush Crush Tensile
Test Speed Velocity Length Length Strength Test
Vehicle (ft/sec)” (ft/sec) (in.) (in./It-Kip) (ksi) No.
20 mph Impact Speed
(Torque 400 ft-Ibs)
Bogie 28.2 318 17.1* 0.76 33.0 S6FO0I
Car 29.5 29.5 19.0 0.76 344 SSFOLL
(Torque 200 ft-lbs)
Bogic 27.5 15.8 15.3" 0.80 340 ROFO02
Bogie 28.3 13.5 12,7 0.76 33.2 SOFO03
Car 29.5 14.6 14.0 0.73 30.8 SOFO04
60 mph Impact Speed
Bogic 86.5 4.5 19.3¢ 0.29 33.8 SOF023
Bogie 88.5 15.5 18.9 0.26 32,2 86F033
Bogie 87.2 132 18.5¢ 0.30 241 SOF038
Car 85.8 13.4 20.5 0.34 33,3 SOF019
Car 88.7 12.4 19.3 0.33 33.7 86F031

“Average from film and speed trap.
b After subtraction of 2 in. for the zero resistance honcycomb cartridge.
“After subtraction of 6 in. for the zero resistance honeycomb cartridge.
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expected to be a reasonable, though perhaps slightly higher,
estimate of the crush of an automobile for similar impact
velocities and similar changes in velocity.

Levels 2 and 3: Velocity-Change and Crush-Length
Comparisons at High Speed

Five tests were performed with a 60-mph (26.8-m/s) test speed,
three with the bogie vehicle and two with an automobile (3).
All tests were conducted with the transformer bases mounted
to the test foundation using standard mounting hardware
tightened to 200 ft-1b (268 N-m) of torque. In this test series,
all bases broke away.

Velocity-Change Comparisons

The changes in velocity of the five tests are compared in Table
2. Although overlap occurs, the range of velocity change for
the bogie vehicle is slightly higher than that of the automobile.
This may be due to the variation in the transformer base’s
breakaway performance, though it is also possible that the
bogie may be more conservative than the particular auto-
mobile tested.

Crush-Length Comparisons

Crush lengths of this series of tests are compared in Table 2.
The normalized crush length of the bogie is slightly lower than
that of the automobile. This suggests that the bogie crush
length at high speed can be expected to be slightly lower than
that of an automobile for similar changes in velocity.

Level 4: Physical-Modeling Comparisons

This section analyzes both the low- and high-speed tests with
respect to level 4 (physical modeling comparisons) validation
requirements for transformer-base supports. A plot of typical
low-speed longitudinal acceleration versus time (from impact)
traces from transducers located at each vehicle’s center of
gravity is shown in Figure 4. A typical high-speed plot is shown
in Figure S.

Impact Dynamics

The first part of physical modeling is impact dynamics. The
acceleration data presented above indicate that the bogie
interacts somewhat differently from the automobile when
impacting transformer bases at both low and high speed. First,
the bogie experiences a delay in sensing deceleration due to
the construction of the bogie’s crushable front end, while the
automobile does not (3). Second, the bogie, probably due to
its concentrated loading as opposed to the automobile’s more
distributed loading, causes a lower peak deceleration at low
speed and causes the peak to occur later in the impact event
at both low and high speed.
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Chronology of Breakaway

Another aspect of physical modeling is chronology of break-
away. Here, the bogie does not agree with the automobile.
At low speed, initiation of fracture occurs somewhat later in
time with the bogie than it does with the automobile, and, at
both low and high speeds, the time to complete fracture and
initiate separation is somewhat more extended for the bogie
than for the automobile.

Fracture Patterns

The final part of physical modeling is a comparison of fracture
patterns of bases impacted with the bogie and with an auto-
mobile. Figures 6 and 7 are photographs of transformer bases
impacted with the bogie and with an automobile. These fig-
ures are typical of both low- and high-speed impacts. As can
be seen, the patterns are very similar, indicating that the bogie
does model the automobile with regard to observed fracture
patterns of bases that have broken away.
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FIGURE 6 Typical transformer-base fracture pattern, bogie
impact.

FIGURE 7 Typical transformer-base fracture pattern,
automobile impact.

Base Tensile Strength

Table 2 shows the base tensile strength and the corresponding
velocity change for each test. Tensile tests were performed
on each test base to determine if the tensile strength ot the
base was a major variable in its breakaway performance. Based
on these data, it is concluded that there is no correlation
between tensile strength and velocity change.

VALIDATION FOR COUPLING-MOUNTED
LUMINAIRE SUPPORTS

Prior Data

During the developmental testing with the FOIL bogie vehi-
cle, two sets of Alcoa aluminum couplings, model 100-1. wer

tested (4). Both tests were conducted at low speed using iden-
tical luminaire supports. The first test used couplings from
the same lot, while the second test used couplings from mixed
lots. The results of these two tests, presented in Table 3. show
a difference of change in the bogie vehicle's velocity of 4.1
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ft/sec (1.3 m/s). it is not known whether or not this difference
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is the maximum, minimum, or average range of values that
can be expected from a series of tests using the same model
of coupling. What can be deduced, however, is that some
range-of-velocity change values can be expected from such a
series of tests.

Level 1: Force-Deflection Comparisons

As discussed previously, the bogie vehicle’s reported force-
deflection characteristics are in reasonable agreement with
the reported characteristics of a 1979 Volkswagen Rabbit
automobile when impacting a cylindrically shaped object sim-
ilar to a luminaire support (see Figure 3).

Levels 2 and 3: Velocity-Change and Crush-Length
Comparisons at Low Speed

The Alcoa model 100-1 frangible aluminum coupling is typical
of couplings currently in use on highways in the Uniied Siaies
and was previously selected and used for tests conducted dur-
ing the development of the FOIL and the bogie vehicle. Because
of the additional fact that reasonably repeatable results can
be expected from this model of coupling, it was again selected

for this test series.

Velocity-Change Comparisons

Two tests were performed with an impact speed of 20 mph
(8.9 m/s), one with the bogie and one with an automobile (5).
The changes in velocity for the two tests are compared in
Table 4, and indicate that the bogie vehicle produces a slightly
higher value than the automobile. However, this value is judged

TABLE 3 PREVIOUS COUPLING TESTS

Impact Change in Vehicle Crush
Test Speed Velocity Length
Number (mph) (ft/sec) (in.)
502 20 15,5 18.4
505 20 19.6 19.6

TABLE 4 SUMMARY OF RESULTS FOR COUPLING
TESTING

Actual Actual Normalized

Impact  Delta Crush Crush
Test Speed*  Velocity  Length  Length Test
Vehicle (ft/sec) (ft/sec) (in.) (in./ft-kip) No.

20 mph Impact Speed

Rogie 70§ 7 192 16 70 N 74 RAFNA?

Car 29.9 17:2 13:5 0.64 86FU036
60 mph Impact Speed

Bogie  85.7 12.7 19.3 0.33 S6F061

Bogie  87.2 12.0 20.9¢ 0.37 S6F063

Car 89.4 8.2 16.5 0.41 86F058

Car 87.0 8.3 16.0 0.41 86F060

“Average from film and speed trap.
P After subtraction of 2 in. for the zero resistance honevcomb cartridge.
¢Afier subiraciion of 5 in. for the zero resistance honeveomb cartridge.
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to be within the range of expected deviation of couplings in
general.

Crush-Length Comparisons

Crush lengths for this series of tests are compared in Table
4. The normalized crush length of the bogie is slightly higher
than that of the car. This suggests that the bogie crush length
at low speed can be expected to be slightly higher than that
of an automobile for similar impact velocities and similar
changes in velocity.

Levels 2 and 3: Velocity-Change and Crush-Length
Comparisons at High Speed

Velocity-Change Comparisons

Four tests were performed at high speed, two with the bogie
vehicle and two with an automobile (5). The changes in veloc-
ity of the four tests are compared in Table 4. The range of
velocity change for the bogie vehicle is higher than for the
automobile. This may be due, in part, to the variation in the
coupling’s breakaway performance. However, deformation of
the luminaire support is thought to be the probable reason
for this discrepancy.

In tests using the bogie vehicle, the impact load is distrib-
uted over a small area of the pole centered at a height of 17.5
in (0.445 m). With the impact load concentrated in a small
area on the pole, the pole deforms significantly when struck
at high speed and, in some cases, tears from the mounting
shoe (Figure 8). This causes the breakaway event to be
extended, thus consuming more of the vehicle’s velocity.

Tests with the Volkswagen Rabbit, however, created a load
which initially was at bumper height (18 in or 0.458 m), but
which subsequently was distributed over a large area of the
pole. With the impact load spread over a larger area, the pole
deformed only slightly (Figure 9), and broke away much sooner.
The extended breakaway due to bogie impact causes the change
in velocity for the bogie vehicle to be greater than for an
automobile.

FIGURE 8 Coupling-mounted support impacted by bogie at
high speed.
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Crush-Length Comparisons

Crush lengths of this series of tests are compared in Table 4.
The normalized crush length of the bogie is very close to, but
slightly lower than, that of the automobile. This suggests that
the bogie crush length can be expected to be very close to
(though perhaps slightly lower than) that of an automobile
for similar impact velocities.

Level 4: Physical-Modeling Comparisons

This section analyzes both the low- and high-speed tests with
respect to level 4 (physical modeling comparisons) validation
requirements for coupling-mounted supports. A plot of typ-
ical, low-speed longitudinal acceleration versus time (from
impact) traces from transducers located at each vehicle’s cen-
ter of gravity is shown in Figure 10. A typical high speed plot
is shown in Figure 11.

Impact Dynamics

The acceleration data presented above are similar to those
presented for transformer bases, and indicate that the bogie
interacts somewhat differently from the automobile when
impacting coupling-mounted luminaire supports at both low

FIGURE 9 Coupling-mounted support impacted by automobile
at high speed.
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FIGURE 11 Typical acceleration traces, 60 mph, couplings.

impact.

and high speed. First, the bogie experiences a delay in sensing
deceleration due to the construction of the bogie’s crushable
front end, while the automobile does not (5). Second. the
bogie, due to its concentrated loading, causes the peak to
occur later in the impact event at both low and high speed.
However, the peak deceleration in both cases is similar.

Chronology of Breakaway

At low speed, initiation of fracture occurs at a slightly later
time with the bogie than with the automobile. However, the
durations of fracture are very similar. At high speeds, the
time to initiate fracture with the bogie is somewhat later than
with the antomohile. Tn addition, the duration of fracture with

tha haoin ic lanaar thaon with an autamanhile
wal CCEil 15 .CRgSeT waan Wit 4Qnl Quithiielue.

Fracture Patterns

Figures 12 and 13 are photographs of typical couplings after
impact by the bogie and an automobile, respectively. These
figures indicate that the fracture patterns of the couplings are
similar when impacted by either the bogie or an automobile.

TRANSPORTATION RESEARCH RECORD 1233

FIGURE 13 Typical coupling fracture pattern, automobile
impact.

CONCLUSIONS
Transformer Base Validation
Level 1: Force-Deflection Comparisons

The bogie vehicle force-deflection characteristics reasonably
model the characteristics of a 1979 Volkswagen Rabbit auto-
mobile when both are impacted into a cylindrically shaped,
pole-like object. No attempt was made to compare the force-
deflection characteristics of each vehicle when impacted into
an object shaped like a transformer base. This should be done
in the future. It can be stated, however, that the localized
crush characteristics of each vehicle are reasonably similar
when impacting into a vertically distributed loading pattern
having a width of approximately 9 in (0.23 m). This is some-
what less than the width of a typical transformer base, which
is approximately 15 in (0.38 m).

Level 2: Velocitv-Change Comparisons

Historic data have shown that the repeatability of trans-
former-base breakaway performance is poor. Therefore, to
expect extremely close correlation between tests is unrealistic.
Correlation must be found by assessing the results of several
tests made with the bogie and with the automobile. If the
results are close, with some overlap of scatter, then correlation
has probably been obtained.

The results of this study tend to indicate a trend toward
slightly higher velocity changes for the bogie during low-speed
tests when the base does not break away (due to hounce-back
of the begie), equivalent velocity-change values-during-low
speed tests when the base does break away. and a velocity
change slightly higher for the bogie at high speeds than for
the automobile. However, because of the expected variation
in the performance of transformer bases, these differences
are minor. In addition, when the bogie does not agree with
the automobile, it is slightly conservative, which is desirable.
Therefore, the bogie can be considered a reasonable velocity-
change predictor for transformer bases.
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Level 3: Crush-Length Comparisons

For low speed tests (when the luminaire support did not break
away), the normalized crush length of the bogie was identical
to that of the automobile. When breakaway occurred, the
bogie crush was slightly higher than the automobile. At high
speeds, the normalized bogie crush was slightly less than that
of the automobile. Overall, this indicates that the bogie can
be expected to yield crush lengths that reasonably approxi-
mate automobile values for all tests.

Level 4: Physical-Modeling Comparisons

The bogie vehicle acceleration curves do not agree with the
automobile curves because the dynamics of the breakaway
(impact dynamics) are not the same. In addition, the chro-
nology of the breakaway is not the same. However, the frac-
ture patterns of bases impacted with the bogie and with an
automobile are similar.

Base Tensile Strength

No correlation was found between the tensile strength of each
transformer-base casting and the breakaway performance of
the base. This is probably due to the breakaway mechanism
of the base. Base fracture starts at the bolt slots on the impact
side and propagates in a tearing fashion. The tensile strength
of the base is not as important as the localized imperfections
along the crack path. Charpy impact test results would prob-
ably be a better indicator of base performance than tensile
strength. However, variations in mounting-bolt placement in
the slot can also be an important factor in the breakaway
performance of transformer bases. Smaller mounting-bolt cir-
cle diameters result in lower velocity change values. In addi-
tion, differences caused by the casting process, such as wall-
thickness variations, inclusions, and other abnormalities
introduced during manufacturing, are also important factors
affecting breakaway performance.

Coupling Validation
Level 1: Force-Deflection Comparisons

As previously stated, bogie-vehicle force-deflection charac-
teristics reasonably model the localized crush characteristics
of a 1979 Volkswagen Rabbit automobile when both are
impacted into a cylindrically shaped, pole-like object.

Level 2: Velocity Change Comparisons

Prior test data obtained during development of the bogie
vehicle have shown that the repeatability of the breakaway
couplings’ performance is also poor. Therefore, extremely
close correlation may not be reasonable. If the results are
close, then correlation has probably been obtained.

The results of this study indicate a trend toward a higher
velocity change for the bogie vehicle, particularly for high-
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speed tests. The thin-walled aluminum poles used for these
tests deformed significantly when impacted at high speed by
the concentrated load of the bogie vehicle’s nose, increasing
the velocity change of the bogie. It is expected that the veloc-
ity-change correlation would be better if stiffer and/or heavier
poles were tested.

Based on these results, the bogie vehicle is at best a con-
servative predictor of change in velocity and is more accurate
at low speed where most devices fail the change-in-velocity
criterion. Only very heavy luminaire supports typically fail
during high speed tests, due to their high inertial properties.
Therefore, the bogie can be considered to be a reasonable
surrogate for the low-speed testing of breakaway luminaire
supports when mounted with coupling devices, and a con-
servative surrogate for high-speed testing particularly with
thin-wall, easily deformable poles.

Level 3: Crush Length Comparisons

At low speeds, the normalized crush length of the bogie was
slightly more than that of the automobile. For high-speed
tests, the normalized crush length of the bogie was practically
the same as that of the automobile. Overall, this indicates
that the bogie can be expected to yield crush lengths that
reasonably approximate automobile values for all tests.

Level 4: Physical Modeling Comparisons

The bogie vehicle acceleration curves do not agree with the
automobile curves because the dynamics of the breakaway
are not the same. In addition, the chronology of the break-
away is not the same. However, the fracture patterns of cou-
plings impacted with the bogie and with an automobile are
similar.

RECOMMENDATIONS

The bogie vehicle developed and evaluated at the FOIL has
been shown to provide force-deflection comparison (level 1),
velocity change comparison (level 2), and partial crush length
comparison (level 3) validation for luminaire supports mounted
on transformer bases or frangible couplings. With regard to
physical modeling validation (level 4), the bogie produces
similar fracture patterns when impacting transformer-base and
coupling-mounted devices, but the impact dynamics (the shape
of the acceleration curve) and the chronology of breakaway
are somewhat different.

Because the bogie vehicle is reasonably valid at both level
1 and level 2, it is recommended that it be utilized as a sur-
rogate vehicle for determining the expected velocity change
when a luminaire support mounted on a transformer base or
on couplings is impacted with a small, 1,800-1b (817 kg) vehi-
cle. In addition, since it has been partially validated at level
3, it could be used in some cases to estimate intrusion into
the engine compartment for research purposes.

If a coupling-mounted luminaire support fails the high speed
test when impacted with the bogie vehicle, and if a significant
amount of deformation of the pole occurs, then it is recom-
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mended that the test be repeated with an automobile to deter-
mine if the device is acceptable.

It is further recommended that the validation technique
described in this paper be reviewed by the highway research
community, refined and improved as appropriate. and sub-
sequently adopted as a standard for validation of future sur-
rogates.

Finally, the concept of normalized crush should be studied
further. Perhaps a formulation which better accounts for high
speed crush can be found. In addition, an appropriate non-
dimensional formula would be an improvement.
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