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SUMMARY

In the study of the coupler-tank car head impact phenomena in derailment
and switchyard operations, different test conditions have to be considered. In
order to correlate the threshold puncture velocity with these conditions, many
impact tests need to be performed to obtain the required information. For
these studies, a small-scale model testing program is certainly more desirable
over the full-scale testing as far as the cost is concerned. It is imperative,
however, that the small-scale model impact tests will provide reliable
information as to the real full-scale impact phenomena. Therefore, several
attempts were made in this study with small-scale impact testing to investigate
different tank car head protection devices with different impact conditions.

An attempt was made with center impact testing on model aluminum tank car
heads: (1) to assess the effectiveness of mitigating materials on increasing
the puncture resistance of model aluminum tank car heads; (2) to evaluate the
effect of low temperature on the threshold puncture energy of model aluminum
tank car heads; (3) to test the validity of the scaling laws adopted on model
aluminum tank car heads; and (4) to study the influence of lading on the
threshold puncture velocity of model aluminum tank car heads in horizontal
impact situations. Two additional attempts were made with off-center impact
testing on model aluminum and high-alloy steel tank car heads to assess the
vulnerability of model tank car heads under off-center impacts. A number of
1/10- and 1/5-scale model aluminum and high-alloy steel tank car heads were
used in this study. Also a Finite Element Model was developed for the
prediction of the puncture resistance of scale-model aluminum and high-alloy
steel tank car heads.

The small-scale impact testing program includes vertical impact tests
(drop-weight) and horizontal impact tests (pendulum). These tests were
performed on the scale-model tank car bareheads and heads that were covered by
high-alloy steel head shields or steel face plates combined with different
kinds of mitigating materials. These materials were used as protective devices
to increase the puncture resistance of the scale-model aluminum and high-alloy
steel tank car heads in the center and off-center impact tests. Several kinds
of mitigating materials were selected and examined in preliminary dynamic
impact tests to determine the most suitable material-combination with the most
energy absorbing capacity which can be used in impact situations. Beside the
high—alloy steel head shield (thick steel plate), two different kinds of
mitigating materials combined with steel face plates (thin steel plates) were
chosen and used in the center impact tests, while only one of the two
mitigating materials combined with steel face-plates was used in the off-center
impact tests. This mitigating material was formed from several layers of
aluminum honeycomb combined with thin sheets of high-alloy steel; the second
material was formed from a single plate of Hytrel Polyester Elastomer “"Tecspak”
combined with a single thin sheet of high-alloy steel.

The test results indicate that all the protective devices provide good
protection to the scale model tank car heads against impact puncture as
compared with the barehead impact situation. However, some differences in
terms of protection capability between these protective devices in each scale
were found. The results of the 1/l0-scale drop-weight center impact tests



indicate that the high-alloy steel head shields provided the most protection to
the test specimens followed by the steel face plate—aluminum honeycomb
materials and then the steel face plate-Tecspak materials. This was changed in
the 1/5-scale test results where the honeycomb materials provided the most
protection to the test specimens followed by the head shields and then the
“"Tecspak™ plates. The test results also indicate no significant effect of low
temperature on the vulnerability of the scale-model aluminum tank car heads.

An examination of the scaling laws adopted revealed that the effect of the
strain rate on the accuracy of these laws 1is negligible when applied to the
1/10- and 1/5-scales. Based on this finding, the threshold puncture velocity
of the 1/10-scale model 1is expected to be higher than the velocity of the
1/5-scale model by 1.0 percent. In comparing the impact test results of the
model aluminum tank car heads between these two scales, it shows a good
agreement of the effect of the strain rate on the threshold puncture velocity
with 3.0 percent in the barehead impact tests. However, it shows 16.0 percent
and 21.0 percent differences in the threshold puncture velocities in the other
cases where high-alloy steel head shields and steel face plate combined with
Tecspak material were used as protective devices, respectively. Also it shows
no difference in the case where steel face plates combined with several layers
of aluminum honeycomb material was used in the impact tests.

The horizontal impact test results show the effect of lading on increasing
the vulnerability of the model aluminum tank car heads to impact puncture.
Also it shows that the model aluminum and high-alloy steel tank car bareheads
are more vulnerable to impact puncture with off-center horizontal impacts as
well as vertical impacts. However, these results indicate the contrary 1in the
case where high-alloy steel head shields or steel face plates combined with
aluminum honeycomb material were used as protective devices in the off-center
impact.
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1. INTRODUCTION

In derailment and switchyard operations, railroad tank cars carrying
hazardous materials frequently experience coupler—-tank head impacts that result
in impairment of the structural integrity of the tank cars. Because of the
catastrophic consequences involved in such accidents, which may cause the
evacuation of citles, personal deaths and injuries, and property losses
totalling millions of dollars, tank car head puncture phenomena have been
widely studied (References 1-6) and different protective means have been
devised.

In order to increase the resistance of the tank car heads against impact
puncture when a coupler or an adjacent car rams into it, steel head shields
have been required on all DOT specifications 112A/114A hazardous material
railroad tank cars since 1977 and certain newly built DOT specification 105
tank cars. Previous studies (References 2-3) showed that the steel head shield
is an effective protective device; it is not a particularly good energy
absorber, but it blunts the striking edge of the impacting object and spreads
the impact load to a larger area of the impacted surface. However, 1t appears
possible to significantly increase the energy absorption capability by adding a
highly deformable shock mitigating material between a thinner head shield (face
plate) and the tank car head. Most railroad tank cars cover long distances
over their operational life span. The additional dead weight of the thick
steel head shields currently used would substantially increase the travelling
cost. Therefore, it is of interest to find protective devices which are
lighter than the steel head shields without sacrificing head protection and
puncture resistance. The same basic concept of using a mitigator could be used
in future railroad tank car designs, which could yield equivalent protection
with lighter protective devices.

The mitigating materials would also solve a potential problem in current
tank cars carrying steel head shields. This problem is the effect of low
temperature on the impact resistance of steel plates. This is based on the
fact that carbon steel in fracture tests exhibits a transition from ductile
failure that requires high—impact fracture energy, to brittle failure that
requires much lower energy. The effect of low temperature on the tank car
head-impact performance is addressed and the degree of protection against head
puncture rendered by mitigating materials at low temperature is assessed.

It is not practical from a cost—effective viewpolnt to conduct full-scale
testing to verify that a particular tank car design will perform satisfactorily
in all possible impact situations because there are large combinations of tank
car configurations and impact scenarios. Therefore, there is a need for

reliable small-scale testing procedures to simulate the response of the tank
car heads in impact situations.

Reliability of relating the small-scale model and prototype test results
depends on the validity of scaling laws employed. In order to examine these
laws, impact tests with models of two different scale factors under similar
conditions are conducted. Analysis of the tests results of the two different
scale models should help in establishing the scaling laws, which are used for



the prediction of the prototype performance.

The major catastrophy 1nvolved in the raillroad tank car head puncture
following a derailment or switchyard collision is the spillage of lading
contained in the tank car. The ensuing spillage can lead to wide dispersion of
highly toxic fumes for non-flammable cargo, or to quick ignition and
conflagration for flammable cargo. Therefore, in this study the influence of
lading on the threshold puncture velocity and energy is included.

The Federal Rallroad Administration (FRA) scale-model puncture resistance
program has considered only centerline impact tests. However, full-scale tank
car head puncture resistance tests included two series of off-center impact
tests, one test series conducted at 21 inches above the s1ll and the other test
series conducted at 31 inches above the sill. This study also included an

investigation of the vulnerability of the scale-model tank car heads under
off-center impacts.

2. BACKGROUND AND PROCEDURES
2.1 OBJECTIVES
The objectives of this project are:

a. To assess the effectiveness of mitigating materials on increasing the
puncture resistance of small-scale model aluminum tank car heads.

b. To evaluate the effect of low temperature on the threshold puncture
energy of small-scale model aluminum tank car heads.

c. To test the validity of the scaling laws adopted on small-scale model
aluminum tank car heads.

d. To study the influence of lading on the threshold puncture velocity of
small-scale model aluminum tank car heads in horizontal ilmpact
situations.

e. To assess the vulnerability of small-scale model aluminum and
high-alloy steel tank car heads under off-center impacts.

f. To develop a Finite Element Model for the prediction of the puncture
resistance of small-scale model aluminum and high-alloy steel tank car
heads.

2.2 DESCRIPTION OF SMALL-SCALE TEST PROGRAM

In order to achieve the objectives of this test program, a total of five
series of impact tests were conducted with an ultimate goal of obtaining more
insight into the tank car head impact phenomena. Thus, more efficient schenmes
can be developed to reduce the probability of tank car head puncture caused by
impact during collision in derailment, switchyard operations, and accildents.
Four series of ceanter—impact tests were run on small-scale model aluminum tank



car heads and one series of off-center impact tests was run on model aluminum
and high—alloy steel tank car heads. These impact tests involved two major
testing schemes: vertical impact tests (drop weight) and horizontal impact
tests (pendulum).

The first two series of center—impact tests were performed on 1/10-scale
model aluminum tank car heads to evaluate and compare the effectiveness of
different protective devices such as high-alloy steel head shields and steel
face plates combined with different kinds of mitigating materials on iuncreasing
the puncture resistance of the model aluminum tank car heads. These tests were
performed at ambient temperatures and also at low temperature of - 60 degree
fahrenheit (°F) with the intent of investigating the effect of low temperatures
on the model behavior under varying impact conditions.

For the purpose of developing, establishing, and testing the scaling laws,
the third series of center—impact tests was performed on 1/5-scale model
aluminum tank car heads. Drop weights, head shields, and mitigating materials
combined with steel face plates were scaled as close as possible to meet the
ratio of the 1/5-scale. The results of this test series and those obtained
from the first series of tests were then compared.

The fourth series of tests was conducted to evaluate the effect of lading
on the threshold puncture velocity of model aluminum tank car heads in
horizontal center—impact tests. A 1/5-scale model railroad tank car with
removable head holder was used in this series of tests. These horizontal
impact tests were performed on 1/5-scale model aluminum tank car bareheads in
two impact conditions: (1) when the model tank car was filled with water to 90
percent of its volume, and (2) when the model tank car was loaded with weights
to provide the same total weight of the tank car as in the first condition.

All previous drop-weight and pendulum impact tests were performed at the
centerline of model aluminum tank car heads. The fifth test series in this
study was conducted to investigate the vulnerability of the scale model
aluminum and high—alloy steel tank car heads under off-center impacts.
Drop-weight and pendulum impact tests were performed at two impact positions
which were scaled to the full-scale test locations at 21 inches and 31 inches
above the sill. These off-center impact tests were performed on bareheads, and
heads that were covered by high—alloy steel head shields or combination of
steel face plate and aluminum honeycomb material.

2.3 TEST FACILITY

The test facility employed includes a drop/pendulum tower made of
wide-flanged steel I-beams, a railroad track, a small model railroad tank car,
and an instrumentation room.

The tower is a four—-legged free-staunding structure, 46 feet high and has a
large base area. The drop and pendulum impact tests can be performed at the
tower base with a maximum drop height of 40 feet (34 miles per hour (mph)
impact velocity), a 120 degree pendulum swing angle (30 mph impact velocity),
and a lift of a 3,000 pound (lb) impact weight. Figure 1 shows photographs of
the drop/pendulum tower from different angles. These photos also show the
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small model tank car and a railroad track. At the top of the tower there are
safety rails surrounding a specially built steel platform which can be used to
service the hoist periodically or in emergency situations and also to adjust
the drop-weight guide cables. Steel rungs are attached to the towerside for
safe access to the platform.

A 60 foot (ft) long portable railroad track laid on a gravel bed extends
from the tower base at the pendulum side to guide the model tank car or any
other object being impacted by the pendulum. The pendulum arm length can be
adjusted by 1.5 inch (in) increments between 17.5 and 19.0 ft limits. Also,
the pendulum impact weight is variable, and can be adjusted up to a 3,000 1b
limit. The pendulum arm pivot rotates in two special duty flange bearings.
These bearings together with their brackets are fixed at a height of 20 ft on
the pendulum tower. A two—ton capacity hoist hanging at the top of the tower
is used to 1lift either the pendulum or the drop impact weight. A remote
controlled release hook is used to release the impact weight in either case.
Figure 2 shows a photograph of the fast release hook.

An instrumentation trailer is situated near the tower to house the
transient data acquisition equipment such as tape recorder, computer,
oscilloscope and other instruments. An electrical power source (115 volts) 1is
available in this trailer for operating the hoist and all electrical equipment.
All the tests performed at the tower base area can be controlled from inside
this trailer. A wide window faces the tower for the observation of the
on—-going experiments.

2.4 GENERAL PROCEDURES

The threshold puncture velocity will be determined approximately by
progressively narrowing the gap of the velocities that cause puncture and
non-puncture. The impact velocity in each test will be determined based on the
previous test results. In general, puncture failure can be determined by
visual inspection.

2.5 DROP WEIGHTS

Two drop weights were used for the drop-weight impact tests. The
1/10-scale test series used an impact weight of 263 1b. The 1/5-scale test
uses 2,102 1b. These weights have been selected to represent the scale weight
of the full-scale of the ram car.

2.6 DROP HEIGHT

An approximated initial drop height of 6.0 in of the 1/10-scale
drop-weight was determined by equating the kinetic energy available at impact
to the total energy which can be dissipated by plastic work of a 1/10-scale
model aluminum tank car barehead up to the point of a material's shearing
failure in a static test.

2.7 PENDULUM IMPACT WEIGHT

A pendulum impact weight of approximately 2,060 1b was used in the
horizontal impact tests. The kinetic energies generated by this weight in the



FIGURE 2. Mechanical Electrical Release Hook



L

pendulum test and by the drop weight in the 1/5-scale drop test are equivalent
at impact when the swing-and drop-heights are the same.

2.8 TEST SERIES

Five series of impact tests were conducted in this test program and can be
described as follows:

o Test Series No. 1 — Effect of mitigators (drop-weight impact tests)

The 1/10-scale model aluminum tank car heads were used in this series with
the drop tower facility at temperatures above the transition temperature of the
model material. Cases chosen include drop-weight impact tests on bareheads and
heads that were covered by: (a) high-alloy steel head shields, (b) high-alloy
steel face-plate and aluminum honeycomb materials, and (c) high—-alloy steel
face-plate and Tecspak materials. An average of six specilmens were used in
each case to determine the corresponding threshold puncture velocity. Figure 3
shows a photograph of a 1/10-scale model aluminum tank car barehead in a
drop-weight impact test setup.

o Test Series No. 2 - Effect of low temperature (drop-weight impact tests)

The 1/10-scale model aluminum tank car heads were used in this test series
with the drop tower facility at temperatures below the transition temperature
of the model material. Similar drop-weight impact tests to that in the first
test series were performed at low temperature. Liquid nitrogen was used as a

coolant while a thermocouple and electronic thermometer were used to record the
Ctemperature.

0 Test Series No. 3 — Validation of the scaling laws (drop—welght impact tests)

The 1/5-scale model aluminum tank car heads were used in this test series
with the drop tower facility at temperatures above the transition temperature
of the model material. Similar drop-weight impact tests to those in the first
test series were performed including test conditions, materials, and
procedures. Figure 4 shows a photograph of the 1/5-scale model aluminum tank
car barehead In a drop-weight impact test setup.

o Test Series No. 4 — Effect of lading (pendulum impact tests)

The 1/5-scale model aluminum tank car heads were used in this test series
with the pendulum facllity at temperatures above the transition temperatures of
the model material. The horizontal impact tests in this series were performed
only on 1/5-scale model aluminum tank car bareheads under two conditions: (A)
the model target car was filled with water to 90 percent of its total volume,

and (B) the model target car was loaded with weights to provide the same total
weight as in condition A.

o Test Series No. 5 — Effect of off-center impact (drop-weight and pendulum
impact tests)

The 1/10- and 1/5-scale model aluminum and high-alloy steel tank car heads
were used in this test serles with the drop/pendulum tower facility at
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temperatures above the transition temperature of model materials. These tests
were performed at two different off-center impact positions which were scaled
to the full-scale test locations at 21 and 31 inches above the sill. Similar
drop-weight impact tests to those in the first and third test series, were
performed with off-center impacts. The choice of one mitigating material
(aluminum honeycomb) was allowed in these tests. To investigate the effect of
horizontal off-center impacts, pendulum impact tests were performed on

1/5-scale model high-alloy steel tank car bareheads at the two off-center
positions. The model target car was filled with water to 90 percent of 1ts
total volume.

2.9 MATERIALS AND GEOMETRY
2.9.1 Model Tank Car Heads

Based on the specifications in the A.A.R. Manual of Standards and
Recommended Practices, Section C, Parct III, several materials can be used to
manufacture the tank car heads. Two of these materials were recommended and
used in manufacturing the scale model tank car heads in this test program.
Both materials are listed in the A.A.R. manual under "Approved Materials For
Tanks Fabricated by Welding"”. The first material is listed in Table M1-B and
identified as "Aluminum Alloy Plate - ASTM B209, Type 5052"; the second
material is listed in Table M1I-C and identified as "High—Alloy Steel Plate -
ASTM A240, Type 304". The physical properties of these materials are within
the A.A.R. manual recommendation and are listed in Table I.

The geometric specifications of the tank car heads are given in (ACF)
Shipping Car Line Division, under "Tank Car Anatomy l5e Rev., Services
Bulletin/May, 1972". These specifications were scaled to the 1/10- and
1/5-scale models and listed in Table I. Figure 5 shows a detalled drawing of
the 1/10- and 1/5-scale model tank car heads.

2-9.2 Head Shield

In order to reduce the probability of DOT Class 112A and 114A railroad
tank car head punctures, the Department of Transportation has required that
one-half inch thick steel head shields be applied to these cars. They are to
be spaced in front of the tank car heads and are to cover approximately the
lower half of the head. Therefore, in this test program a single or double
high-alloy steel thick plates (ASME A240, type 304), with scaled thicknesses
were used to cover the model tank car heads in the 1/10- and 1/5-scale
drop—weight impact tests.

2.9.3 Face Plate

The face plate is a relatively thin sheet of high-alloy steel metal,
usually combined with mitigating materials and used as a protective device for
the model tank car heads. The face plate can be used as: (1) a single sheet to
cover the top of the mitigating material as in the case where Tecspak material
was used as a mitigator; or (2) several sheets to separate several layers of
the mitigating materials as in the case where the aluminum honeycomb material

11



TABLE I.. SPECIFICATIONS AND PHYSICAL PROPERTIES OF
THE 1/10- AND 1/5-SCALE MODEL TANK CAR HEADS

R I e
SPECIFICATIONS
AND PROPERTIES
SCALE 1/10 1/5 1/10 1/5
ELLIPTICAL 2:1 2:1 2:1 2:1
MAJOR DIAMETER (INCHES) 12 24 12 24
MINOR DIAMETER (INCHES) 6 12 6 12
PLATE THICKNESS (INCHES) .068 - .070| .133 - _.137|.052 - .058]|.117 - .124
IMPACT AREA THICKNESS (INCHES) .060 - .063|.110 - .117(.047 - .052(.097 - .109
TENSILE STRENGTH (PSI) 25,000 25,000 94,400 94,000
YIELD STRENGTH (PSI) 9,500 9,500 37,000 37,600
ELONGATION IN 2 INCHES (%) 19 20 62 59

“ﬁjjﬁjj::::::===::: S~
-

k t
A /
z / !
—-’-"".—-D
" o

Dimension A B C D

1/10-Scald 12" [10.8"2.06" *

1/5-Scale | 24™ [21.6™M4.157] =

*See plate thickness in Table I.

Figure 5. The detail drawings of the 1/10- and 1/5-Scale Model Tank Car Heads.
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was used as a mitigator.
2.9.4 Mitigating Materials

Several kinds of mitigating materials, such as aluminum honeycomb,
aluminum foam, Kevlar material, Tecspak material, etc., were selected and
examined in preliminary dynamic impact tests. Two of these materials were
considered to be used as mitigators in the drop-weight impact tests. The first
material was formed from several layers of TRUSSGRID aluminum honeycomb
material combined with thin sheets of high—-alloy steel face-plate. Figure 6

shows a photograph of a TRUSSGRID sample. The second material was formed from

a single plate of Tecspak material covered by a thin sheet of high—alloy steel
face-plate.

2.9.5 Couplers

The 1/10- and 1/5-scale model couplers were cut and machined from 2.5 inch
and 4.5 inch 1045-CD carbon steel bars respectively. The ultimate and yield
strengths of this carbon steel are 103,000 pounds per square inch (103K psi)

and 90K psi respectively. Figure 7 shows a photograph of both scaled model
couplers.

2.10 Test Procedure

2.10.1 Drop Weight Test

The 1/10- and 1/5-scale drop-weight impact tests were performed at the
base area of the drop tower. The test procedure in both cases was similar and
can be described by the following steps:

1. Use the holst and a special weight stand to assemble the drop weight
including the weight shaft, the weight plates, the gulde arms, and the

coupler. Figure 8 (a and b) shows the assembly drawing of the 1/10- and
1/5=scale drop welghts respectively.

2. Align the gulde cables with the guide arms so that the coupler and the drop
weight can be guided to impact the specimen at a certain position.

3. Attach a release hook to the hoist, and hook the drop weight from its
shaft. Secure the release hook, lift the drop weight to a certain height

so that the test specimen preparation can be performed safely, and then
remove the drop weight stand.

4. Place and fix a tank car head specimen on the specimen holder. Place the
head-holder assembly on the drop tower base, and adjust its position so
that the coupler will impact the specimen at the desired impact point.

Tighten the head-holder assembly to the wooden base by the available
clamps.

5. Prepare the tank car head specimen according to the test schedule with head
shield, mitigating material, etc.



FIGURE 6. TRUSSGRID Aluminum Honeycomb Sample

FIGURE 7. 1/10 - and 1/5 - Scale Model Couplers
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10.

Use the hoist remote control to adjust the drop—weight helght above the
tank car head specimen. To check the desired impact height, measure the
vertical distance between the coupler tip and the specimen surface at the
impact point.

Activate the test instruments, computer, and tape recorder. Control and

release the drop weight from inside the instrumentation room by using the
release hook remote control.

Record the required measurements and readings, then deactivate all test
instruments.

Lift the drop weight and secure it so that the tank car head specimen can
be removed and inspected.

Repeat steps 4 to 9 for more drop 1lmpact tests. Figure 9 shows schematic
drawings of the drop—weight impact test setup 1including all the
instrumentation needed for the impact test.

2.10.2 Pendulum Test

The pendulum tests were performed only on the 1/5-scale model tank car

heads at the base area of the pendulum tower. The test procedure can be
described as follows:

Use the hoist and the lifting system available on the tower to assemble the
pendulum head for the 1/5-scale horizontal impact tests. Figure 10 shows
an assembly drawing of the 1/5-scale pendulum impact head.

Use a hydraulic lifter to jack—up the pendulum head to the desired height
such that the coupler will impact the specimen at the desired position.

Tighten and fix the pendulum head at this horizontal level with the
available nuts and special pins.

Place and fix a tank car head specimen on the specimen holder. Place the

head-holder assembly in position on the model tank car, adjust and fasten
it.

Load the model tank car with weights or fill it with water according to the
test schedule.

While the pendulum 1is in a vertical position, push the model tank car
toward the pendulum head until the coupler tip is touching the model tank

head surface at the desired position. Apply the brakes to the model tank
car wheels.

Hook the pendulum head with a special sling and the release hook. Pull-up
the pendulum to a desired height by using the hoilst.

Activate the test instruments, computer, and tape recorder. Control and
release the pendulum from inside the instrumentation room by using remote

16
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control.

8. Record the required measurements and readings; then deactivate the test
instruments.

9. Afrter the pendulum completely stops, remove the tank car head specimen from
the model tank car for inspection.

10. Repeat steps 3 to 9 for more horizontal impact tests. Flgure 11 shows an
illustrative drawing for a pendulum impact test setup.

2.11 INSTRUMENTATION

Figure 9 shows schematic drawings of the drop impact test setup including
the instruments and devices which were needed to measure and monitor the
various quantities and signals involved, during the test. These instruments
can be described as follows:

a. Accelerometer — A calibrated accelerometer mounted on the impact
welght shaft was used to monitor the deceleration durilng the impact.
The output will give a direct measure of the deceleration from which

the maximum deceleration can be obtalned and the maximum impact force
can be computed.

b. Charge amplifier — A charge amplifier was used to amplify the
acceleration signals so that it can be read and recorded. This charge

amplifier was also used in the process of calibrating the
accelerometer.

¢. Tape recorder — A magnetic four-channels tape recorder was used to
record all the signals from the different d«vices in the impact tests.

d. Filter — A band-pass filter was used with these instruments to
eliminate the undesirable signals such as noise and test signals at
undesirable frequencies.

e. Triggering system — A simple triggering system was used with these
instruments to activate a minicomputer so that test signals can be
recorded and stored.

f. Infrared photcelectric relay system — This system consists of two
infrared photoelectric relays and reflectors; it was 1lnstalled at a
level above the model tank car head specimens. At this level an
average velocity of the impact weight can be measured, which in turn

can be used to calculate the impact weight velocity at the impact
point.

g. Thermocouple and thermometer system — A thermocouple and electronic
digital thermometer were used in the low-temperature drop impact tests
to measure temperatures around -60° F.

19
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h. 5Strain gauges and strain gauge indicator system - This system was used
to measure and compare the strain rate of the model tank car head
materials in the 1/10- and 1/5-scale drop impact tests.

i. Minicomputer — A computer with ADC (Analog to Digital Converter) was
used with this system to store different test signals instantly during
the impact tests. These signals are discretized, digitized, and then

manipulated through a computer program to provide readable data for
the impact tests. Some of these data are displayed in graphic form on
the monitor and/or by the printer.

3. TEST RESULTS AND DISCUSSION
3.1 Determination of the Initial Drop-Weight Height

Prior to performing the 1/10-scale drop-weight impact tests, it was
convenlient to establish an approximate Initial drop-weight height. Therefore,
a preliminary static test was performed on a 1/10-scale model aluminum tank car
head. A static load was applied by a hydraulic testing machine (Tinius Olson)
through the 1/10-scale model coupler at the specimen's surface center. The
test was conducted to determine the total energy which can be dissipated by
plastic work by the model specimen up to the point of incipient shear failure
(Threshold Puncture). The static test data 1is given in Table II, and the
load-deflection curve obtained from these data is shown in Figure 12.

The total energy (E) dissipated by plastic work by the model specimen in
the static test is represented by the area under the load-deflection curve.
This area was measured and the total energy was computed as 124.5 foot-pounds
(ft-1bs).

A scaled drop-weight (W) of 263 1lb attached to the scale model coupler was
used 1in the 1/10-scale drop-welght impact tests. The 1nitial drop-weight
height (h) was calculcated from the energy formula:

E = Wh, thus
= E/W = 124.5/263 = 0.473 ft or
5.68 1in

- =
]

Previous results indicated that the energy required to produce the same amount
of deflection (depth of dent) at the center of the test specimen in a dynamic
impact test was more than that in a static test. Thils observation was obtained
when the static and dynamic tests were performed on scale model high-alloy
steel tank car heads in Reference 5 and also to initiate a threshold puncture
by using coke can lids as a model in scale model testing in reference 6.

3.2 Evaluation of the Mitigating Material Ef fectiveness

As described above 1in Section 2.8, the 1Impact tests in this program were
started by using the 1/10-scale model aluminum tank car heads in drop-weight
impact tests. These tests were performed on bareheads and heads that were
covered by head shields or face-plate mitigating materials combination.

21



TABLE II. STATIC TEST DATA FOR 1/10-SCALE MODEL
ALUMINUM TANK CAR HEAD

FORCE (LBS) 100 190 280 250 280 320 430 540 650

DEFLECTION (IN)| .03125 .0625 .09375 . 15625 .21875 .28125 .40625 .53125 .65625
FORCE (LBS) 785 935 1060 1160 1235 1395 1575 1795 1980
DEFLECTION (IN){ .78125 .90625 .96875 |1.03125 |1.15625 [1.28125 |1.40625 |1.53125 [1.65625
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FIGURE 12, FORCE VS DEFLECTLON AT THE APEX OF 1/10-SCALE MODEL ALUMINUM
TANK CAR HEAD IN THE STATLC TEST.
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Several kinds of mitigating materials were selected and examined in prelimlnary
dynamic Iimpact tests to determine the most suitable material combination with
the most energy-absorbing capacity which can be used in impact situations. In
order to achleve a satisfying comparison between these mitigating materials,
similar face-plate mitigating material combinations were selected, and simllar
test procedures were followed in all cases.

Test results revealed a possible choice of two face-plate mitigating
material combinations which can be used to provide a good protection to the
1/10- and 1/5-scale model tank car heads in the drop-weight impact tests.

These materials can be described as follows: high-alloy steel face-plates
combined with (a) TRUSSGRID aluminum honeycomb of American Cynamide Company and
(b) Tecspak of Miner Enterprises, Inc. The TRUSSGRID honeycomb material has
the advantage of a plane of high strength and rigidity in all three plane
dimensions, which makes the material suitable for use where the direction of
the impact load cannot be predicted. The "Tecspak™ material is based on DUPONT
Hytrel Polyester Elastomer, which has the ability to spread the 1mpact forces

on a larger area of the specimen surface, and has the advantage of high
strength in compression and shearing.

Since there is a high concern about reducing rallroad tank cars dead load,
which is partially created by the existing steel-plate head shields, an attempt
was made in this study to compare the puncture resistance-effectiveness versus
material weight between the scale model steel head shield and the selected
mitigating materials. Also from Reference 5, results indicated that a backup
material to the scale model tank car heads was needed to reduce the excessive
deformation to the specimen surface which occurred under impact forces without
any sign of cracks or puncture. A slight difference in the threshold puncture
velocity of 2.4 percent was registered when water and uncompacted dry sand ware
used as backup materials to the 1/10-scale model high—-alloy steel tank car
heads in drop-welght 1impact tests. A lower threshold puncture velocity in the
water case indicated the worst situation in these impact tests. Because of the
difficulty to control the water in a vertical position, the uncompacted dry
sand was selected and used in the 1/10- and 1/5-scale drop-welght 1lmpact tests.

A total of forty-two (42) 1/10-scale model aluminum tank car heads were
used in the drop-welght impact tests as required in the first and the second
series of tests. These tests were performed to investigate the effectiveness
of two different mitigating materials 1in iIncreasing the puncture resistance of
the model tank car heads in impact situations. The test results of the first
and second series of tests are tabulated in Tables III and IV respectively.
These results conslist of data from the drop-weight impact tests which were
performed on 1/10-scale model aluminum tank car heads at amblent temperature
between 75° F and 900 F (Table III) and at low temperature between —550 F and
-60° (Table IV). The impact velocities contained in these tables are
calculated according to the theoretical velocity formula V = \/2 gs where v’
denotes the velocity of the drop-weight at impact, “g" denotes the gravity
acceleration, and "s" denotes the vertical distance between the specimen
surface at the point of impact and the tip of the scale model coupler.

For easier comparison and interpretation of the test data in Table III,
the threshold puncture velocity, energy, and the corresponding depth of dent in
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each case are tabulated in Table V. Graphs relating the dent depth versus
kinetic energy at impact for the different cases in Table III are displayed in
Figure 13 and also displayed in Appendix A.

It can be noticed from Figures 13 and Al that the dent depth at the center
of the 1/10-scale model aluminum tank car heads decreased after the threshold
puncture situation in two cases of the drop-weight impact tests, and increased
in the other cases. An examination of the punctured specimens in these tests
revealed that the impact puncture in the first two cases was initiated by
concentrated impact forces at the edge of the model coupler where a shearing
failure occurred. 1In the other two cases the impact forces were spread on a
bigger area of the specimens surface and the puncture failure was initiated
where an excessive deformation occurred.

As can be seen from Table V, the puncture resistance of the 1/10-scale
model aluminum tank car heads has increased by more than 500 percent by using
head protection devices. This improvement figure can be obtained from Table V
by comparing the threshold puncture energy in each case with the energy for the
barehead.

Thus far the results of the drop-weight impact tests for the 1/10-scale
model aluminum tank car heads indicate that the high-alloy steel head shields
provide the most praotection to the scale model tank car heads in impact
situations. It can be seen from Table V that the impact energy absorbed by the
head shield at the threshold puncture is greater than that for face-plate
honeycomb or face-plate Tecspak combinations.

To assist in visualizing the deformation patterns and magnitude of damage
to the impacted 1/10-scale model aluminum tank car heads, the specimens were
photographed and their pictures are displayed in Appendix B. For additional
information, a number of selected deceleration versus time curves for each case
of the 1/10- and 1/5-scale model aluminum tank car heads in the drop-weight
impact tests and also in the pendulum impact tests are displayed in Appendix C.
These curves represent an accelerometer response of the impact collision
between the scale model coupler and the scale model tank car heads. Impact
results, maximum impact deceleration, and impact duration can be obtained from
these curves. Three curves from each group in the 1/10-scale drop-weight
impact tests are displayed to assist in visualizing the difference between
situations where the impact results were dent, threshold puncture, and
puncture. The first curve in each group represents the case when impact dent
occurred at the center of the specimen. This curve is usually smooth at the
bottom part where the maximum deceleration is reached because there is no
sudden change in the impact weight deceleration. A little disturbance at the
bottom part of the curve indicates a threshold puncture situation, while a
large disturbance will indicate a puncture situation.

An examination of the quantities shown in Table V revealed that the
high-alloy steel head shield absorbed the impact energy in a shorter period of
time than the aluminum honeycomb or tecspak materials. Table V shows the
average duration of the impact for each case of the 1/10-scale drop-weight
impact tests.

27



00sT

S1SAL ILOVAWI LHOTIM-J0¥d NI SAVIH HYD NNVL
WANIHATY T300K 3TV¥IS-0T1/1 3FHL J0 LOVAWI 1V A9¥INI OILININ °SA HLdIA INIA NIIMIIE NOSIUVIHOD
(S971-1d) XOWANT JILANIN
001 00€1 0021 0011 0001 006 008 00¢
l ! | | l { | {

‘€1 FANOId

009

FYNLONNd O B Y

JUNLONNd QTOHSIUHL © 8 ¥

INIga @ @ ¥
TVINILVA NOILVNIEWOD
GWODATNOH WOANIWHATY - ILVId
q0vd 1331S HLIM SISAL IOVAWI O
TVINILVH
A7131HS QV3IH T33LS NOIIVNIGWOD WVdS23l - Ilvid

AQOTTY-HOIH HLIM S1S3L LOVAWI O 30Vd4 T3ALS HLIM SISIL LOVIWI

v

06°1

SeLl

00°2

0s°Z

§L°¢

00°¢

(SAHONT) IN3AQ 40 HId3a

28



) TVINALVH MVdSOdL
- = + - — »
p 8EY T 9.8 §9°71 ANV FIVId-A0Vd
. . X . GWOOAINOH WIANIHNTY
L€ oY 8862 5§ € s 6SET Zh6 %2 81 61°GT ANV A1V1d-T0V4
. . . . QTAIHS AVIH
0€ Z¢ 18%°C 8EY " 8/61 800T 99°61 | A T991S XOTTY-HOIH
h Sh SL8°1 989" 1 1§74 SLT 89"/ 669 aQvaHAYVY
*dWIL "dWAL *dWAL "dWAL *dWAL *dWAL "dWAL " dWAL VT LVI
MO1 WOOH MO RO0Y MO'T W00¥ MOT WOoOY
QTAIHS
( 03S-W) NOIIW¥NQ (SEHONI) (84T -1Id) AO¥ANA Hu¢&zHAWWmhw%wwqm)
LOVAWI A9VYIAY INZQ 40 HI4Ia TANLONNd QTOHSTYHL 1HO1IM~-204d ‘

SIAMND FWIL

40 HLd3d ONIANOdSTY¥O0D ANV SHIDYANIT FUNLONNL ATOHSHYHL

*SA NOILVYATIOEd FHI WO¥d NOILVYENd
LOVAWI dOVHIAV FHL 0STV ‘Al ANV III SATIVI WO¥d INAQ

A ATHVL

29



It is of interest to compare the dynamic response between test models
2-19, 1-32, and 4-17 in Table III. These models were protected by high-alloy

steel head shield, steel face plate-aluminum honeycomb material, and steel face
plate-Tecspak material respectively. All models were subjected to the same
drop-weight impact conditions with 40 in drop-weight height and 263 1bs
drop-weight, thereby all were subjected to the same impact energy. The impact
duration of these models were 30, 40, and 42 milliseconds (ms) and
corresponding maximum impact forces were 12,258 1lbs, 10,323 1lbs, and 10,709
lbs, respectively. The results from reference 5 indicated that at the same
impact energy, the model with the smaller impact duratioun should be subjected
to a higher value of the maximum impact forces. However, an examination of the
above data indicates that this notion is not applied in all cases with
different mitigating materials.

3.3 LOW-TEMPERATURE EFFECT

The 1/10-scale model aluminum tank car heads with different protective
devices were used in this series of tests to examine the effect of low
temperature on the threshold puncture energy in each case. Liquid nitrogen was
used to cool down the test specimens including the model aluminum tank car
heads, the high-alloy steel head shields, and the combined materials of steel
face-plates and different kinds of mitigating materials. These impact tests
were performed at low temperatures around - 60 F. The test results are
tabulated in Table IV, and the comparison between these results and those at
room temperature are tabulated in Table V. According to these data, the
threshold puncture energy at low temperature was higher than the energy at room
temperature in all test conditions except the case when the Tecspak material
was used as a mitigator. This material became brittle at such low temperature,
and smashed under the impact load without providing an effective protection to
the model aluminum tank car heads. The increase in the threshold puncture
energy in each case was calculated as follows: 38 percent with bareheads, 57
percent with high-alloy steel head shields, and 44 percent with steel face
plate~aluminum honeycomb mitigating materials. However, the threshold puncture
energy decreased by more than 13 percent in the case when steel face-plate
Tecspak material was used as protective device at low temperature. For easier
comparison, graphs relating dent depth versus kinetic energy at impact at low
and room temperatures are displayed in Figure 14, Also, these graphs are
displayed separately in Appendix A in Figures Al to A7. Based on this
information, it may be concluded that low temperature has the effect of
increasing the threshold puncture energy of the model aluminum tank car heads
in all impact cases except in the case where Tecspak materials was used as a
mitigator.

3.4 VALIDITY OF SCALING LAWS
3.4.1 Scaling Laws

In the development of small-scale simulation tests, it is very important
to adopt appropriate scaling laws so that model results can be extrapolated to

the full-scale cases. The scaling laws adopted in this study were developed by
Gorman (Reference 6), using dimensional analysis. Similar dimensional analysis
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were also done in References 3 and 7 to 1l1. The details of this dimensilonal
analysis are displayed in Appendix D.

3.4.2 Applying and Testing the Scaling Laws

All previous drop-weight impact tests in this program were performed on
the 1/10-scale model aluminum tank car heads. However, for the purpose of
applying and testing the scaling laws adopted, a series of drop-weight impact
tests were also performed on 1/5-scale model aluminum tank car heads. The head
shields, the face plates, and the mitigating materials used in this series of
tests were selected according to the scaling laws specifications so that
accurate comparison between the two models can be made.

A total of nineteen (19) 1/5-scale model aluminum tank car heads were used
to cover all the required impact tests in this series. The test results of the
1/5-scale drop-weight impact tests are tabulated in Table VI. Graphs relating
the dent depth versus kinetic energy at impact for each case in Table VI are
displayed in Appendix A in Figures A8 to Al2. Also, for easier comparison,
these graphs are displayed together in Figures 15 and 16. It can be noticed
from Figures 15 and A8 that the dent depth at the center of the 1/5-scale model
aluminum tank car heads decreased after the threshold puncture situation in
three cases of the drop-weight impact tests and undetermined in the case where
the aluminum honeycomb was used as a mitigator. In these cases the impact
puncture was initiated by concentrated impact forces at the edge of the model
coupler where a shearing failure occurred. Similar results were obtained in
Section 3.2 in the 1/10-scale drop-weight impact tests with model aluminum tank
car bareheads and when Tecspak material was used as a mitigator.

It can be seen from Table VI, that the threshold puncture data in some
cases could not be determined directly by the drop-weight impact tests.
However, these data can be estimated approximately by interpolating or
extrapolating the required data points on the dent depth versus kinetic energy
graphs as shown in Figure 15. The threshold puncture data point should be
located on the graph between two consecutive data points where the impact test
results indicate dent and puncture respectively. Also, it can be located on
the graph after the deepest dent data point. The location of the threshold
puncture data point is controlled by the condition of the impacted specimens.
An examination of these specimens can be a guide to determine whether the
threshold puncture data point is located near the dent data point or the
puncture data point.

This procedure was followed in some cases of the 1/5-scale model aluminum
drop-weight impact tests to determine the location of the threshold puncture
data points on the dent depth versus kinetic energy graphs as shown in Figures
15 and A8. The threshold puncture energy for each data point was obtained from
the graphs and the corresponding threshold puncture velocity was calculated for
each case as follows: 1,315 ft-1bs at 4.33 mph with bareheads, 5,675 ft—1lbs at
8.99 mph with high-alloy steel head shields, and 7,532 ft-1bs at 10.36 mph with
steel face plate—aluminum honeycomb material.

As can be seen from Table VI and these data, the puncture resistance of
the 1/5-scale model aluminum tank car heads has increased by an average of 4.5
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times by using head protection devices. This improvement figure can be
obtained by comparing the threshold puncture energy in each case and the
threshold puncture energy for the barehead. Also, the steel face
plate—honeycomb material has absorbed the most impact energy (7,532 ft-1bs)
before puncture; this indicates that layers of aluminum honeycomb material
combined with thin sheets of high-alloy steel can provide more protection to
the model tank car heads than that provided by the corresponding single plate
high—-alloy steel head shileld or steel face plate-Tecspak materials.

3.4.3 Comparison Between the 1/10- and 1/5-Scale Model Test Results

According to the scaling laws adopted in this study (from Appendix D), the
threshold puncture veloclities of the model tank car head and the prototype
should be the same. These scaling laws can also be applied to the 1/10- and
l1/5-scale model aluminum tank car heads. It was proved theoretically from the
analyses of the scaling laws in Appendix D that 1f the effect of the strain
rate 1s taken into account for the above case, a scaling factor of two will
yield a difference of 1.0 percent in the threshold puncture velocities between
the 1/10- and 1/5-scale models.

In comparing the impact test results from Tables IIT1 and VI, and the data
in Section 3.4.2, a difference of 3.0 percent in the threshold puncture
velocities between the two scale model aluminum bareheads was found. This
difference is slightly higher than the theoretical 1.0 percent difference
obtalned from the analyses of the scaling laws in Appendix D. However this
result can be considered as a good agreement with the scaling laws 1Iin this
case. As expected, this difference will be higher in the other cases because
of the additional materials used as protective devices.

The comparison between the impact test results in the 1/10- and 1/5-scale
model aluminum tank car heads where high—alloy steel head shields, and steel
face plate-Tecspak materials were used as protective devices, revealed that the
difference in the threshold puncture velocities between the two models were
higher as expected, and were calculated as 16.0 percent and 21.0 perceunt
respectively. On the other hand, by investigating the case where steel face
plate—aluminum honeycomb material was used as a protective device, it can be
noticed that there was no difference in the threshold puncture velocity between
the two scale models.

This result may be attributed to a specilal characteristic of the aluminum
honeycomb material which 1s the ability to absorb the impact energy constantly
during the crushing process under an impact load up to 70 percent of its
thickness. The data at the threshold puncture of the 1/10- and 1/5-scale
models are shown in Table VI-I.

3.5 EFFECT OF LADING

The effect of lading on the threshold puncture energy of the model
aluminum tank car heads was examined through a series of horizontal impact
tests conducted on the pendulum tower. A total of eleven (11} 1/5-scale model
aluminum tank car heads were used as required in the forth test series. A
movable model tank car mounted on a railroad track with a brake system attached
to the front wheels was used to perform the horizontal impact tests. A
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removable 1/5-scale head holder (the same head holder used in the 1/5-scale
drop-weight impact tests) was used to mount the test specimens on the model
tank car. The horizontal impact tests were performed on the 1/5-scale model
aluminum tank car bareheads under two conditions: (A) the model target tank
car was fillled with water to 90 percent of its total volume, and (B) the model
target tank car was loaded with weights to provide the same total weight as in

Condition A. The test results are listed in Table VII. For easier comparison,
graphs relating dent depth versus kinetic energy for the horizontal

center-impact tests are displayed in Figure 17. It can be seen from these
graphs that the threshold puncture energy in the impact Condition A (7,970
ft—-1bs) is lower than the energy in the impact Condition B (8,408 ft-lbs) at
impact speeds of 10.65 mph and 10.94 mph respectively. Also, the corresponding
depth of dent in Case B 1s deeper than the depth of dent in Case A.

It may be concluded that the scale model aluminum tank car heads with
empty tank car is susceptible to a deeper dent and less susceptible to an
impact puncture than the one backed up with fluids; lading has the effect of
increasing the scale model tank car head vulnerability to impact puncture.

3.6 EFFECT OF THE OFF-CENTER IMPACTS

Thus far, the drop-weight and pendulum impact tests conducted in this
program were performed at the centerline of the 1/10- and 1/5-scale model
aluminum tank car heads. However, the Federal Railroad Administration (FRA)
full-scale puncture reslstance tests 1lncluded two serles of off-center impact
tests, which were performed at 21 inches and 31 inches above the sill. Since
the scale model data for these two conditions are lacking, a test series,
including off-centerline drop-weight and pendulum impact tests was added to
this test program. Alumlinum and high-alloy steel model tank car heads, with
and without head protection devices, were used in this test series. The
off-center impact positions were scaled to the full-scale test locations
defined above. Also, two test settings with each impact position were used in
the 1/10-scale model aluminum off-center drop weight impact tests. In one test
setting the head holder was tilted by a certain angle, such that the impact
direction will be perpendicular to the specimen surface. Figures 18 and 19
show photographs of 1/10-scale model aluminum tank car heads in the off-center
impact test settings at scaled positions of 31 inches and 21 inches above the
5111 respectively. The other off-center test setting was arranged by adjusting
and fixing the head holder in the vertical position so that the impact
direction will be parallel to the centerline of the test specimen. Figure 20
shows the 1/10-scale model aluminum tank car head 1n a vertical off-center
drop-welght impact test setting. The 1/5-scale model high-alloy steel tank car
heads were used also in off-center drop-weight impact tests with only vertical
test setting. Uncompacted dry sand was used in all center and off-center
drop—weight impact tests as a backup material to the model tank car heads.

A total of forty-five (45) 1/10- and 1/5-scale model aluminum and
high-alloy steel tank car heads were used in the off-center impact tests as
required in this test series. The test results are tabulated 1n Tables VIII,
IX, X, and XI. Performing these impact tests at similar impact conditions and
amblent temperature is a base for the comparison between the test data.
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Figure 20, 1/10 scale model aluminum tank car barehead in
off-center impact test setup with impact direc-
tion parallel to the specimen center line.
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Tables TIII and VIILI contains the center and off-center drop-weight impact
test data of the 1/10-scale model aluminum tank car bareheads. For the same
impact speed of 4.18 mph these data indicate an impact puncture in the vertical
off-center impact tests (A-B-VI) and (A-B-V2), an impact dent in the
perpendicular off-center impact tests (A-B-Pl) and (A-B-P2), and also an impact
dent in the center impact test (2-50). It can be seen from these data that the
worst impact condition is developed in the vertical off-center impact tests.
The impact puncture in these two off-center impact positions was initiated at
the edge of the model coupler and caused by shearing stress. However, an
examination of the test specimens revealed that the worst impact case was
developed in the impact test (A-B-V2) where the impact energy was dissipated in
a shearing process more than a deformation process. Also, it can be noticed
from these impact data in the center impact tests (6-2) and (3-71) that there
is a difference in the depth of dent as well as the maximum impact force
between these two models, even though the impact speeds and test results are
the same. These two impact tests were conducted at similar impact conditions
but different ambient temperatures.

The data in Table TX were also obtained from the center and off-center
drop-weight impact tests when the 1/10-scale model aluminum tank car heads were
covered by either high-alloy steel head shields, or steel face plate-aluminum
honeycomb materials and backed up by uncompacted dry sand. From the data and
careful examination of the impacted test specimens, it can be seen that the
puncture resistance at impact points farther from the specimen center was
generally higher than that at the center. These results are opposite to those
obtained from the off-center barehead vertical impact tests. These differences
are caused in part by the presence of the head shields or the mitigating
materials. These protective devices blunt the leading edge of the impact
coupler and spread the impact forces to a larger surface area. Further
impact-force reduction will be created during the side sliding motion of the
model coupler, which is caused by the tangential impact force component at the

specimen surface.

Table X shows the data of the center and off-center drop-weight impact
tests for the 1/5-scale model high-alloy steel tank car heads where uncompacted
dry sand was used as a backup material. Since the test results of the
1/10-scale off-center drop-weight impact tests revealed that the minimum

puncture resistance was recorded when the impact direction was parallel to the
centerline of the model tank car bareheads, this test setting was selected to
be used in the 1/5-scale off-center drop-weight impact tests. It can be seen

from the data in Table X that the puncture resistance of the 1/5-scale model
high-alloy steel tank car bareheads was maximum at the specimen center. Also,
by careful examination of the impacted test specimens when high-alloy steel
head shields or steel face plate—aluminum honeycomb materials were used as
protective devices, it was noticed that a close agreement between the test
results and the previous test results with the 1/10-scale models exists.

Besides the 1/10- and 1/5-scale center and off-center drop-weight impact
tests, a series of horizontal impact tests was performed on 1/5-scale model
high-alloy steel tank car bareheads where water was used as a backup material.
The pendulum impact-weight height was adjusted for the horizontal impact tests
at the centerline and two scaled off-centerline impact positions. The data
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obtained from this series of tests are tabulated in Table XI. It can be noticed
from the data in Tables X and XI where the 1/5-scale model high-alloy steel
tank car heads were used in drop-weight and pendulum impact tests respectively,
that there are relatively big differences in the impact speeds and maximum
impact forces at similar impact situations such as puncture and threshold
puncture. The same situation can be observed in the drop-weight and the
pendulum impact tests where model aluminum tank car heads were used as test
specimens.

In the drop—weight impact tests the impact energy was dissipated by the
test specimen and the backup material. A solid platform supported by solid
ground was used to support the head holder and the test specimen. In this case
the movement of the platform in the vertical direction under the impact forces
was negligible. On the other hand in the horizontal impact tests, the impact
energy was dissipated by the test specimen, the backup material, and the
displacement of the model railroad tank car. 1In this case, the movement of the
tank car in the horizontal direction under the impact forces was large and was
against the front wheel brakes of the tank car.

From Table XI and carefull examination of the impacted test specimens, it
can be seen that the puncture resistance of the 1/5-scale model high-alloy
steel tank car bareheads in horizontal impact tests was maximum at the specimen
center and reduced at the impact points farther from the center.

It may be concluded that the off-center impacts on the scale model
aluminum and high-alloy steel tank car bareheads are more likely to cause
puncture than the center impacts. However, the presence of the head protection
devices in rthe off-center impact tests will blunt the leading edge of the model
coupler as well as help deflect and reduce the concentration of the impact
forces at the specimen surface. This will increase the required impact energy
for the threshold puncture over the energy required in the center impact.

3.7 FINITE ELEMENT SIMULATION

The ability to predict the large plastic deformation encountered during an
impact process has improved in recent years. The calculation of the response
of any damage to a shell such as a tank car head from a localized impact is
within the capability of a number of finite element computer programs. The
ADINA program is well suited for such analyses. Therefore, it has been used to
simulate the experimental situation to complement the test results. The work
was divided into two phases, validation and prediction. The use of ADINA to
predict the response of the model aluminum and high-alloy steel tank car heads
under a static load at the centerline was validated first. The dynamic
response was then obtained and analyzed for the prediction of the puncture
resistance of the tank car heads.

3.7.1 Finite Element Model

The finite element work was performed to simulate the structure response
of the 1/10-scale model aluminum and high-alloy steel tank car heads under
center impact. The scale-model tank car heads in the static and dynamic tests
were considered as axisymmetric structures. The impacting coupler creates a



dent which, although not perfectly axisymmetric, could be approximated
axisymmetrically. Since both the loading and the geometry are axisymmetric,
the two dimensional (2D) axisymmetric element was chosen. Various meshes
ranging from 2 by 12 to 5 by 24 have been tested for convergence and compared
with static experimental results for solution accuracy. A final choice of 2 by
12 variable mesh with very small elements under and near the impact region was
made (Figure 21). This model gave reasonably good results while maintaining
solution efficiency, especially in dynamic analyses.

In addition to the 2D elements, two truss elements and one gap element
were used to simulate the impacting coupler and to connect the coupler and the
tank head during impact. The two truss elements were linear while the gap
element was actually a nonlinear truss element. This gap element was specified
such that it transmitted an impact load when in a compressed configuration.
Furthermore, in order to evenly distribute the load over a small region around
the apex with a 0.4 inch diameter, displacement constraints were applied to the
first two elements from the apex. The constraints were such that the downward
deflections of the nodes located on the upper surface had the same values. The
displacement boundary conditions were also applied at the lower edge of the
model to simulate the clamped bottom ring.

In the dynamic response calculation, the impacting coupler was given an
initial velocity while positioned at 0.1 inch above the apex of the tank car
head. The proper time step size used in the analysis was chosen to be 0.25 to
0.5 millisecond.

The Von Mise yield criteria was used for the failure prediction. The
effective stresses at integration points in element 21, located at about 1 inch
from the apex, were averaged and compared with the ultimate stress of the
material investigated. The model was considered to be punctured at the instant
when the average effective stress reached a value higher than the ultimate
stress. It should be pointed out that one might think that any location
between element 22 and 24 was equally good for failure prediction. However,
given this particular model, the stress distribution in element 22 to 24 was
disturbed due to the application of displacement constraints. Therefore,
element 21 was the most suitable element to use for the failure prediction
purpose.

3.7.2 High-alloy Steel Tank Car Head
In the stainless steel tank head finite model, the numerical values used

for the material properties, yield stress, ultimate stress, and strain
hardening modulus are listed as follows:

Youngs Modulus E 2.8 x 107 psi

Poissons Ratio 0.3

2 4
0.000777 lb-sec /in

i

Density p

i

Yield Stress Ty = 7.4 x 10A psi

i




Coupler —
P N\ Displacement Constraints Applied

Gap Element Element 21

o.1"

Elements

Elements 13 to 24

1 to 12

Clamped

Figure 21. Finite Element Mesh for the
I/10-Scale Model Tank Car Head.
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H

Ultimate Stress 9 9,44 x 104 psi

Strain Hardening Modulus ET = 3.6 X 105 psi

Maximum dent time histories corresponding to various initial impacting
velocities are plotted in Figure 22 and the corresponding data are tabulated in
Table XI1. Effective stress ( 0 ) in element 21 was checked at each time-step
to determine if the test specimenewas punctured. For the two cases where the
initial velocity (V_) is equal to 12.0 or 14.0 ft/sec, the effective stress was
determined at the end of the impact at 88K and 90K psi, respectively. The
comparison between these results and the ultimate stress ( u) of the tank car
head material indicated that with these initial veloclties the impact results
would be only a dent. However, for the case with V = 16.0 fr/sec the
effective stress reached 95.7K psi at the time (t) 2 19 msec. This stress
value exceeded the ultimate stress of the material which indicated a puncture
case. The experiment result showed that the threshold puncture velocity was
around 15.97 ft/sec, which was in good agreement with the finite element
prediction. It is concluded, therefore, that this finite element model can be
used for the prediction of the puncture resistance of tank car heads. However,
no full scale tests were used to verify these results and the model may require
modification.

3.7.3 Aluminum Tank Car Head

The same finite element procedure as described in the previous section was
repeated for the aluminum tank car head finite element model. The following
parameters were used in this procedure:

7

E = 1.02 x 10 psi
v = 0.3
; 2 4
o = 0.00026 lb-sec”/in
5 F
o =1.9 x 10 psi
y
4
o= 2. ) si
u 2.3 x 10 psi
E, = 9.0 x 10"

Maximum dent time histories corresponding to various initial impacting
velocities are plotted in Figure 23 and the corresponding data are tabulated in
Table XITI. The result in the first case with an initial velocity of 6 ft/sec
indicated a dent at the apex of the model with maximum effective stress of 22K
psi. However, the results of the remaining two cases with initial velocities
of 7 and 8 ft/sec indicated penetration with effective stresses exceeded the
ultimate stress of the model material. The impact test results of the
1/10-scale model aluminum tank car bareheads indicated a threshold puncture at
impact velocity of 6.55 ft/sec. Therefore, the finite element prediction is in
good agreement with impact test results.
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Figure 22, Maximum Depth Of Dent At Apex Under Different Impact Velocities
For Steel Tank Car Heads.
Table XII. Maximum Depth Of Dent Data For Steel Tank Car Head With Different
Initial Velocities in Finite Element Model
TIME MAXIMUM DEPTH OF DENT (IN)
(MSEC)
at 12 ft/sec at l4 fr/sec at 16 fr/sec
1 0.142 0.1667 0.1806
2 0.2816 0.329 0.3767
3 0.4158 0.4867 0.5578
4 0.545 0.6392 0.7333
5 0.6697 0.7859 0.9034
6 0.7893 0.9272 1.0677
7 0.8039 1.0627 1.2263
8 1.0132 1.1928 1.3787
9 1.117 1.3169 1..525
10 1.216 1.435 1.665
11 1.309 1.547 1.798
1.2 1397 1.653 1.826
13 1.478 1.753 2.047
14 1.554 1.846 2.16
15 1.624 1.933 2.267
16 1.687 2.014 2.367
17 1.746 2.0878 2.46
18 1.798 2.1556 2.546
19 1.844 2.2128 2.624
20 1.884 2.264
21 pEe.c b s 2.309
22 1.945 2.351
2 1.967 2.365
24 1.983 2.377
25 1.993 2.382
26 1.996 2.384




TABLE XIIT - Maximum Depth of Dent Data For Aluminum Tank Car Head
With Different Initial Velocities in Finite Element Model

F— TIME MAXIMUM DEPTH OF DENT (IN)

(MSEC) at 6 ft/Sec at 7 ft/Sec at 8 ft/Sec
1 0.0718 0.08378 0.0958
2 0.1428 0.1665 0.19
3 0.2129 0.24789 0.2836
4 0.2819 0.328 0.3754
5 0.3498 0.4065 0.48657
6 0.4167 0.4837 0.5545
7 0.4824 0.5594 0.6418
8 0.54689 0.6337 0.727
9 0.61 0.7064 0.812

10 0.6723 0.7777 0.894
11 0.7332 0.8474 0.975
12 0.7928 0.915¢6 1.055
13 0.8511 0.9823 1.132
14 0.8082 1.047 1.208
15 0.9639 1.111 1.283
16 1.018 1.173 1.356
17 1.07 1.233 1.427
18 1.123 1.292 1.496
19 1.174 1.349 1.564
20 1.222 1.405 1.63
2 1.27 1.459 1.695
22 1.316 1.511 1.757
23 1.36 1.562 1.818
24 1.404 1.611 1.877
25 1.446 1.6%59 1.934
26 1.486 1.704 1.89
27 1.525 1.748 2.044
28 1.562 1.791 2.096
29 1.598 1.832 2.148
30 1.632 1.871

31 1.665 1.808

32 1.696 1.944

33 1.726 1.978

34 1.754 2.01

35 1.781 2.04

36 1.806 2.07

37 1.83 2.1

38 1.852 2.123

39 1.87 2.147

40 1.89 2.17

41 1.91 2.19

42 1.824

43 1.938

44 1.95

45 1.96

46 1.97

47 1.98

48 1.986

49 1.99
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4.

CONCLUSIONS

All protective devices used in this test program increase the puncture
resistance of the scale model aluminum and high—alloy steel tank car
bareheads, the most 1increase was 500 percent.

The high-alloy steel head shield is a good protective device, it
absorbs the impact energy, blunts the coupler edges, and spreads the
impact forces to some extent over a larger surface area. However,
during the impact duration, it bends and deforms to the coupler shape
which Increases the chances to develop a puncture to the specimen
surface.

The combination of TRUSSGRID aluminum honeycomb layers and thin sheets
of high—alloy steel face-plates improved the property of this
mitigating material in absorbing the impact energy and spreading the
impact forces to a larger surface area. Also, thils material
combination blunts the model coupler edges and forms a smooth surface
against the specimen surface at the end of the impact duration. This
material combination provides more protection to the scale model tank
car heads than the protection provided by the steel head shield.

The combination of the Tescpak material and a thin sheet of high—alloy
steel face-plate improved the performance of this mitigating material
over the performance when it was used by itself with the 1/10- and
1/5-scale model high-alloy steel tank car heads in center drop-weight
impact tests (Reference 5). However, this mitigating material ranked
third in this test program for lmproving the puncture resistance of
the model tank car heads after the aluminum honeycomb material and the
high-alloy steel head shields.

The effect of low temperature on the model aluminum tank car heads,
the high-alloy steel head shields, and the mitigating materials
combined with steel face-plates was varied. 1t ralsed the threshold
puncture energy of the model tank car heads and increased the
protection performance of the high~alloy steel head shields and the
face-plate aluminum honeycomb materials. On the other hand, it
affected the Tecspak material so that it became brittle and smashed
under the impact load without providing an effective protection to the
model tank car heads.

The test results 1n this study show a difference of 3.0 percent in the
threshold puncture velocities between the 1/10- and 1/5~scale model
aluminum tank car bareheads. This difference 1is slightly higher than
the theoretical 1.0 percent difference obtained from the
non—-dimensional analysis of the scaling laws adopted (Appendix D).
However, this result can be considered a good agreement with the
scaling laws in this case. The difference in the threshold puncture
velocities between the two scale models in the other Impact cases were
calculated at 16.0 percent with high-alloy steel head shield and 21.0
percent with steel face plate-Tecspak material. These higher



difference percentages occurred because of the additional materials
which were used as protective devices. On the other hand, the
investigation of the case where steel face plate-aluminum honeycomb
material was used as a protective device, showed no difference in the
threshold puncture velocity between the two scale models. This may
have happened because of the ability of the aluminum honeycomb to
constantly absorb the impact energy during the crushing process under
impact load up to 70 percent of its thickness.

The scale model aluminum tank car heads with empty model tank car are
susceptible to deeper dents and less susceptible to impact punctures
than the heads backed up with fluids; lading has the effect of
increasing the scale-model tank car head vulnerability to impact
puncture.

The off-center impacts on the scale models aluminum and high-alloy
steel tank car bareheads are more likely to cause puncture than the
center impacts. However, the presence of the head protection devices
in the off-center impact tests will blunt the leading edge of the
model coupler as well as help deflect and reduce the concentration of
the impact forces at the specimen surface. This will increase the
required impact energy for the threshold puncture over the energy
required in the center impact.

The finite element model and procedure established in this work proves
to be very indicative in the prediction of the puncture resistance of
scale tank heads. The choice of the element for stress output for
failure detection is critical for a meaningful and accurate
interpretation of the finite element results. This model can be
readily modified to include the effect of the backup material (fluid).
For the analysis of the effectiveness of the mitigating material,
however, more effort needs to be made, since it becomes a nonlinear
contact problem.
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APPENDTIZX A

Graphs Relating the Dent-Depth Versus Kinetic Energy
at Impact For Different Cases of the 1/10- and 1/5- Scale

Drop-Weight Impact Tests
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APPENDTIX B

Photographs of the 1/10- and 1/5-Scale Model

Aluminum Impacted Tank Car Heads
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Figure B4. 1/10-Scale Model Aluminum Tank Car Heads with
Faceplate and Tecspak Material in Drop-Weight
Impact Tests
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FIGURE B5. 1/5 - Scale Model Aluminum Tank Car Heads in
Drop-Weight Impact Tests with (a) Bareheads
(b) Steel Face Plate - Tecspak Material
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Figure B6, 1/5 scale model aluminum tank car heads with head
shield in drop-weight impact tests.
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Figure B7/, /5 scale model aluminum tank car heads with
Faceplate and Honeycomb in drop-weight impact
tests.
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FIGURE BS.
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1/5 - Scale Model Aluminum Tank Car Heads in
Pendulum Impact Tests with (a) Empty Model Tank
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APPENDTIX C

Deceleration Versus Time Curves for Selected

Drop-Weight and Horizontal Impact Tests
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APPENDIX D

The Dimensional Analysis Of The Scaling Laws

It was proposed in Reference 6 that fourteen (14) variables were used to
describe the tank car head Impact event. These variables are defined as follows:

D tank head diameter h tank head thickness

R tank head radius of curvature m mass of 1lmpacting body

d indenter characteristic dimension m' mass of lmpacted body

v initial velocity of impacting body o y , head material yield stress
Es head material secant modulus o €1 density of fluid

PO internal pressure of impacted tank p hd density of head material

£ Strailn rate assoclated with

post impact deformation

k spring constant of impacting tank car
draft gear

The Buckingham ¥ -theorem states that, given a list of variables, the total
nunber of independent parameters which can be formed is equal to the total number
of varlables minus the number of primary units utilized. Since there are three
primary units of mass, length, and time involved, eleven independent
dimensionless parameters can be obtained from the initial list of fourteen
variables. These parameters are defined as follows:

m i
i /kd The ratio of the time required for the impact
] 5 —m8 force to reach a maximum to the time required
for plastic waves to reach the edge of the head
E
P hd/"'s
m 9 = = The mass ratio of impacting body to impacted body.
ml
a
® 3 S & Ratlo of yield stress to secant modulus.
Es




S h Ratio of head thickness to radius of curvature.
4
R
2
o
/% = )i Ratio of strain energy to head kinetic
g P ¢ 2,2 energy of deformation
S hd
mv2 E
S S Ratio of impact kinetic energy to strain energy.
6 2 3
a d
y
0= h Ratio of head thickness to diameter.
’ D
P R . .
. = _0 Ratio of pressure—-induced stress to material
8 cyh yield stress.
2
=
T y Ratio of strain energy to energy absorbed by
9 °2 2 fluid.
p €
Es fl b
T d . A
0=~ Ratio of indenter characteristic length-to-head
D diameter.
p D2
T fl Ratio of characteristic mass of fluid to mass of
11 m impacting body.

It is noted that these dimensionless parameters are intentionally formed by
ratios of physically recognizable quantities such as impact kinetic energy, head
deformation kinetic energy, and fluid kinetic energies, strain energy, etc.

The scaling laws 1in this study are formulated by matching each parameter for
the scale model and full size case, i.e., 7im = mif, for i = 1,2,3,...,11,
respectively. Moreover, the scaling laws also enforce that the geometric
similarity 1s preserved. According to this argument, it is apparent, after
reviewing the matching conditions for w4, 7 7, and m 8, that all of the length
variables must be scaled by the same factor S as:




D h d R (1)

a _ ®m _ =@ 0m _1
Df hf df Rf S
The resulting matching relations for parameters can be simplified greatly

if the same material 1s used for the model and the full scale, and the same fluid
is also used to back up the model head and the full size tank head. 1Under these

circumstances, U}m = dyf’ Esm = Esf’ thm = thf,
P elm = Peygr and the following scaling relations are obtained:

om_ w1 (2)
L

me w3

?E =g (3)

£ f

Pom - Pof (4)

Kam _1 (5)

K, 8

vm _ Ve (6)

The scale for strain is unity since strain is a nondimensional quantity and
thus governed by similarity rules. If the stress—strain relationship is fixed,
stress scale should also be unity. Time scale, based on £ = de /dt. can be

determined as tm/tf = 1/S. Since acceleration is defined by a = dvV/dt, this

yields acceleration scale as am/af = §. If F and A denote force and area,

respectively, force scale can be obtained from F =0A as Fm/Ff = 1/83.
Similarly, gnergy scale can also be obtalned from E(energy) = FxS(distance) as
Em/Ef = 1/57.

A summary of scaling for important impact parameters is given as follows:

_ 3
Energy Em/Ef = 1/5§ (7)
_ 2
Force Fm/Ff = 1/8 (8)
Acceleration afa_=S§ (9)
m  f
velocity v /v, =1 (6)
m f
Time tm/tf = 1/58 (10)

The scaling laws required for the simulation of full scale behavior as




presented above evolve a contradictory point. In the simplification process of
matching T -parameters for the model and the full scale, the material properties
of both tank heads are assumed to be the same. But the scaling law for strain
rate of Eq. (3), £¢m = S¢# f, which was derived based on the same material
property assumption, calls for different stress-straln curves for the model and
prototype. In other words, eq. (3) asks for different yield stress (o ) and
material secant modulus (Es) for the model and prototype. As a result] the
requirement from strain rate effect clearly contradicts with the earlier same
material property assumption.

Based on this finding, the scaling laws listed above are, from very vigorous
viewpoint, not quite valid. The degree of validity depends on the magnitude of
error induced by strain rate effect. The magnitude of error, which is also
related to the property of material employed, can be reduced by adopting a
smaller s value.

To illustrate the effect of strain rate on the validity of scaling laws
adopted in this study, mild steel, the material property of which is well known
(References 12 and 13), is selected for demonstration. Two figures showing the
effect of straln rate for mild steel reproduced from Reference 12. Figure DI
displays the variations of ultimate stress, yield stress, and total elongation
with increasing strain rate. Figure D2 on the other hand, shows a series of
stress—-strain curves for various rates of strain.

It can be seen from Figure DIl that, with a strain rate of 10—3/sec., the
total elongation almost stays constant, while the ultimate stress increases with
increased strain rate. The rate og increase 1s about 10 percent per decade for
strain rates between 1/sec. and 107 /sec. These observations along with the
estimation of the area between two successive stress—strain curves in Figure D2
lead to the conclusion that an increase of one decade 1n strain rate can
correspond to an increase of about 10 percent in the straln energy at failure.
According to thils argument, the strain rate scaling law, € =8¢ , demands
that the strain energy in a model is proportionately largermthan that of a

full-scale tank car.

Now, we are ready to 1llustrate the effect of strain rate for mild steel on,
for example, the velocity scaling. From the matching condition of 6 parameter,

2 .3 2 3 (11)

by applying Egs. (1) and (2) to (l1), this expression is reduced to

2 2
Vm 'ym /Esm (12)

2 2
o
Vf yf /Esf

The right hand side of this equation represents the ratio of strain energy
of the model to that of the full scale. If § = 10, the above expression may
yield V. /V_ = 1.1 at the point of failure; or V /V_ = 1.05, which may be
translated as threshold puncture velocity for the model, and that 1is about 5
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percent higher than that for the prototype. This is 1n a direct contradiction to
vm/vf = 1 of Eq. (6).

When the scaling is applied to the 1/5- and 1/10-scale models, a scaling
factor of 2 will yield V /V_ = 1.01l. With a difference of only 1 percent in the
threshold puncture velocTties between these two models, the strain rate effect
can be neglected.

It may be concluded that the accuracy of the scaling laws adopated in this
study depends on the error introduced by strain rate effect, the error involved
is related to the magnitude of scale factor and the property of material used.
The smaller the scaling factor and the less sensitive the material to the
variation of the strain rate, the better the accuracy of the scaling laws
adopated.









