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ABSTRACT
This report descr ibes analyses conducted to predict the J

response of a truck tractor-trailer system with a
spent-nuclear-fuel shipping cask in very severe (98-135
kilometers per hour) head-on crashes into a rigid concrete
structure. The analyses include both mathematical and -
physical scale modeling of the system. The results of the
analyses are compared to the results of instrumented
full-scale tests conducted -ras the last step in the research

program descr ibed in the report.
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SUMMARY

This report describes mathematical and physical scale
modeling of a highway spent-nuclear-fuel shipping system
involved in a severe transportation accident at two separate
velocities. The shipping system analyzed consists of a
tractor-trailer system and a lead shielded cask container.
Results of the analyses, which predict the response of the
transportation system and cask to head-on crashes into a very
rigid concrete target, are compared to the reéults of
instrumented full-scale tests conducted as part of the

program.

The mathematical analyses are accomplished in two steps.
First, the overall system is modeled using a lumped-parameter
computer program.' This first step provides information
regarding the response of the vehicle and the rigid body
motion of the cask in the impact. A second step utilizes a
finite element computer program to calculate the detailed
deformation response of the cask. These analyses were done
for system impact velocities of 97 and 129 kph (60 and 80
mph) .

The lumped-parameter model indicated that the vehicular
system would be completely destroyed at both velocities. At
the lower velocity it predicted that the mitigating
structures would prevent the cask ffom undergoing any
deformation to its basic body structure. At the higher
velocity, the lumped-parameter model predicted that the cask
would impact the target sufficiently hard to undergo some

deformation. This information was used as input to the




finite-element model, the second step in the mathematical
analysis. The finite-element model predicted slight
mushrooming of the cask body, but containment of the fuel.

A second phase in the accident analysis included scale
modeling of the transport system. One-eighth scale models’of
the tractor, trailer, and cask were constructed. These were
impact tested into scaled concrete targets at two different
velocities. Results of these tests agreéd well with the
mathematical analyses. 1In both tests, the vehicular system
was severely damaged. In the first low velocity test, the
cask did not sustain any measurable deformations. In the
second test, the impact end of the cask model was deformed
much as was predicted by the mathematical finite-element

analysis.

The last step in this study involved full-scale tests.
Used but representative vehicular systems and a lead shielded
cask were utilized. Two separate tests were conducted at
velocities of 98 and 135 kph (61 and 84 mph). The results of
the full-scale tests agreed well with the analyses. The
vehicular systems were completely destroyed in each test.
After the first test, the basic body structure of the cask
was completély undeformed and the same cask was used in the
second test. Damage to the cask in the second test agreed
very well with results predicted by the mathematical analyses
and the scale models. The impact end of the cask was slightly
expanded. At its worst point, the diametral expansion was
3%3. The cask very capably maintained its containment

ability.

The full-scale tests provided much data regarding the
response of a shipping cask in an accident environment. A
number of conclusions have been drawn based on the findings
of this study. These are included in the final section of

the report.
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1.0 Introduction

The transportation phase of the nuclear fuel cycle
requires that irradiated fuel elements (spent—nuclear—fuei)
be shipped from a reactor site to a reprocessing plant or to
permanent storage. This material is shipped in very massive
radiation-shielded containers usually termed shipping casks.
Casks are shipped either on a railroad car or a truck
tractor-trailer system. Sandia Laboratories is currently
involved in a full-scale testing program where, as a final
step, casks together with their transport system are being
tested to determine their ability to withstand extremely
severe accident conditions.

This report describes the analysis and results of «crash
tests involving a cask and its truck transport system.
These tests were conducted by Sandia Laboratories for the
Environmental Control Technology Division of the U. S.
Department of Energy. The two tests described in this
report represent the first phase of the broader series. A
description of the'overall test program and its purposes
can be found in Reference [1]*. '

In the tests reported heré, used truck tractor-trailer
systems were impacted head-on into a very rigid and massive
concrete target at respective velocities of 98 and 135 kph**
(61 and 84 mph). Nearly identical transport systems

* Numbers in brackets indicate references at the end of the
text.
** This abbreviation will be used to indicate kilometers

per hour
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carrying the same 20,500 kg (45,000‘lb) cask were used. A
schemat ic of this lead shielded cask container is shown in

Figure 1.1.

In the tests described here, the cask was water filled

and carried unirradiated fuel elements. It was mounted head
forward on its normal shipping trailer, using the original
t iedown system. The cask was equipped with conventional type
balsa wood impact limiters on both ends. The tests were
conducted on January 18 and March 16, 1977.

The overall program for the tests included an analysis
effort aimed at predicting the response of the full-scale
system and, in particular, the damage to the shipping cask.
The analysis included independent mathematical and scale
modeling of the full-scale test. The results of the
analysis, including both mathematical and scale modeling,
were first reported in [2] and [3]. The present report
brings together in a concise, comprehensive manner, a
description of the mathematical analysis, scale modeling, and

results of the full-scale tests.

The mathematical analyses were accomplished with the use
of two pre—-existing Computer programs. The first of these was
used to'analyze the overall system response with a lumped
parameter model. A second step in the numerical analysis
utilized a dynamic finite element model of the shipping éask.
This model provided detailed information of the structural
response of the cask, including possible permanent
defbrmations and slump of the lead shielding material.,

Section 2 includes a description of the mathematical

o
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Figure 1.1 Schematic of the lead shielded cask used in the full-

scale tests.
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4(numerical) work performed prior to conducting:the full-scale

tests as well as the results of the work.

A second phase in the analysis utilized scale modeling.
Scale models of the system including the cask, trailer, and

tractor structures were built and impact tested against model

‘concrete targets. These experiments provided much

information regarding the expected behavior of the full scale
system and confirmed the mathematical analysis. The scale

modeling work is described in detail in Section 3.

The full-scale tests were performed after the
mathemat ical analysis and scale médeling were complete. For
purposes of data acquisition, each of the full-scale tests
had extensive high speed photocoverage as well as onboard
instrumentation operating through a telemetry package bolted
to the cask. ‘A large amount of data wefe gathered in each
case and used as a basis for comparing the pretest
predictions with the actual response of the full-scale

system.

Section 4 of this report describes the full-scale test
procedure and results. Section 5 comparé; the pretest
analysis predictions with results from the full-scale tests.
Conclusions and recommendations based on observations made
through this phase of the full-scale testing program are

included in Section 6.



2.0 Mathematical Analysis

2.1 Introduction

Detailed mathematical analyses were performed prior to
conducting the full-scale tests. These analyses were
designed to predict the response of the full-scale system and
in particular, of the shipping cask at system impact
velocities of 97 and 129 kph (60 and 80 mph).

The mathematical analysis was accomplished in two steps.
Fitst,lthe entire transport system, including the vehicle
- and the cask, was analyzed using a lumped-parameter model.
This model provided information regarding the behavior of the
vehicular system. Also, using a lumped-parameter model and
treating the cask as a rigid body, output from this model was
used to determine the impact velocity input to a detailed
dynamic finite element model of the container. This section
describes both of these techniques and results of their

application.

2.2 Lumped-Parameter Model

In the lumped-parameter model, the transport system was
discretized into masses and couplings. The model was
one~dimensional; therefore, each mass had one degree of
translational freedom. The coupling definitions were based
on structural analysis estimates of their load-displacement
behavior. Once the model was constructed, the SHOCK [4]
computer program was used to solve the system of equations

associated with it. The displacement-time and velocity-time

17




histories computed for the mass elements provided estimates
of the deformation and dynamic response of the full-scale
system, including the rigid body dynamics of the cask.

The applicability of a one-dimensional model was
determined by preliminary calculations based on the
rotational moment of inertia of the cask and trailer and on
the calculated strengths of the trailer and tiedown
structures. These basic calculations indicated that no

appreciable rotation of the system would occur as the vehicle

system crushed during the impact. Hence, a one-dimensional-

model was judged to be appropriate.

Figure 2.1 is a schematic of the lumped parameter model
which was formulated for this study. 1In this model, the
system (ihcluding the target) was modeled with eight discrete
masses and ten couplings. Mass 1 (the target) was held fixed
and the remaining masses were given initial velocities equal
to the impact velocity. In figure 2.1, coupling 3-4
represents the tractor-trailer fifth wheel connection.
Couplings 5-6 and 6-7 simulate the cask tiedowns. Couplings
1-4 and 1-6 represent the interactions between the front end
of the trailer and the target and the cask and the target.
These were given appropriate amounts of displacement without
loading. Coupling 1-6 included the effects of the impact
limiter on the front end of the container. The remainder of

the couplings represent frame elements.

In the model, extensive use was made of the hysteresis
option available in the SHOCK program. This option was used
to simulate large deformation plastic behavior. In this type
of coupling, loading and unloading curves follow different
paths simulating crush up and permanent deformation of a

<l

-
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structure. Appendix A includes additional details of the
lumped-parameter model.

Computer runs with this model at impact velocities of
both 97 and 129 kph indicated that the tractor frame and cab
would be completely crushed. Calculations &dlso indicated
that the front end of the trailer would plow through the cab,
breaking the fifth wheel connection and crushing substan-
tially. Regarding the dynamics of the cask, the SHOCK model
indicated that it would impact the wall with a relatively
high velocity directly related to the behavior of the tiedown

system.

Because of uncertainties which exist in hardware (which
are much greater in old, used equipment), parameters in the
model descr ibed above were varied to obtain information
regarding a possible range of system response. In particular,
the strength of the cask tiedown system was varied. Results
of the parametric study provided definitions of "favorable"
and "unfavorable" cask responses. In the unfavorable case,
the container broke free from the trailer structure very
early in the impact with only a small reduction in velocity.
In this case, calculations indicated that the container would
impact the wall at a relatively high velocity and that the
velocity change at target impact would be large and rapid.
In the favorable case, the container remained attached to the
trailer and continuously slowed as the front end of the
trailer crushed. 1In this case, the container would impact

the wall at a lower velocity.

Figure 2.2 illustrates the calculated displacement-t ime
histories for the cask in the two extreme cases for the

slower, 97 kph, impact. The condition where the tiedowns
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fail produces a quicker impact of the cask into the wall and
completely crushes the impact limiter. 1In the more favorable
case it was .calculated that the impact limiter would not
crush completely, resulting in much smaller forces being
transmitted to the cask. As can be seen from the figure, it
was calculated that the container would bottom out against

the target in about 0.3 second.

Figure 2.3 illustrates the velocity-time histories
calculated for the cask in the two cases. As can be seen,
when the tiedowns break early, it was calculated the cask
would impact the wall with only a small reduction in
velocity. The impact limiter in this case would be crushed
completely, mitigating the impact somewhat. (The impact into
target point is defined as that configuration where the
impact limiter begins to crush.) The point at which the
limiter crushes completely can be distinguished by the
definite change in slope which occurs after this point.
After bottoming the limiter, the cask would still have a
velocity of about 75 kph (47 mph).

In the favorable condition, where the cask did not leave
the trailer structure completely, a large amount of energy
would go into deforming the trailer structure. The cask
velocity would be greatly reduced by the time that it reached
the wall. The model then indicated that the cask would not
have enough velocity left to bottom out the limiter, and it
would undergo a much milder shock. Such an impact would not

result in forces sufficiently large to deform the cask.

The analysis of the full-scale test, conducted at 129
kph, was accomplished with essentially the same model. In

order to reflect better the hardware available for this test,
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coupling 1-6 was modified to more accurately model the
distance between the front end of the cask and the wall.
Figure 2.4 illustrates the displacements calculated for the
higher impact velocity. As can be seen, the curve is quite
linear to the point at which the cask bottoms against the
wall. It was calculated that this event would occur in 0.2
second, and that the limiter would be completely crushed in
each case. Figure 2.5 illustrates the velocity-time history
calculated for the cask. Again a favorable and unfavorable
case is depicted. 1In the worst case, it was calculated that
the impact limiter would be completely compacted at 109 kph
(68 mph). Under the most favorable conditions, it was
calculated that this would occur at 84 kph (52 mph). The
time required for the total horizontal velocity to be
dissipated was calculated to be 0.2 seconds. For both the
favorable and unfavorable cases it was calculated that the
cask impact would be very severe and would completely crush
the limiter, with the cask still maintaining a relatively

high velocity.

The lumped-parameter model calculations for both
velocities predicted cask deceleration levels during crush up
of the structure, prior to the cask solidly hitting the wall,
of less than 20 g's. This was used as a basis for
determining whether the head bolts, which keep the cask cover
in place, would be adequate to prevent the cover from being
dislodged during crush up of the structure. ~Since the head
was mounted towards the front of the truck, inertial loads
from the head itself, fuel elements, impact limiter, and
coolant water would act to stress the headbolts in tension.
The closure system was carefully investigated and found to be

adequate. Appendix C includes details of this calculation.
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The results described above indicated that the cask
could be expected to impact the wall, with rubble from
the cab in between, at a substantial velocity. In cases
where calculations indicated that the impact limiter would be
completely crushed, the cask would encounter a solid
constraint and possibly deform. The extent and nature of the
deformation was numerically investigated in detail by means

of a dynamic finite element computer program.

2.3 Finite Element Model

The dymamic finite element model was designed to provide
detailed information regarding the possible response of the
shipping cask in an end-on axial impact. The HONDO [5]
computer program was used with this model. Appendix B
includes some details of the model, including material

properties used.

Figure 2.6 illutrates the axisymmetric mesh for the

cask. As can be seen, the mesh was made progressively finer

towards the impact end, on the left, where the greatest
deformation was expected. With this model, the body is given
an initial velocity into a rigid plane which prevents node
penetration. This effectively simulates an impact into an

unyielding surface at the velocity input to the model.

The cask shells and the lead shielding material were
modeled separately with atsliding interface between them. A
frictionless condition was assumed at the interface. The
stiffening effect of the cooling fins was neglected. Figure
2.6 shows an expanded view of the impact end. Here the steel
and the lead shielding material can be very clearly

distinguished.
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Calculations with the finite element model were made for
various impact velocities. For the full-scale truck, a 105
kph (65 mph) impact into an unyielding surface was considered
to be a probable worst case, although calculations were also
made for higher velocities. The calculated deformation
results for this velocity are depicted in Figure 2.7. As can
be seen, it was calculated that some bulging and hoop strains
would occur on the impact end. The maximum hoop strain was
calculated to be 93%. It was calculated that the cask body
would be shortened by 2%, and that changes to the internal
cavity dimensions would be extremely slight. Simulated
computer runs at velocities up to 129 kph (80 mph) did not

produce significantly different results.

2.4 Discussion

As has been described, a possible range of system
response was calculated with the lumped parameter model. The
inability to predict a single result was principally due to
uncertainties in the used, out of service, equipment
available for 'the full-scale tests. The model response was
most sensitive to the strength of the cask tiedown system.
Tiedowns which were given a strength greater than the crush
strength of the trailer structure allowed the cask to remain
with the vehicle, and take advantage of the vehicle's energy
absorption potential. Tiedowns which were made weaker and
broke loose when the front end of the trailer encountered a
solid obstacle allowed the cask to come loose and impact at a

higher velocity.

It is interesting to note that the possible range of

cask response is broader as the transport system impact
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velocity decreases. This can be seen by comparing Figures

2.3 and 2.5. At the higher velocity, the two velocity-time

curves are closer together. This is due to the fact that the
energy absorption capability of the trailer structure becomes
less significant, as it remains constant, while the kinetic
energy increases as the square of the velocity. This
behavior has the effect of increasing the accuracy of the

model as the test impact velocity increases.

With the system impact velocities considered, the
highest possible cask impact velocity into the wall (after
crushing the limiter) was calculated to be about 105 kph (65
mph) as is indicated in Figure 2.5. At this point, it is
assumed that all material between the cask and the target had
been completely crushed and the cask would encounter a stiff
target. The response of the cask from this point on is
calculated with the HONDO finite element model, which

computes the deformations which will occur.

The results of the HONDO calculations are considered to
be conservative for several reasons. First, the unyielding
surface of the HONDO model is stiffer and absorbs less energy
than the real target. Secondly, the hoop stiffening effects
of the cooling fins were not included in the finite element
model. Finally, it was assumed that there was no interface
friétion between the lead and the steel. These three
factors tend to increase the calculated deformations to the
cask body and lead motion within the steel shells.
Therefore, these results were considered to be conservative

in terms of cask deformations.

As has been mehtioned, calculations indicated that the

head bolts were sufficiently strong to prevent dislodgment of
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the head during crush up of the vehicular structure.. It
should be pointed out that the cask undergoes ﬁigher
decelerations when it reaches the target. However, in the
final impact, the head is lodged between the cask body and
the target. There is no mechanism for failing the head bolts
or dislodging the head in this'impact geometry. The cask

head was therefore predicted to remain in place.

The analysis indicated that, even under the unfavorable
impact conditions that might occur in a 129 kph (80 mph)
impact, the cask would be only slightly deformed on the
impact end and would not be breached. The calculated hoop
strains of the outer shell were judged to be capable of
initiating a crack in the outer shell if flaws were present.
However, it was not anticipated that an external fracture
would threaten containment of the fuel, but it was expected
that the impact, in either case, might damage the head gasket
leading to some slight seepage of cooling fluid.

In summary, the mathematical analysis indicated that in
a 129 kph impact the cask would hit the target in an end-on
condition causing some bulging of the impact end of the cask
but not threatening its containment ability. Calculations
also indicated that the inner cavity dimensions would change
very slightly. In addition, the duration of the impacts was
calculated to be 0.3 and 0.2 seconds respectively for the two

impact velocities.



3.0 Scale Models

3.1 Introduction

Scale models of the full-scale system were built and
tested to confirm and complement the mathematical analysis.
Using a scale factor of 8 (linear dimensions 1/8 as large as
the prototype full-scale system), models of the cask and
vehicular system were designed and fabricated. The system
scale models were tested at a sled track by impacting them
into scaled concrete targets. Extra cask models were
constructed for tests not involving the vehicular structure.
These were tested by impacting them with a massive steel ram
at a pneumatic actuator facility at velocities up to 129 kph
(80 mph). High speed films were obtained from each test and
analyzed to study the response of the models closely. This
section describes the scale models and test results. First,
some background information regarding scale modeling of a

structural impact problem will be reviewed.

3.2 Model ing Theory

Scale modeling has previously been used to model
structural impact problems t7,8]. In both of these
referenced studies, a dimensional analysis of simple
'structufes subjected to impacts severe énOugh to cause large
plastic deformations was made. The targets in each case were
essentially unyielding surfaces. 1In these studies, a number
of pertinent parameters were identified and arranged into

dimensionless groups called Pi terms. (Techniques for doing
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this are described in References 9, 10, & 11.) In [7,8] it
was assumed that the model and prototype were constructed of
similar materials. The results indicated that, if material
strain rate and gravity effects were insignificant, the Pi
terms of an exact model could be kept equal to those of the
prototype. This indicates that the response of the model
system would be similar to the prototype and it was deduced
that scale model test results could be directly related to
the prototype. Both studies included experimental work,
utilizing exact replica models, for verification of the
analysis. In both cases, agreement between model and

prototype was found to be excellent.

The pertinent parameters and the dimensional analyses of
[7,8] are applicable to the problem of modeling the
full-scale tests of this report. The structures in the
current problem, however, are considerably more complicated
and the additional assumption that a somewhat simplified
structure will give valid results must be made. Substitution
of an approximate (simplified) model, as opposed to an exact
geometrical model, is often done due to practical
considerations. Such a model is usually termed an “adequate"
model {10]. The models of this study, described later, were
designed according to this concept. For completeness,
the relationships between the model and prototype will first

be reviewed, following closely the results of [7]. -

Letting n be the scale factor (n = 8, in this case) and
the subscripts m and p denote model and prototype, the
following relationships exist when the impact vélocities are

equal for the model and prototype:
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Deflection

m P
Stress or Pressure sm = sp
_ 2
Force £ = f /n
Energy e = e /n3
m p
Mass m =m /n3
P
Time t =t /n
. m p
Acceleration a = na
m P

In particular, it can be seen that deformations
(deflection) in the model and prototype are similar. From
the time relation, it can be seen that events in the model
occur faster by the scale factor. Thus accelerations in the

model are higher by the scale factor.

As mentioned above, gravity effects have to be assumed
to be insignificant. For complete similitude, the gravity
field of the model has to be greater by the scale factor.
This means that in a scale model test, where the gravity
field cannot be altered, vertical motions will be
exaggerated. The assumption that gravity effects can be
neglected is valid in a horizontal impact where only
insignificant vertical forces are generated. The principal
impact will scale correctly and the dynamic behavior and
"deformations of the model structure will simulate the

prototype according to the above relationships. However, the
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rebound phase and the later time trajectories of fragments

and separated components will not scale correctly.

The assumption that material strain rate effects can be
neglected is considered quite valid [12]. This is in view of
the relatively low difference in strain rates between model
and prototype. In this case, the model structure will see
strain rates which are higher by the scale factor, 8. It 1is
generally agreed that strain rate effects may become
significant only when they differ by several orders of

magnitude.

3.3 Model Description

The scale model designed for this study included
structural models of the tractor, trailer, impact limiter,
cask, and the tiedown system. It was designed to run on a
rail at a sled track. The model was pushed up to speed by a
small rocket powered sled and allowed to coast into a scaled
concrete target. Figure 3.1 is a photograph of the model and
pusher system at the sled track. Construction details for
the model are included in Appendix D. '

The tractor and trailer structures were constructed from
flat sheet metal formed into channel shapes and welded in
place. They were designed to simulate the mass and stiffness
of the full-scale prototype. The kingpin connection was
simulated with a 1/4" steel pin. Because of the necessity of
testing the model on a track, axle and wheel masses were
simulated with shoes conforming to the shape of the rail,
clearly visible in Figure 3.1. The flanges on the rail were
removed from a section directly in front of the target to

allow free vertical motion of the model at this point.
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Scale model of the transport system.
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Figure
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The model impact limiter was constructed out of balsa
wood encased in a sheet metal band spot welded at the joint.
It was attached with adhesive to the front end of the cask.
The cask model itself was quite detailed. The head and
closure system were simulated very closely using scaled down
bolts. The shells were made out of 304 stainless steel with
chemical grade lead cast into the annular region. The model
casks were always water-filled for testing. The cask tiedown
system was modeled by scaling down the bolting stress areas
and approximating the geometry with small steel plates,

as can be seen in Figure 3.1

The models were believed to be structurally adequaté
since the cask and tiedown system were modeled in detail.
Also, the major structural elements in the vehicle which
could transmit forces to the components were carefully
modeled. Since most of the prototype vehicle detail is
essentially non-structural, its omission does not affect the

dynamic response of the cask.

3.4 Model Tests and Results

Two transport system scale tests were conducted with
resulting impact velocities of 98 and 123 kph (61 and 76
mph). Both tests were extensively covered with high speed
photography, which allowed close observation of the response
of the models. The dynamics of the model cask through the
impact were closely analyzed by examining the films. Damage
to the vehicular system and the cask models was also

carefully examined.

The first test was intended to simulate a 97 kph (60

mph) impact. This test resulted in no damage to the cask.



After this test, it was decided to simulate the unfavorable
response condition with a 127 kph (80 mph) impact. For this
test, it was decided to use weaker bolts in the tiedown
system to precipitate an early failure resulting in the more
severe impact which the cask might experience. The impact
velocity achieved in the test was 123 kph (76 mph). The
t iedown system failed early as anticipated allowing the cask
to go into the target at a very slight reduction in velocity.
The cask sustained very minimal damage in this worst expected

condition. Test results are described in more detail below.

Figures 3.2 and 3.3 illustrate the sequence of events in
the first model test. In this test, the tractor model
crushed completely at impact with the concrete. The pin
connection between the tracfor and trailer failed early in
the impact allowing the front end of the trailer structure to
crush the cab and solidly impact the target. At this time,
the front end of the trailer crushed partially and buckled
upwards along the face of the target. The cask model
remained nearly horizontal moving forward through the cab

structure and solidly impacted the target in nearly an end-on

condition, partially crushing the impact limiter. Subsequent

to the last frame in Figure 3.3, the container rotated

somewhat with the rear portion moving upward.

Figure 3.4 shows the resultant damage to the model. As
can be seen, the tractor was completely crushed and remained
in front of the target. The front end of the trailer
structure crushed partially and then buckled upwards coming
between the cask and the target. The impact limiter crushed
partially and came to rest behind the buckled up portion
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Figure 3.2 Early sequence of events in a scale model test.




Figure 3.3

Late sequence of events
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Figure 3.4
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of the trailer structure. The cask model was intact, without
any measurable deformations. No leakage of water was
detected.

The duration of the impact, from the time the front end
of the tractor touched the target to the point in time when
the cask bottomed out against the target, was 0.04 second.
The velocity time curve was smooth with no abrupt changes.
The displacement-time and velocity-time curves *obtained from
high speed films by following a point near the cask center of
gravity are included in Appendix'E. This data will be
compared to results from the corresponding full-scale test in

Section 5.

The model in the second test behaved in basically the
same manner. Damage to the vehicular system was
approximately the same as in the first test except that the
front end of the trailer was crushed to a greater amount and
did not buckle upward as clearly. The tiedowns in this test
broke early in the impact, and the cask went into the target
much harder at about 105 kph (65 mph).

Figure 3.5 is a close up view of the model cask after
this second, more severe, test. The model did not exhibit a
large amount of hoop strain on the impact end, with the
maximum being 3%. Lead slump, measured on the opposite end,
was 0.355 cm (.14 in.). The cover remained firmly in place
and the containment integrity of the cask was not threatened.
The duration of this model impact was 0.026 second. Figure
3.6 illustrates, in an exaggerated fashion, the deformation
profile for the cask. The cask response in this scale model
test will be compared with the results of the second

full-scale test in Section 5.
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Figure 3.5
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Scale model cask after the high velocity impact test.
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As mentioned above, some cask models were tested in
extra severe conditions without a vehicle structure. These
were tested at an actuator facility by impacting them with a
very massive steel ram weighing about 200 times as much as
the cask model. These tests were conducted to further
explore the possible response or failure modes of the cask in
situations which were much more severe than the planned
full-scale tests. The casks were end-impacted with impact

limiters in place.

Figure 3.7 illustrates a model tested in this manner at
129 kph (80 mph). In this figure, the model has been
sectioned in order to illustrate deformations to the
container and lead motion within the shells more clearly. 1In
this case, there was a maximum hoop strain of 13% near the
impact end and a lead slump of 1.0 cm (.4 in.) on the back

end. The cover remained firmly in place.

3.5 Discussion

The system scale model tests confirmed results obtained
from mathematical analysis well. As had been predicted, the
tractor was completely crushed. The trailer structure hit
the wall solidly and crushed. The cask remained close to
horizontal going forward through the truck cab and impacting
the wall in an almost end-on configuration. At the lower
velocity, it came through without measurable deformations.
In the higher velocity test, the cask sustained only minor
damage which was not viewed as a threat to the cask's

integrity.




Cross section of a scale model cask after a 129 kph

' Figure 3.7

LY

impact into an unyielding target.
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The actuator tests showed that even at a condition which
was much more severe than could be encountered in the full
scale tests, the cask would not be grossly deformed nor
would it be bfeached. On the basis of the scale model tests,
it was predicted that, even in the more severe of the two
full scale tests, the cask would come through with only minor
deformations. The models indicated that the full-scale cask
would not be breached.



4.0 Full Scale Tests

4.1 Introduction

Two full-scale tests were conducted using the same cask
with different, but similar, vehicular systems. The impact
velocities were 98 and 135 kph (61 and 84 mph). The vehicles
and cask were impacted into a specially constructed rigid
reinforced concrete target. The tests had extensive high
speed film coverage as well as onboard instrumentation
operating through a telemetry unit. This section describes

the test procedure and presents results from both tests.

4.2 Test Descriptions

The tests were conducted at a sled track facility where
a road was constructed to the level of the top of the rails.
In the tests, the vehicle wheels bridged a trench and a
section of track leading to the target. The system was
guided by the rails but rolled on its tires. Rocket motors
mounted on a sled attached to the track were fired in stages
to acceleraﬁe the systém up to speed at a controlled
acceleration level of about 6.5 g. A sand brake was used to
disengage the pusher sled, -and the transport system was

allowed to coast into the target.

Figure 4.1 illustrates the transport system used in the

first test. To make it more representative of current day -

equipment, the cask was equipped with balsa wood impact
limiters on each end, as can be seen in the figure. The
20,500 kg (45,000 1b) cask was attached to the 5000 kg
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Figure 4.1 Full-scale system in the first test.

Figure 4.2 Full-scale system in the second test.




(11,000 1b) trailer using the standard tiedowns that were
used while it was 1in service. The tractor was a used

commercial unit weighing 5900 kg (13,000 lbs.).

The vehicular system used in the second, higher
velocity, test was almost identical. There was, however, a
slight difference in fifth wheel connection locations which
‘in the second test moved the cask and trailer forward about
30 cm (12 in.). Figure 4.2 illustrates the transport system
used in the second test as it is being accelerated down the
track. (This system is most easily distinguished from the
first by the fact that it had a light colored exhaust stack
whereas the first had a black stack). The trailers and
tiedown systems were identical. The tractor was very similar

and structurally equivalent.

In each test, the system was accelerated up to speed by
a very similar system of rocket motors. The different impact
velocities were achieved by varying the number of rockets and
the accelerating distance. Figure 4.3 illustrates the rocket
motors and pusher sled used in the second test. A total of
five large and three small rockets were fired in three
stages. Thg sled was connected to the rails with track shoes
and pushed against the back of the trailer, as can be seen in
this figure. The sled was disengaged from the trailer by a
sand brake built into the trench between the rails. The same
technique and a very similar pusher sled were used in the

first test.

In order to accelerate the system in a straight line
into the:target, the tractor was guided by the rails and
connected to them by’ a system of track shoes. Figure 4.4
illustrates the gquide system installed under the rear axle
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Figure 4.3 Propulsion system used in the second test.
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Figure 4.4

Illustration of the rail guide system.
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assembly of the tractors. A similar system was used under
the front axles. To allow the system to be free to move
vertically at impact, the rail flanges were removed from a
section of track directly in front of the target. Thus, the

system was unrestrained by the rails in the vicinity of the

target. ~ .

Figure 4.5 illustrates a closeup view of the target
which was designed to be extremely rigid and specially
constructed for the full-scale test series. The heavily
reinforced concrete portion and its foundation had a mass of
627 kg (690 tons). This is backed with 1545 kg (1700 tons)
of earth. The face of the target is 3.05m (10 ft) thick,
16.56m (20 ft) wide, and 6.56m (20 ft) high. The pipe
casings to the sides and back of the target are earth filled
and placed there to better retain the earth backing behind
the concrete. The target was instrumented with

accelerometers to record motion.

Figure 4.6 illustrates the target as seen by looking
down the track. Here the trench between the rails and the
sand which catches the pusher sled are clearly visible. As
can be seen, the road bed was constructed to the top of the
rails. The overhead cameras suspended between two poles can

also be seen in the figure.

Extensive high speed photocoverage and instrumentation

‘were provided for the tests. Numerous cameras were placed at

the site to film the event from various angles. The cask was
instrumented with five active piezoresistive accelerometers
and two triaxial strain gage rosettes. The middle strain
gage in each rosette was aligned with the circumferential

direction of the cask. Two accelerometers were placed near
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Figure 4.6
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Illustration of the guide rails and

target.
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the front, two near the rear, and one at the cask center on
one side. The rosette strain gages were installed on the
cask outer shell very close to the impact end. Figure 4.7
illustrates a portion of the front end of cask. Here one of
the rosettes and an accelerometer are clearly visible and
marked by arrows. All the active cask instrumentation
operated through a telemetry package, illustrated in Figure
4.8, which was bolted to the back end of the cask and fitted
into a cavity in the rear impact limiter. The wires were
routed through light stainless steel conduits which were tack
welded to the sides of the cask. Signals from the
instrumentation and telemetry package, which has a frequency
capability of 2000 Hz, were remotely recorded on magnetic
tape for later playback. The trailer structure was
instrumented with two active accelerometers located
underneath the cask and operated through a small telemetry
pack. In addition to the active instrumentation, some crush
disk and ball type passive accelerometers were placed at
various locations throughout'the structure and the cask.
Passive water pressure sensors were placed inside the cask to
record peak water pressure at impact. Appendix F, which is a
reprint of a memorandum prepared prior to conducting the
tests, describes the instrumentation plan in detail. This

plan was closely adhered to in both tests.

4.3 Test Results

4,3.1 First Test

In the first test, the system impacted at 98 kph (61
mph). The photometrics and instrumentation functioned well.
Figures 4.9 through 4.12 include a series of photographs

illustrating the sequence of events in the first test. These



instrumentation.

Close up view of cask

Figure 4.7

57



-
e

e

-

Illustration of the telemetry package on the cask.

Figure 4.8
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TIME, SECONDS

t=.175
’ t =.200
t=.225
t=.250

Figure 4.11 First test event sequence from 0.175 to 0.250 second.
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Figure 4.12

TIME, SECONDS
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t=.300
t=.325
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First test event sequence from 0.275 to 0.350 second.
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were obtained from a side camera film by photographing every ‘;>
tenth frame. Time zero was designated as the instant when
the front end of the tractor touched the wall. The events
following contact and spanning 0.35 second can clearly be

seen in these photographs.

As these illustrations reveal, the truck tractor was
completely destroyed (quite early). The trailer moved
forward through the cab and solidly impacted the target. The
front end of the trailer then crushed and buckled up along
the face of the target. The cask remained attached to the

trailer and essentially horizontal during crush up of the

vehicular structure. By the time that the cab had been
crushed solid, the velocity of the cask was down to about 43
kph (27 mph). At this point in time, the impact limiter
began to crush but was not completely compacted before the
cask came to a horizontal stop. Following the target impact,
the cask and trailer rotated through a maximum angle of
approximately 30° with the horizontal and dropped back down
to the road in front of the target.

The timing for the occurrence of the principal events in

this test was as folloWs:

TIME (SECONDS) . EVENT
0.0 Tractor contacts face of target
0.030 Fifth wheel connection breaks
0.040 Tandem axle assembly shears off
tractor
0.075 Trailer contacts back end of -cab ‘;}

66



TIME (SECONDS) EVENT

0.103 Trailer encounters solid targeu
0.138 Buckling is initiated in trailer
frame

0.181 Front end of impact limiter

contacts cab

0.222 Cask moves slightly relative to

t iedown structure

0.242 Cab is completely crushed
0.277 Trailer axles shear off
0.303 Cask comes to a horizontal stop

Figure 4.13 illustrates the condition of the system,
including the cask, immediately after the test. Here the
manner in which the tractor was completely crushed and the
upward buckling of the trailer frame can be clearly seen.
The cab and trailer structures came between the cask and the
target, cushioning the impéct somewhat. The cask moved
slightly in relation to the tiedown system, completely
failing the front connection. The rear tiedown was
extensively damaged but‘did not fail completely. Note 1in
this figure that the rear tiedown partially tore loose from
the trailer structure and that the cask moved slightly
relative to the tiedown. The impact limiter rotated somewhat
over the'front end of the cask, as can be seen, but remained

attached to the cask.
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Figure 4.13

" Illustration of the full-scale system after the first
test.



The cask itselfm:gmained intact with only minor damage
to external featuresT””Some external biping near the front
end as well as some of the cooling fins were damaged. The
basic body of the cask was undeformed and there was no
leakage. The head bolt tightness was found to have been
lessened somewhat by the impact or the relaxation of the head
gasket. The cover was removed without difficulty and the

fuel elements were found to be intact and undamaged.

The shock which the cask underwent in this test.was
limited by the crush strength of the mitigating structures.
These structures were not completely crushed in this test;
therefore, the cask did not encounter the rigidity of the
concrete target. Figure 4.14 is a deceleration-time plot
obtained from the high speed photography data by following a
spot at the center of the cask on one side. As can be seen,
a peak g level of about 18 g's was calcualted from the film
data. Figure 4.15 is a plot of cask deceleration as a
fuhction of displacement. This plot indicates relatively low
levels in the early'stages of the impact which climb rapidly
in the final 1.5 m (60 in) of travel.

Appendix G includes pertinent data from this test. The
diSplacementétime and velocity-timg curves included in that
appendix were .obtained from the films by following the

central spot on the cask. - The displécement—time curve

‘indicates that the cask came to a horizontal stop-0.31 second

after the front end of the tractor made contact. The
velocity-time curve indicates a smooth decrease in velocity
without any abrupt changes in slope, indicating a smooth

deceleration.
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The film data were also used to plot the attitude of the
cask through the impact. These data, also included 1in
Appendix G, indicate that the cask bottomed out against the
target with its center line making an angle of approximately

16° with respect to the horizontal.

Cask accelerometer data were obtained up to 0.25 second
after the front end of the system made contact with the
target. At this point, some wires were severed and the
signals were lost. Four deceleration traces were obtained
from accelerometers on the cask and are included in Appendix
G. These data have been filtered to 50 Hz. The results are
in agreement with the film data indicating peaks of about 20

g's.

The active accelerometers mounted on the trailer
structure indicated peak deceleration levels of about 20 g's,
which are in good agreement with the signals obtained from
the cask. These trailer units, however, were lost eariier in
time due to damage sustained by the antenna. The passive'
type acceleroheters throughout the trailer structure
indicated peak g levels which are believed to be
unrealistically high, with readings as high as 1008 g's. The
passive accelerometers on the cask also indicated
unrealistically high readings as high as 1600 g's.

The active water pressure transducer inside the cask did
not function correctly. The passive units could not be read
indicating a pressure below the threshold at which a
permanent indentation would be made on the devige. The
signals from the accelerometers on the target structure, when
integrated, indicated essentially zero displacement for the

target face.



4.3.2 Second Test

The impact velocity in the second test was 135 kph (84
mph), which represents twice the kinetic energy in the first
test. Again, the photometrics and instrumentation functioned
well. Figures 4.16 - 4.19 illustrate the sequence of events
which occurred in this higher velocity impact. The duration
was only two-thirds as long as in the first test. 1In terms
of damage, the response of the vehicle in this test was
approximately the same as in the first test. The tractor was
completely destroyed and the front end of the trailer crushed
and buckled up in approximately the same manner as in the
first test. The cask remained with the trailer structure,
with only the front tiedown failing. The rear tiedown

exhibited less damage than in the first test.

As in the first test, the cask and trailer completely
crushed the cab. The cab and buckled-up portion of the
trailer again came between the cask and the target. In this
test, the impact limiter did not remain in place but crushed

partially and was ejected upward out of place, as can be
clearly be seen in Figures 4.18 and 4.19. The cask

encountered a hard target with a velocity of approximately
100 kph (62 mph). The cask attitude was much closer to
horizontal than in the first test, producing very close to a

perfect end-on impact.

The sequence of events and times for this test are as

follows:
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Figure 4.16
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t=-.025
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Second test event sequence to 0.050 second.
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TIME, SECONDS

t=.005
t=.100 .
t=.125

. t=.150

Figure 4.17 Second test event sequence from 0.075 to 0.150 second.
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Figure 4.18
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TIME (SECONDS) EVENT

0.00 ~ Tractor contacts féce of target.
0.034 Fifth wheel connection breaks.
0.036 Tandem axle as;embly sheafs off.
0.044 Trailer contacts back end of cab.
0.078 : Trailer encounters bard target
0.091 v Buckling is initiéted in trailer
frame
0.127 Front end of impact limiter

contacts cab
0.154 Cab is completely crushed.
0.190 Cask comes to a horizontal stop.

In this test, the cask encouhtered a hardened target at
about 100 kph (62 mph). This severe impact caused relatively
little damage to the cask, while totally demolishing the
vehicle. Figure 4.20 is an overall view of the area after
the test. In this figure, it can be seen that the cask
remained attached to and'upright with the trailer. The front
impact limiter, which can be seen in Figure 4.20, came to

rest some distance away from the cask after being ejected

upwards.
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Figure 4.20

Overall view of the transport sYé;em and target area
after the second test.
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Figure 4.21 illustrates the system from the side. As in
the first test, the truck cab was severely crushed, but this
time to a slightly greater degree. The structures which came
between the cask and the target were compressed to a
thickness of about 13 cm (5 in.). The front end of the
trailer structure crushed and buckled upward but did not
travel up the target as far.as in the first test.  The
kingpin, which connects the trailer to the tractor, was
caught between the cask head and the target, leaving an
indentation in the cask head. In a fashion similar to the
first test, all the axle assemblies broke free from the’

frames

Figure 4.22 is a closeup view of the cask and trailer

after the test. There was some very slight bulging on the

front end of the cask and radial cracking of some of the
cooling fins near the front. The fuel containment ability of
the cask, however, was not threatened. There was minor
seepage of water which first became noticable after the cask
was being lifted out of the wreckage. It was estimated that
about 100 cc of coolant leaked. No moisture could be
detected on the trailer structure; hence, the seepage was
initiated in the process of removing the cask from the

wreckage.

Figure 4.23 illustrates the front end of the cask after
the impact. As can be seen, the cover is firmly in place.
The most readily apparent damage is the indentation in the
head caused by the kingpin; "Fiqure 4.24 and 4.25 illustrate
both sides of the front end of the cask after the impact.
Some slight bulging and radial cracks of the cooling fins are

noticeable in these photographs. Also, it can be seen that
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Figure 4.22 Close up side view of the cask and vehicle after the
second test.
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Figure 4.24

88

Left side view of the impact end of the cask after the
second test.
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Figure 4.25 Right side view of the impact end of the cask after
' the second test.
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the front attachment plate on the cask was bent backwards

somewhat.

Figure 4.26 illustrates, in an exaggerated fashion, the
average cask deformation profile obtained from post-test
measurements of the cask. The maximum hoop strain was 3%.
The deformation was largely confined to the front 1.5 m (60
in) of the cask. A length measurement on the cask indicated
that it shortened by 6 cm (2.36 in) or 1.6%. On the back end
of the cask, there was a .95 cm (.375 in) gap between the
lead shielding and the outer shell,.

The instrumentation and data reduction for the second
test were similar to that of the first. Again, data were
obtained from motion picture films and from onboard
instrumentation. Pertinent data for this test are included

in Appendix H.

For purposes of comparison with the first test, a
deceleration plot was calculated from the film velocity-time
data as in the first test. Figure 4.27 illustrates the
results. As can be seen, it was calculated that the cask
sustained a deceleration of 70 g's, which is approximately
four times higher than in the lower velocity test. Figure
4.28, also obtained from film data, is a plot of cask

deceleration as a function of cask displacement.

The displacement-time curve for the cask, included in
Appendix H, is more linear than the corresponding curve for
the firest test and indicates that the cask traveled to its
maximum horizontal displacement in 0.19 second. The
velocity-time curve for the cask obtained from this test is

not as smooth as that from the first test indicating a
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definite change in slope at 100 kph (62 mph); corresponding
to an elapsed time of 0.155 second. At this point in time,
the vehicular structures between the cask -and the target were
completely crushed and resistance to cask motion stiffened.
The final slope of the curve indicates an average cask and

trailer deceleration of approximately 70 g's.

The cask attitude throughout the impact in the second
test remained much more horizontal than in the first test as
indicated by the plot in Appendix H. The cask angle at the
time that it bottomed out against the target was 2° from

horizontal.

Five accelerometer traces from different locations on
the cask were obtained from this test. Peak accelerations
recorded varied from 125 to 185 g's. The active
accelerometers on the trailer structure were lost partially
through the impact. They recorded a maximum of 50 g's prior
to failing. Again, all accelerometer signals were filtered

to 50 Hz.

The passive accelerometers again indicated
unrealistically high levels which were not very different
from those recorded in the first test. Levels as high as
1000 g's on the'traile: structure and 800 g's on the cask

were observed.

The water pressure transducers inside the cask were

~destroyed in the impact. The recording system for the target

accelerometers also malfunctioned. However, close

examination of the films did not reveal any detectable target

motion.



The cask active accelerometer signals were integrated to
calculate displacement-time and velocity-time curves for the
cask. The five accelerometers gave very similar results.
Curves corresponding to the back left accelerometer have been
included in Appendix H. These accelerometer results are
again in good agreement with the film data in terms of pulse
shape and times. The peaks, however, are somewhat higher
than those indicated by the film data. The integrated
accelerometer velocity and displacement data are also in good

agreement with the film data.

The strain gages on both sides of the cask gave very
similar readings. They indicated low strains up to about
0.18 second. At this time, the signals took a large step
jump to the maximum value of the calibration range, well
beyénd the yield point of the material. Thus, the strain
gages indicated that the cask did not sustain permanent
deformations until very late in the impact. The results from

the right side rosette have been included in Appendix H.

.The impact firmly wedged the head in place and it was
removed only with considerable difficulty by jacking it out
with screws. After the head was removed, a.large force had
to be applied to pull out the fuel elements. Thiﬁ-was due to
the formation of a slight bulge on the inner diameter at the
impact end; Figure 4.29 illustrates the elements being
~pulled out. As can be seen, some of the individual fuel rods
buckled in the impact, but the bundle retained its basic
configuration. Figure 4.30 illustrates the overall condition
of the fuel bundle. Also, the ballast attached to the back

end can be seen in this figure.
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Figure 4.29

e

Fuel bundle being pulled out of the cask after the
second test.

[
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Figure 4.30

Fuel

bundle and ballast after the second test.
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4.4 Discussion

In the first test at 98 kph (61 mph):the main cask body
was not permanently-deformed. This was due to the energy
shock attenuation of the vehicle and impact limiter and to
the fact that the tiedown system held the cask to the trailer
structure. The second test, at 135 kph (84 mph) representing
twice as much kinetic energy in the system, resulted in very
minimal damage to the cask and did not pose a serious threat
to its fuel containment ability. 1In this second test the
vehicle structure did not have sufficient energy absorption
capability to pfevent the cask from encountering a hard
target at a relatively high velocity. The front impact
limiter did not remain in place and its effect was very
minimal. The resultant damage ﬁo the cask would not have
been greatly different if it had not beén dislodged. This is
due to the fact that, at'impact, the cask had several times

more energy than the limiter could be expected to absorb.

The deceleration levels encountered by the cask at
various displacements and down to a point near to the face of
the target were almost identical in the two tests. This can
be verified by superimposing the deceleration-displacement
curves from the two tests and shifting the curve from the
second test to the right 30 cm (1 ft) to account for the
slight difference in fifth-wheel locations. When this is
done, the curVes‘cah be seen to be in very good agreement to
a point about 1 m (3.3 ft) from the maximum displacement. At
this point the curveées diverge with the peak from the second
test being much higher. The excellent agreement throughout
the majority of the crush-up phase indicates that
structurally the two vehicular systems responded almost

identically in terms of crush force and energy absorption.




An estimate of the buckling strength of the front
portion of the trailer structures can be obtained by noticing
the times at which buckling occurred in the series of
photographs from the tests and by finding the corresponding g
level in the deceleration-time plots. It will be found that
in both cases the deceleration level at that point in time
was about 8 g's. Assuming that a mean of 25,000 kg (55,000
lb) is being decelerated, the crush or buckling strength of
the trailer was approximately 440,000 1b, which is very close
to the number estimated in the lumped parameter model

(Appendix A, Figure A-4).

Regarding the behavior of the tiedowns, it should be
noted that they were designed to withstand an axial, lateral,
10-g loading. This is approximately what the cask sustained
during crush up of the front end of the trailer. Had the
trailer structure been slightly stronger, it is possible that
the tiedowns would have failed. The tiedown system was just
strong enough to take advantage of the energy absorption
capability of the trailer. In this respect, the transport

system tested was apparently a well-balance design.

In the first test, the deceleration levels calculated
from the film data agreed well with the accelerometer
results. In the second test, the accelerometer signals
exhibited peaks which were somewhat higher than the film data
indicated. It must be deduced that the discrete film data
are not sufficiently fine to capture some of the high
frequency peaks. They do, however, give a pulse shape which
is representative of a rigid body deceleration for the cask.
This was verified by integréting the film deceleration-time
plots (Figures 4.14 and 4.27). 1In each case, this procedure
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indicated the correct velocity change which the cask

underwent.

The strain gage data from the second test indicated that
the strain went beyond the elastic range at 0.18 second.
This corresponds to approximately the last 15 cm (6 in) of
travel. Thus, the cask thoroughly compressed the cab and
buckled-up portion of the trailer structure before it began
to deform. Consequently, the deformations which the cask
body sustained occurred only during the last 10 milliseconds

of the impact.

The passive accelerometer data which was recorded
indicated unrealistically high deceleration levels. - It must
be deduced that the response of the structure was such that
it caused the small ball inside the units to ‘impact the crush
dish repeatedly, producing a cumulative effect. In other
words, the accelerometers "rattled" and gave erroneous
readings. Any future use of these devices on full-scale

tests should be carefully evaluated.



5.0 Comparison of Analysis and Scale Model Tests
to Full-Scale Test Results

5.1 First Test

The mathematical analysis and scale model tests closely

predicted the results of the first full-scale test.

In comparing the full-scale test results with the lumped
parameter model predictions, the response of the full-scale
system closely pafalleled the calculated favorable results.
These résults, as described previously in Section 2.2,
indicated that the cask would decelerate gradually while
crushing the vehicle structures. It was calculated that the
tractor would be completely demolished and that the front
pdrtion of the trailer would be extensively damaged. The
results also indicated that the kinetic energy of the cask
would be expended before the impact limiter was completely
crushed. Thus, calculations indicated that under these
conditions the cask would not see a hard target and would not
undergo any permanent deformations to its basic body
structure. This predicted behavior was observed in the

full-scale test.

The full-scale test results also agreed well with the
observed behavior in the scale model test. As the scale
model predicted, the-tractpr was completely demolished and
the king pin connection broken. The front portion of the
full-scale trailer structure plowed through the cab, hit the
target, and buckled upward, coming between the cask and the

target. The cask hit the target in close to an end-on
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attitude but did not completely crush the limiter nor did it
sustain any deformation to its basic structure. All of this
predicted behavior was observed in the scale model test.
Compar isons of model-to-prototype behavior can be made by

examining Figures 3.2 - 3.3 and 4.9 - 4.13.

For purposes of a more quantitative comparison, Figure
5.1 compares the displacement-time results from the numerical
analysis and the scale model test with results from the
full-scale test. As can be seen, both analysis techniques
(numer ical and scale modeling) agreed well with the full
scale tests results. Figure 5.2 illustrates a comparison of
the velocity~time results. As can be seen, both the
numer ical lumped-parameter model and the scale-model results
closely paralleled the velocity-time history for the
full-scale cask. The damage which the cask sustained was
also well predicted. The mathematical model predicted that
the impact limiter would not be completely crushed. This
precluded any deformat ion to the basic cask structure. 1In
the scale model test, it was observed that indeed the impact
limiter was not fully compressed. The model cask did not
sustain any measurable deformation. In the full-scale test,
the basic cask-body structure likewise was completely

under formed, verifying the predictions.

5.2 Second Test

The response of the full-scale system in the second test
also agreed well with pretest predictions based on

mathematical analysis and scale modeling.

The numerical analysis for the second test indicated

that the vehicle system would be destroyed in much the same
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‘manner as in the first test but more quickly with the
duration of the event being 0.2 second. It predicted that

the cask would impact the target at a relatively high
velocity, completely crushing the impact limiter. Thus, the
analytical model predicted that the cask would undergo some

permanent deformation.

Figure 5.3 illustrates the displacement-time results

from the second full-scale test superimposed on the favorable

lumped-parameter model analysis of Section 2. As can be

seen, the displacement-time behavior of the full-scale system
. closely paralleled the behavior predicted by the analysis.
. Figure 5.4 illustrates a comparison of the velocity-time
results, which also show good agreement. The deceleration of
the cask in the full-scale test proved to be smoother than
the model had predicted. Close examination of the films
indicated that the cask encountered a hard target (after
completely crushing the vehicle structures) at 100 kph (62
mph). This compares with a value of 105 kph (65 mph)
predicted by the lumped-parameter model. The final
deceleration of the cask in the full-scale test was milder
than the model predicted. The time duration of the impact
and the general shape of the velocity-time curves were 1in

excellent agreement.

The dynamic finite-element model results described in
Section 2.3 proved to be on the conservative side, as
expected, but still gave excellent indications of how the
cask would deform in the final impact into the target. An
examination of the deformed finite-element mesh (Figure 2.7)
and the measured deformation contour of the cask (Figure
4.26) indicate excellent qualitative agreement, although the

peak deformation predicted was over estimated. The model
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indicated a maximum hoop strain of 9%; whereas measurements
on the fuil-scale cask after the impact indicated a 3%
strain. The finite-element model indicated that the cask
would shorten by 2%; actual measurements on the cask
indicated a 1.6% compaction. The larger defopmations
indicated by the finite element model are partly due to the
slightly higher impact velocity used in the model and to

conservative assumptions made in the model's construction.

" The second scale model test discussed in Section 3.4 did
not correspond exactly, in terms of impact velocity, to the
second full-scale test, being somewhat lower (122 vs. 135
kph). However, since the tiedowns were artifically weakened
in the scale model test, the model cask tore loose of the
trailer early in the impact and hit the target at'a velocity
comparable to that in the second full-scale test, where the
system impacted at a higher velocity but the tiedowns held
allowing considerable slowing of the cask. Therefore, it is
reasonable to compare the resultant damage to the casks.

The deformations of the model cask (Figure 3.5) are in
excellent agreement with those sustained by the full-scale
unit. In each case, the maximum hoop strain was 3%. Figure
5.5 compares this magnified deformation profile in the two
tests with the model dimensions being multiplied by the scale
factor. As can be seen, the deformations are very similar.
Most of the difference is due to the fact that, because stock
tubing was used in the model, it was slightly off scale
(about 2%). If the model deformation curve in Figure 5.5 is
shifted upwards to account for this, the agreement improves

significantly.
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5.3 Discussion

Both the analytical and scale-modeling techniques
yielded results which accurately predicted the behavior of
the full-scale system. The response of the full-scale system
was entirely predicted in terms of the rigid body dynamics of
the cask through the impact and the resultant damage to the
cask occurring during the final cask-target impact. The
response of the vehicular system and the time frame for the
impact were also in good agreement with the pretest analysis

and scale modeling.

Analytically, the displacement for the cask in the first
test was somewhat overestimated (Figure 5.1) due to the fact
that a shorter tractor was substituted for the test. A
slight modification was made to the model between tests to
more accurately reflect the hardware, and the agreement
between analysis and the actual test improved (Figure 5.3).
The numerically calculated velocity time histories for the
cask accurately and conservatively predicted what was seen in

the real test.

Preliminary calculations indicated that the cask would
impact the target in close to an end-on configuration. The
second step in the analysis, the dynamic finite element
model, predicted that the deformations which the cask would
sustain in the final impact (even in the worst possible case)
would not violate the cask's integrity or cause loss of
coiitents. (This analysis was carried to velocities of 129
kph (80 mph) although it was felt that the highest probable
impact velocity would be 105 kph (65 mph).) Thus, these two

analytical techniques used together predicted the response of



the vehicle and cask in a very violent accident with a very

reasonable degree of accuracy.

The scale models also simulated the behavior of the
prototype quite well. A more detailed comparison was
possible in the first test, where the impact velocities were
equal. In this case, the scale model test yielded results
which closely paralleled the prototype response, indicating
that practical and adequate scale models can be constructed
to simulate the behavior of this type of full-scale hardware
in a very severe accident. In the second test, where the
final impact of the cask was very comparable to what the
full-scale cask sustained, the deformations exhibited by the
model cask were in excellent agreement with those exhibited

by the prototype.

Thus, the results of both the analytical work and the
scale modeling agreed well with the full-scale test results.
The models were always constructed with some degree of
conservatism, and this was reflected in comparisons with the

response of the full-scale system.
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6.0 Conclusions and Recommendat ions

A primary purpose of the tests was to assess the utility
and validity of mathematical and scale modeling techniques in
predicting the response of shipping casks in two extremely
severe and unlikely transportation accident conditions.
These two tests have shown that, despite complications
introduced by the uncertainties of used equipment, these
analysis techniques can give very good indications of the
response of full-scale shipping casks and transport systems.
The pretest analyses, including both numerical work and scale
modeling, accurately predicted the rigid body dynamics of the
cask and its final condition after the impact. The influence
of the vehicle structure was also well predicted. These same
techniques applied to new designs, which are more accurately
defined in terms of construction details and material

"properties, will produce better results.

Scale modeling is a very practical way of predicting
damage to shipping casks 'in extremely severe impacts at
skewed angles or onto irregular surfaces. Construction and
testing of scale models is relatively inexpensive and
straightforwérd. Mathematically, these problems are
extremely.difficulf to handle. A three-dimensional
finite—élement model, which would be necessary under such
conditions, is not yet practical. Somewhat simplified
(adequéte) scale models used in impact tests will accurately

prediét'the response of the new design.
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For the analysis of an end impact, the finite~element
technique described and demonstrated in this report gives
very reasonable results. It is felt that the sliding
interface feature 1is very necessary when analyzing a lead
shielding container. A possible refinement to this model
would be to include friction in the interface. Also, the
effect of the fins might be compensated for by increasing the
model thickness of the outer shell, uniformly smearing the
fin area onto the outer surface. It is felt that this
technique with a small amount of refinements will yield

excellent results.

The lumped-parameter model of the system represented a
first effort at applying this technique to analyze an entire
transport system. As a first effort, it was kept simple.
The accuracy of the mddel could be increased by better
force-displacement information for the couplings, and a finer
discretization of the structure. Better force-displacement
information can be obtained from static crush tests of scale
model components of the system. It is believed that
strain-rate effects for structures such as these can be
neglected. This was, to some extent, confirmed by observing
that the vehicular crush resistance in both full-scale tests,
at the two impact velocities, was about equal. A finer
discretization of the structure should have provisions for
the shearing off of wheel and axle assemblies, on both the
tractor .and trailer models. This recommendation is based on
film analysis for both tests. Such improvements to the

lumped-parameter model will result in more refined and better

predictions.

Analysis and testing have shown that a lead shielded

container of the type described in this report is extremely




rugged and can undergo a very sSevere, realistic, end-impact
into a very rigid surface with relatively minor deformations
resulting. The containment ability of the cask was not

severely threatened.

This investigation revealed that the cask tiedown system
is a sensitive parameter in the system impact response. In
order to take advantage of the significant energy absorption
capability of the trailer, the tiedowns must be sufficiently
strong to hold the cask as the trailer structure crushes.
Thus, it is believed that the trailer and tiedowns should be

an integral and balanced désign.

The good correlation between analysis and scale
modeling and the results of the full-scale tests has
demonstrated that given an accident situation or impact
environment, the response of a full-scale system can be

predicted with a reasonable degree of accuracy.
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APPENDIX A

Details of the Lumped-Parameter Model

This appendix includes some details of the
lumpéd—parameter model illustrated in Figure 2.1 of the text.
This model formulation waas used with the SHOCK computer
prdgram. Basically, SHOCK numerically solves the
second-order differential equations of motion associated with
a spring mass model given some initial conditions. Spring
(coupling) definitions may be non-linear and can load and
unload along different paths, simulating a hysteresis effect.
In the model of this study, exténsive use was made of the
HYSTER option to simulate crush-up of structures. The HYSTER
type 1 coupling can be used to simulate only a compressive or
tensile load using numerous line segments. The HYSTER type 2
option can simulate both a compressive and tensile load but

is limited to fewer line segments.

The coupling definitions used in this model are
illustrated in Figures A-1l through A-9. Damping was not used

in the model.

The weight values, in pounds, of the masses were as

follows:

M2 = 6,000
M3 = 7,000
M4 = 1,300
M5 = 2,600
M6 = 45,000
M7 = 2,600
M8 = 4,600

119




120

Appendix A (cont'd)

Mass 1 was held fixed while the others were given ihnitial
velocity conditions equal to the expected sYStem‘impact
velocity. This model was used to anélyze both a 60 and an 80
mph impact. For the analysis of the second test, the free

travel of coupling 1-6 (Figure A-9) was shortened by 30

- inches to more accurately reflect the full-scale hardware.

The coupliﬁg definitions were structural analysis

estimates based on measurements made of the hardware and

‘eXpected yield strength values of the materials} In modeling

slender elements subject to buckling, some judgment must be
made regarding their crush force. For example, the trailer
structure was assumed to crush at a load equal to one-half

the yield force based on its cross-sectional area.



< . | FRONTOF

= = 20r TRACTOR FRAME }
25 16—t :
v @ | |
2 ;10 o
a & "
S f |
O L | }
|

i L | 1

00 10 20

DEFLECTION, INCHES
FIGURE A-1. COUPLING 1-2, HYSTER TYPE 1

<% 20 ' '

Z = |

¥ -TRACTOR FRAME

A=

w — 10 [ 4

& o 1

= O : |

o X | |

(& 8 t |

|,1 | o

00 10 115

DEFLECTION, INCHES
FIGURE A-2. COUPLING 2-3, HYSTER TYPE 1

22 - T T
S= | FIFTH WHEEL
5 a | CONNECTION
e -
8_5 t‘_)"" 10 -
= x
SQ

0 :

0 1 2

DEFLECTION, INCHES
FIGURE A-3. COUPLING 3-4, HYSTER TYPE 1

121




sol  TRAILER—— ‘
< ~ CRUSH FORCE |
% < 40t ‘ ' ;"
= o TRAILER —— i
= 01 AGAINST WALL 1
o Ll
52 + ]
<t 10+ CAB CRUSH— 5
0 1 1 1 '
0 50 100 150 200
DEFLECTION, INCHES
FIGURE A-4. COUPLING 1-4, HYSTER TYPE 1
- 50 | -
= — X TRAILER FRAME |
S > A0 LySTERTYPE4| ELEMENT :
N ) _
23 3 :
Z 0 < COMPRESSION
% = SPRING -
10 | -
ol _ n
0 . 50 100

| DEFLECTION, INCHES
FIGURE A-5. COUPLING 4-5, HYSTER TYPE 4 AND LINEAR SPRING

ng o0 — A ! | ] I
o x | i TRAILER FRAME
QLo | ELEMENT
= - 30" ' —
B f
% o l
(35) 2 1 I
O N |
0 10 20
DEFLECTION, INCHES | Q

FIGURE A-6. COUPLING 5-7. HYSTER TYPE 4 |

122



N
o

TRAILER ELEMENT

COMPRESSION
FORCE, LBS x 10%
=

o

0 0.005 0.01

DEFLECTION, INCHES
FIS%URE A-7. COUPLING 7-8, LINEAR SPRING

g CONTAINER
S = 401 TIEDOWNS |
Q& 30 .
& -
%g 20 —
S 2 -
90 2 4
DEFLECTION, INCHES
FIGURE A-8. COUPLING 5-6 AND 6-7, HYSTER TYPE 1
80 CASK AXIAL — " h
“S 10 YIELD FORCE .
=
S > 60 |
& @ 50 |
LuJ
% i 40 v
S Z 3l IMPACT I
O LIMITER CRUSH '
20| v
],OP l —
0 L ] I
0 100 200 300
DEFLECTION, INCHES

FIGURE A-9. COUPLING 1-6, HYSTER TYPE 1

123




APPENDIX B

Input to the HONDO Program

124



APPENDIX B
Input to the HONDO Program

The mesh for the dynamic finite-element cask model used
with the HONDO program was generated using QMESH [6], a
Separate program. The cask model actually contains two
separate finite-element bodies, one corresponding to the
lead shielding material and the other to the steel shells.
The separate materials are free to interact and slide
relative to one another. Node motion of one into the other
is restricted by restoring forces which'act when a node
crosses the boundary. The materials are allowed to slide
relative to each other with or without friction. The entire
body is given an initial velocity in the axial direction into
a simulation of an unyielding surface. This is accomplished
in the HONDO model by preventing node motion past a
z-coordinate value (see Figure 2.6) with a very stiff spring
boundary condition. The computational results of this model
then indicate the deformations that a cask would sustain in

an end impact into a rigid target.

A bilinear elastic-plastic stress-strain curve 1is used
to describe the deformation behavior of the materials. This
then means that an elastic modulus and a plastic modulus must
be input to the program. Other material properties which
must be input include yield strength, Poisson's ratio, and
density. The table below includes the values used in this

analysis.
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APPENDIX B (cont'd)

Elastic modulus, Psi
Plastic modulus, Psi
Yield Strength, Psi
Poissons' ratio
Density, lbs/in3

STEEL

29.0 x 106
3.0 x 109
35.0 x 103
.42
.282

LEAD

————

27.75 x 103
24.75 x 202
4.3 x 103

.30
.409
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APPENDIX C
Analysis of the Cask Closure System

This appendix calculates stresses in the head bolts due
to inertial loads of the contents, the cask head, and the
impact limiter. The cask is equipped with 16 - 3/4 inch
bolts which keep the head in place. The impact limiter is
attached to four of the head bolts. The following data is

used in the analysis

bolt root diameter: 0.620 in
bolt root area: 0.302 in?
bolt ultimate stress: 110,000 psi
weight of cask internals: 1,900 1bs
weight of cask head: 1,120 1bs
weight of impact limiter: 1,600 1lbs

It has been calculated that the cask will see a
maximum of 20 g's during crush—up‘of the structure. (The
final impact of the cask into the wall can produce much
higher peak decelerations but these are not viewed as a
threat to the bolting system.) The stress in the four
bolts supporting the impact limiter is

_ (1600) (20) _ .
g = (1) (0.302) 26,490 psi

Assuming that the inertial load of the internals and
the head is carried by the remaining 12 bolts, the stress

in these bolts is:

(20) (1120 + 1900)
(12) (0.302)

= 16,666 psi



APPENDIX C (cont'd)

The 'bolts supporting the limiter are then stressed to
a higher value. This means that they will strain more and
the assumption that the inertial loads of the internals and

head will be carried by the remaining 12 bolts is valid.

Shear stress in the threaded system can be calculated
as follows: The nuts are 0.75 in. high. The shear area

is:

(root diameter)(n)(0.75)
(0.620)(7)(0.75) = 1.46

>
noou

The highest stressed bolts carry 8,000 1lbs. The shear

stress is then:

The ultimate nominal strength of the bolting material is
110,000 psi and the ultimate shear strength can be
conservatively expected to be half this value. The

calculated stresses, therefore, are well within these

limits.

In order to verify material properties, two of the
bolts were statically tested in tension. They each took a
minimum load of 35,000 1bs and exhibited a very large
amount of ductility. These test results then indicate a
material strength of 115,000 psi. It is calculated that
the bolting system will not fail due to inertial loads

during crush-up of the vehicle structure.
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RS 1282/2008

An Instrumentation Plan for a Truck and Spent-Nuclear-Fuel Shipping
Cask Impact Test

M. Huerta, L. M, Ford
Nov. 1976

Abstract

This memorandum describes the instrumentation plan to be used
in monitoring a 60 mph impact test of a truck spent-nuclear-fuel shipping
system, This full-scale test is scheduled to be run at the Sandia Labs

- Area 111 test facility.
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Introduction

This memorandum describes the instrumentation for the full scale

- tractor-trailer test to be conducted in Area III. This is to be a 60

- MPH impact into a concrete target which has already been constructed on

the North end of the on'éled track facility. The instrumentation plan
outlined here is consistent with the telemetry package and sensors avail-
able to the test program and-also with the time frame which has been estab-
lished for running the test.

The instrumentation plan is designed .to monitor items that can be
correlated with analysis and also items which may be of interest at a later
date, This has been done in: view of the fact that this is a very unique
test to run and a reasonable amount of instrumentation should be included.

As much detail as possible, without having the hardware available for
~ inspection, has been included. Final details will be discussed with
personnel of. instrumentation, Division 9483, as soon as the hardware-

becomes available.

The following items have been established as the desirable parameters

- to monitor during the test.

‘1. Rigid body acceleration of:the cask: body.

2. Attenuation of g-1evels-thr0ugh‘the‘st}ucture.

3. Permanentrstrains-infthe~;ask body and c1osufé system.

4, Lead motion or slump within=the cask body.

5. Dyhamics of the cask:during the test.

6. Hydrostatic pressure or water hammer effect‘within=the
;cask cavity.

7. Acceleration response of the fuel elements within the cask
cavity.

8. Record of sequence of events during the test. (Fifth wheel
connection breaking, tie-downs breaking, etc.)
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The instrumentation and photo coverage described here will provide informa- ‘ii}

tion regarding each of these 1t¢ms.

The instrumentation will include active and passive accelerometers,
active and passive pressure transducers, strain gages, and on-off switches
which will provide time records of events during the test. Extensive

photocoverage will be included. This will include high frame rate motion

‘picture cameras positioned at various angles. Two onboard cameras will be

mounted on the trailer structure and will be aimed at the cask tie-down.
The target will be instrumented with accelerometers to record target motion.
Detail description of various components of the test instrumentation and

photo coverage are described in separate sections below.

Eguigment

Equipment available for instrumenting this test includes a telemetry
packagé with a capacity of transmitting 12 channels of 2KHZ data. These
channels are fixed and cannot, for instance,be combined to form fewer.
higher frequency channels.. This T.M. Package also has four on-off channels
which can be used in conjunction with crush switches to record times at which
different events happen. This package will be bolted to the back end of the
cask. In additidn to the large T.M. package just described, a smaller T.M.
unit containing 2 accelerometers is available. The smaller T.M. is packaged
as a unit with the accelerometers and can be bolted to any part of the structure
Different models of piezoresistive accelerometers, as well as: active and passive
pressure transducers and strain gages are available. All active sensors, excep1
for the accelerometers contained in the small T.M. unit, will operate through

-

the 12 channel telemetry unit. Passive accelerometers which operate on the

principle of a ball crushing a thin aluminum disk are also available. : I

Numerous motion picture cameras are available for filming the test.
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Photocoverage

By far the most valuable data that will be obtained from this test will

be in the form of high speed motion picture films. Numerous cameras will

be aimed at the system from various directions. Two onboard cameras viewing
the tie-downs will be mounted on the trailer to record tie-down response.
Figure 1 illustrates camera locations. This plan has been designed by T. A.
Leighley of photometrics, Division 9412, and is based on experience obtained
from filming preliminary scale model tests. High speed cameras located on
the sides will be surveyed in place to determine their exact location with
respect to the target. (This will be necessary information in the data
reduction process.) The equipment will be set up on the morning of the test,

In order to have proper lighting, it has been determined that the test
be run at approximately 3:00 p.m. It has also been determined that in order
to prevent possible disturbances to cables, an absolute minimum number of
personnel will be allowed in the immediate test area on the day of the fest.
Redundant triggering circuits and power sources will be provided for the
cameras. (This will minfmize the possibility of having a block of cameras
malfunction.)

It is expected that a large amount of quantitative data can be obtained
from the films. This will include displacement time and velocity-time his-
tories for various points on.the structure and on the cask. For purposes of
film data reduction, the“tractor and trailer frame will be striped. The
centers of the wheels will be painted with a bright color. Also, some areas
of the cask should be painted with a bright color. Details concerning the

painting scheme will be communicated shortly after the equipment arrives.
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In conjunction with the photocoverage, a fixed reference as indicated in

Figure 2 will be provided by Division 9412,

Active Accelerometers

The active accelerometers will have to operate through the ‘telemetry
system which has a 2KHZ frequency response limitation. It has been deter-

mined that the predominant frequency response of the cask will probably be

. below this Tevel. The frequency limitation of the telemetry unit does not

152

present a problem with regard to accelerometer signals. The expected fre-
quency response level of the cask is also within the capability of‘the
accelerometers.  The type of accelerometers whfch will be used to monitor
the cask motion are piezoresistive Endevco models 2262-200 and 2261A-2500.
The model 2262 is a damped low natural frequency (3000 HZ) accelerometer.

It will provide good resolution at low g levels. Its frequency response has

been experimentally determined to be reasonably linear up to 2KHZ. The model

- 2261A-2500 is an undamped accelerometer with a natural frequency of 31KHZ

and a peak g capability of 2500 g's. These will be used to capture any pos-
sible high g spikes.

A total of five active accelerometers will be‘mounted on the sides of
the cask bddy‘monitoring accelerations in the axial direction. Two of these
will be near the head end, two near the_bottom end, and one located approxi-
mately in the middle (see Figure 2). These will be mounted on the sides of

the cask. For mounting purposes, there are some large stainless steel blocks

~on both sides of the cask at each end. " These blocks are part of the cask shell

and the accelerometers can be mounted in these areas. The middle accelerometer

will have to be mounted on a small stainless steel cube welded to the cask

shell. (A11 accelerometers will be mounted with screws and dental cement.)
The front locations will have an Endevco model 2262-200 and one 2261A-

2500 accelerometer. These will be calibrated to 200 and 1000 g's respectively.



The middle unit will be a model 2261A-2500 ca]ibrated to 500 g's. The
two units in the back will be similar to the front units. These will be
calibrated to 200 and 500 g's.

Wiring to the accelerometers from the T.M. Package will be'a]dng the

.sides of the cask. Holes will be drilled in the fins and wires will be

routed. through these. -Wires will be routed along both sides of the cask.
This will minimize the possibility of wiping out all the accelerometer
signals by having a wire bundle cut by debris.

- The small. T.M. package containing two accelerometers will be bolted

to the .trailer structure underneath the cask (see Figure 2).

Passive Accelerometers

Numerous passive accelerometers will be used.throughout the
structure as indicated on Figure 2; This includes units on the tractor

frame, tkai]en structure, and shipping cask. In addition to these loca-

"t1ons, the fue] e]ements and fuel basket inside the cask will also be

1nstrumented with th1s type of acce]erometer Exact locations will be

‘ determ1ned after the hardware can be inspected.

On the tractor and traller frame these pa551ve accelerometers will

1

be mounted on cross-members in areas that are relatively well protected.

On the cask body, they will be mounted between fins. These accelerometers

{

Should g1ve an 1nd1cat1on of the g-level attenuation through the vehicular

structure and cask

The nom1na1 range for these devices using the thinnest disk .is 200-

1000 g's. Readings lewer than this can be obtained with some loss of
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accuracy. Although a Tower range is desirable, it is felt that meaningful ‘i;;

data can be obtained from these. Their response time is fast enough to

" record any significant peak g levels.

Pressure Transducers

Pressure transducers will be included to monitor hydrostatic pressures
generated on the head end of the cavity. Three passive type transducers
will be located inside the cask cavity. These have a range of 0-20,000
psi. One active transducer will be located in-an overflow pipe near the cask
head end. The range of this unit is 0-1200 psi. Hydrostatic pressure
readings within the cavity will be used for estimating strains in the head
bolts.

Crush Switches

Crush switches are on-off deV{bes which éan be used to record the time
of an event such as the fifth wheef connection breéking. The telemetry pack-
age available for the tests inc]&des provisiohs‘for four of these channels.
Recommended Tocations for these are on the front end of the tractor, the
front end of the trailer, at the fifth’whee1 connection, and at the front cask
tie-down. These will give indications of when the tractor first impacts the
wall, the time when the fifth wheel connectfon breaks, the time when the
front end of the trailer impacts the back end of the cab, and the time when
the front tie down breaks if indeed this occdrs. These units will be wired
to the telemetry package Tocated on the back end of the cask. Wires will be

routed along the trailer and tractor structure wherever convenient and well

“protected.

Strain Gages

Two strain gage rosettes will be mounted on the cask outer shell

near the head end. These will be mounted on the sides of the cask. This



is the area of the cask that will probably be strained the most as any

1ead motion within the shell will tend to bulge out the outer shell. The
system will be calibrated to read + 2000 micro inches per inch of strain

at this point. This will record strains well beyond the yield point.

Shell strains at this point may be correlated with analytical caicu]ations .

at a later date.

T.M. Package

The large T.M. package has dimensions of approximately 13" x 13" x
13" and weighs about 80 1bs. It will be bolted to the back end of the cask
as illustrated in Figure 2. This allows it to move with the cask should
the cask come off the trailer. The instrumentation is very well protected

and should remain functional throughout the event,

Target Instrumentation

As a point of interest, the concrete target should be instrumented
with accelerometers. The units will be placed on the top of the target
as indicated in Figure 2. These units can be hard wired separately. Divi-
sion 9335 will install and record the output of these units. They will be

installed on the face of the target near the top.

Miscellaneous

Precautions will be taken to prevent a dust cloud from obscuring the
system from photo coverage during the impact. The tractor and trailer will
be cleaned prior to testing and the dirt area in front of the target will

be oiled or wetted down.
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The system shou]d.be extensive]y still photographed prior to testiﬁg.
This ;hould include the tkactor, trailer, king pin connection, tie downs,
and cask. These will be useful in post-test analysis of the structure.

The boTts on thé cask c]osufe system will be torqued to a specific
value. These torque values and‘the head area will be carefully checked

after the test to detect any changes.
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DATA FROM THE FIRST FULL SCALE TEST
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DATA FROM THE SECOND FULL SCALE TEST
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