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FOREWORD

This report 1s one of a two-volume final report presenting
findings of a program of research aimed at reducing the injury potential
to occupants of automobiles that results from mismatch and underriding
of the forward structure of automobiles involved 1n intervehicular

longitudinal collisions.

The research was performed by the Cornell Aeronautical Labo-
ratory (CAL) for the National Highway Traffic Safety Administration of
the U. S. Department of Transportation under Contract No. FH-11-7317,
Other reports published i1n connection with the investigations conducted

under this contract are:

"Full-Scale Crash Tests of Rigid Simulated Heavy
Vehicle Underride Guard'", CAL Report No.
VJ-2844-V-1, March, 1970.

"An Evaluation of the Teledyne-Geotech Model 33300
Crash Recorder', CAL Report No. VJ-2844-V-2,
September, 1971.

“"Underride/Override of Automobile Front Structures
In Intervehicular Collisions, Volume 2 - Car-to-Car
Headon Impacts', CAL Report No. VJ-2844-V-4,
December, 1971.
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The opinions, findings and conclusions expressed 1n this
publication are those ot the authors and not necessarily those of the

Nationil Highway Trai' ¢ Safety Adminmistration,

This report has been reviewed and approved by

oo O) Vil

Edwin A. Kidd, Head
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SUMMARY

Analytical and experimental results obtained i1n a study of
requirements and the performance of rear underride guards for heavy
vehicles are presented 1n this report. A total of twelve full-scale tests
were conducted in two phases of the experimental program. Results of
the first phase, consisting of six tests using a rigid simulated underride
guard mounted on an SAE barrier are reported in Reference 1, The
second series of six full-scale tests, reported herein, were performed
using prototype underride guard designs mounted on the rear of semu-
trailer trucks. The effects of impacting vehicle size and weight, impact
velocity, rigid and yielding underride guards, and underride guard ground

clearance height are among the parameters 1nvestigated.

Data on pertinent automobile and truck geometric characteristics
and on various energy dissipating systems for possible application to
truck underride guards are presented and discussed. Also, results from
a computer model of vehicle collisions with an underride guard that was
applied to explore the effects of various guard load-deflection properties on

vehicle impact response are described.

Based on the results of the full-scale crash tests and the engineering
analyses, recommendations are given for underride guard requirements

and compliance test procedures.
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1.0 INTRODUCTION

The consequences ol automobile collisions with the aft portions
of heavy trucks and trictor-trailer combinations are often severe due to
the limited engagement ot the trontal structure of the automobile. The
safety of automobile occupants 1n such collisions can be greatly enhanced
by mounting a structure at the rear of the truck or trailer to prevent under-
riding by the impacting vehicle and thereby reduce the likelihood of i1njuries

resulting from intrusion of the passenger compartment.

Although the need for heavy vehicle underride guards 18 clear,
research 1s required to establish performance requirements and to develop
configurations that will assure intervehicular compatibility and effective
crash energy control. For example, the location and total contact area
must be such as to ensure adequate engagement of the frontal structures
of automobiles ot several sizes. Also, given an adequate engagement of
the automobile frontal structure, there i1s a further need to determine the
required load capacity ot underride guards and how they may be designed
to limit collision forces and absorb energy 1n a controlled manner to

minimize the hazard to occupants of the striking vehicle.

This report presents results of a combined program of analytical
and experimertal research to determine rear underride guard require-
ments and to develop, demonstrate, and evaluate the dynamic performance
of prototype systems that will provide 1ntervehicular compatibility and
effective crash energy control. Detailed results of an initial series of six
full-scale tests of automobiles impacting a simulated rigid underride guard
are reported 1r Reference 1. In the second phase of testing, reported
herein, six additional full-scale tests of automobiles impacting specific
underride guard designs mounted on the rear of two different types of
trailers were conducted. The two trailers selected for these tests provide
information on the feasibility of incorporating effective underride guards on

both frame and trameless type heavy vehicle structures and on the weight

1 VI-2844-V-3



penalty that might be .ncurred in providing this safety feature on trucks.

In addition to tue  railer-mounted underiide test results, pertinen*
informatior generated during the performance of various tasks associated
with the overall effort 1s included 1n the Appendices of th.s report. Appencix
A contains the results of » literature survey of eneryy absorbing devices
examined as possible cardiiates for an energy absorbing yielding underride
guard., Appendix B contains the results of laboratcry dynamic tests of a
fr.ction tube energy absorbing device conceired at CAL and incorporated
in the design of a yielding underride guard that was tabricated and tested.
A mathematical sirwulation formulated and esercised 1n support of the
yrelding guard design and esperimental effort 1s described 1n Appendix C.
Appendix D presents results of stress analyses of the 18 1inch and 24 1nch
ground clearance rigid underride guard configurations tested on flatbed and

van semi-traillers, respectively.
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2.0 CONCLUSIONS AND RECOMMENDATIONS

8%
—

C~-clusions

2.1 1 To eftectively prevent excessive underride by full size
autymobiles impact.ry at 40 MPH, the underride guard ground clearance
above the roadway should not esceed 24 1nches., This conclusion 1s based
on the results of three crash tests of full size cars against simulated and
truck-mounted rigid unaerride guards positioned at this height which
indicate that the penetration was acceptable but approached the maximum
that could be tolerated. Higher ground clearance will not permit adequate
engagement with the engine or other strong frontal structures of the

automobile to prevent intrusion of the passenger compartment,

2.1.2 To assure adequate underride protection for small sub-
compact cars, the roadway clearance height of the guard should not exceed,
and preferably should be less than, 18 inches. In tests of a Volkswagen
impacting a rigid guard installed on a truck at 24 1nch height, the guard
penetrated 1s far as the passenger compartment front bulkhead in a
30 MPH test and more than two teet into the compartment 1n a 40 MPH
test. Thus, the protection afforded was marginal to completely 1nadequate

for this speed range.

Two previous 40 MPH tests o* small cars (VW and
Simca) using a simulated underride guard positioned at a height of 18 inches
(Reference 1) showed the guard to be effective 1n the case of the VW, but
not for the Simca. The differences 1n the crash response of these two
vehicles were attributed primarily to the smaller wheels of the Stmca which
underrode the guard so that the crush resistance of the relatively strong
supporting structure for the suspensions was not fully utilized 1n stopping

the car.
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2.1.3 The ave age load imposed on a rigid underride guard
during a 40 MPF o+ 7% a standard full size autcinobile 1s of the order
of 65,000 to 75, 000 1bLs yatver, short-duration tcr s 1n excess of
200,000 ibs. are developeu when the engine contacts tne guard., Peak loads
measured 1n the tra.ler -r.ounrted underride guard tests were substantially
lower thin in the previcus fest series usit g 1 siu ulated 1igid guard  This
1s believed to be a reflectist of tne effects ot mass and semall deflections
of the tr 1iler structure oy ne losds trapsmitted to te load cells which

were located at the frort ot the tritler approximately i. feet trom tne point

of force ipplication to tne nnderride puards.

2.1 4 Iifting of the rear of heavy vehicles, from vertical force
componeénts due to wedging ot the automobile, that wouid be conducive to
greater urder ride penetration 1s 1indicated not to be o« serious problem.

No appreciable litting ot tnpe aft end occurred 1n any .t the tests of underride
guards installed on the trailers. Tndeed, the opposite effect was observed
with the aft end moving Jownward as a result of bending of the trailer

structure 1n reacting the e centrically applied longitudinal loads.

2.1.5 Properiy designed energy absorhiry (vielding) underride
girard systems can provide the adivantages of reduced iccelerations and
crush of the impac*ing automobiles, better control of (rish energy dissipation,
and lower loadings on *he truck structure. From resuts of computer simu-
lations t 1= conc uded that a4 square wave (constart force) characteristic of
the underr.de puard s preterred and that, for a yieicing guard having a
max1mum stroke ot 24 'nches, a constant force of 6(, 000 to 70, 000 1bs.
will produce near minimum vehicle crush and compartment deceleration
level 1n stopping a 4,000 lb. tront engine automobile 1mpacting at 40 MPH.
Results of a full-scale test of a 60,000 lb. yielding .rderride guard con-
figuration were 1n substantial agreement with the mc-del predictions for the
automobile a_celeration response, cir crush and g.atd stroke distances,
and the distributicn of ahs.  rbed crash energy betaeer “he ehicle and the

underride guard.
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2.1 6 The guard design and testing effort of this study indicates
that the strength of €. *'npg frame or monocoque truck-trailer structures is
sufficient to withstand the underride guard loads generated by the conditions
of these tests without major modifications. Furthermore, the weight of a
rear underride guard, which might also serve as the docking bumper ofte‘n

provided on heavy vehicles, 15 neemed not excessive and would add approxi-

o

00 to 250 Ibs. to the weight of the vehicle,

mately

2.2 General Recommendations

2.2.1 Although both rigid and energy absorbing yielding rear
underride guards were tested and demonstrated to be effective i1n preventing
escessive underride of 1 fill size automobile, the latter type are recom-
mended because of the improved control of the impact forces and energy
dissipation process For the same total underride penetration distance
(entirely vehicle crush for a rigid guard and the sum of vehicle crush and
guard displacement for the case of a yielding guard), the reduced crushing
of the automobile that occurs 1n an impact with a yielding guard increases
the safety of the occupants as a result of less possibility of compartment

intrusion by rearward displacement of the engine or the steering column,

2.2.2 Further testing 1s recommended to obtain more infor-
mation on how the dynamic load requirements of an underride guard are
affected by the degree of transverse engagement with the front of an auto-
mobile. The smaller contact width of the car with increased offset between
vehicle centerlines increasingly tends to produce a spinning motion of the
impacting automobile, thereby reducing the loads imposed on the guard.

In addition, 1t seems reasonable to expect that the crush resistance of
automobiles decreases with reduced width of contact of the front structure

so that less energy can be dissipated by the car structure without experiencing
dangerous intrusion of the passenger compartment. The strength requirement
ot underride guards loaded near the extremities 1s therefore probably less

than for central impacts to provide an effective minimum level of performance.
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2.2.3 It 1s recommended that static tests be conducted on the
rigid underriae guar?! used in the full-scale dynarmic impact tests reported
herein [he data nbtai~< . 1n such tests would pruvide useful information
for relating dynamic and static load capabilities reeded ag a basis for
specifying realistic static luiding requirements of underride guards in

compliance testing.
2 3 Recorr mendations for Complii- e Test Procedures

Test procedures and performance requirements for
compliance testing ot gudrds to provide protection against rear underride
of heavy vehicles are des ribed i1n Federal Docket Nc. 1-11 1n which the
establishment of a Motor ' ehicle Safety Standard concerned with that subject
has been proposed 1In tre tollowing, recommendariyns are made for changes
to these procedures hasea on the results of the experiments and analyses

performed within this research program.

There are basically two factors that are of prime
importance 1n relation to the effectiveness of an underr:de guard. These
are (1) the location of the guard which must be such 4s to ensure adequate
engagement of the {roat stractures of impacting vehicles and (2) the strength

ot the guard must be adequate to withstand the applied dynamic loads.

I'he preferred location of the face of the underride guard
1s as far aft on the vehic.e as possible. A criticisn of the proposed safety
standard 1s the possibility ot losing up to 15 1nches of penetration distance
with little or no energy dissipation. For example, under the proposed
requirements, a rigid underride guard could be lccatec 15 inches forward
of the rear of the vehicle and the total penetration or underride distance
of an impacting vehicle would, <herefore, be that much more than if the
guard were to be located at the rear of the truck. A4ny such loss ot potential
penetration distance ove:r which crash energy might otherwise be absorbed

lowers the maximum speed for which a given impa:ting vehicle can be
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prevented trom experiencing 4n unacceptable amount of underride.

I'wo nflicting considerations affect the establishment
of rear underride guard roadway cleararce height requirements, To be most
eftective 1n the prevention of underride, particularly for the case of small
impacting s ehicles, the underride puard clearance should not exceed 18
inches On the other hard, 4 guard at this height could be detrimental to
normal truck operatiors for some truck or trailer configurations as 4

resalt ot (reating too low 1n 1ngle of departure,

It 1s recommended that the masimum clearance of the
urderriae guard be estiblished an the basis of an allowable angle of departure,
but 1n no (1se pernutted to esceed 24 inches when the vehicle 1s at curb
welght., An allow :ble 1pple ot departure of 10 degrees at rated load conditions
15 supgeste I wind! 15 tne mirimum value recommended by the SAE for auto-
mobiles. This would permit the clearance, for some vehicles under no load
conditiors, to be as much as 24 inches which 1s a height that has been found
to be acceptible in preventing excessive underride of full size automobiles
impicting 1t speeds up to 40 MPH and a subcompact car (VW) impacting at
30 MPH. Under loided conditions, the reduced height of the guard would

increase the effectiveness 1n preventing underride.

Howeve:, by relating the guard heignt at rated load to
an allowable 10 degree departure angle of the truck or trailer, the maximum
clearance in many instances will be limited to less than 24 inches, depending
on the amount of rear overhang of the body beyond the rear axle., Thus,
for example, all vehicles with overhang of less than 8.5 feet would require
that the underride guard c(learance height be no greater than 18 inches at

full rated load.
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Measurements made during dynamic tests of underride
guards installed on tra lers indicate that loads 1n excess of 150,000 lbs.
are imposed on a rigid unterride guard when unpacted by full size (3,500 to
4,000 lb. weight class) automobiles at 40 MPH., The brief peak loading 1s
approximately twice the calculated load carryirg capacity of the center of

the guards, indicating ore 51 more of the following

. the impoct firce 1s distribated over a considerable

length ot the guard bumper

* the static load calculations ¢.: tre guard are

conservative

) the dynamic load capacity of the structure exceeds

the static capabality.

From analysis of films and data from the tests it 1s
evident that the high loads result from impact and abrupt deceleration of the
mass of the engine and transmission, closely tollowed by contact of the
relatively strong structure of the front wheel and suspension assemblies
with the underride guard. Thus, the principal loading points are spaced
along the width of the guard at approsimately the hali-tread of the wheels

of the impacting vehicle or at about 30 1inches for + 1l s1ze automonbile.

It 1s deemed unrealistic to require that underride guards
be capable of withatandirg the observed very high dynamic forces in a
compliance test in which, for economic reasons, the loads must be applied
statically. It therefore becomes necessary to base such specification of
static test loads on rationalistic grounds. From tte tests of the yielding
underride guards described in th.s report, it may be concluded that the
minimum force requirement should be approxima*e.y 6J,000 lbs. However,
higher forces are developed on rigid underride gua - for which the average

force for a 40 MPH central impact o1 the guard 1s anpproximately 70, 000 lbs.
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The test results also indicate that the loads imposed on an underride guard
are reduced 1n off-center 1mpacts as a result of less engagement of the full

width of the striking « v»icle and the tendency for the vehicle to spin out.

With the aforementioned considerations as a guide,

changes 1n the proposed test procedures are recommended as follows

1. Through appropriate measurements, determine
that the underride guard installation complies with

each of the following criteria:

(a) With the vehicle loaded to full rated load on
level ground, the clearance height of the lower edge
of the underride guard shall not exceed that which
corresponds to a vehicle angle of departure of

10 degrees.

(b) With the vehicle at curb weight on level ground,
the clearance height of the lower edge of the underride

guard shall not exceed 24 inches,

2. Restrain the vehicle to prevent motion. The means
used to restrain the vehicle must not inhibit forward
movement of the portions tested relative to the rest

of the vehicle.

3. Prepare a load applicator comprised of two test
blocks of rigid material, each with a plane surface
in the form of a rectangle 4 inches high and 12 inches
wide (the 'test surfaces'), suitably connected by a
strong rigid member so as to prevent relative
movement. The distance between the vertical center-
lines of the test surfaces shall be 30 1inches and the

axis of force application (the '"force axis') shall be

9 VJ-2844-Vv-3



midway between these centerlines.

P -~ ti.n the load apphcator >o that

() the test surfaces are »ertical and facing in

tke directi.n { forwird 'rivel af the vehicle,

(b} the lower edge (12 inch side) of each test
surfuce 1s 1n the norizontal nline through the lower

edpe Of the underrine . naard

Apply a forward stdatic torce tn the load applicator

along the force axi1s as presc - ted below

(2) 80, 000 lbs. with the f>r_e axis at any point

with.n 18 inches of the vehicle centerline,

(b) 60, 000 1bs. with the force 3xis at any point
greater than 18 inches fror the centerline of the
veh.cle and equal to or grexre- than 21 1nches

inboard from either end ot tre irderride guard.

Required Result-

I'he guard must support the -peci-i1ed test loads
without yielding or, 1f 1t y1el +s, +he test surfaces
shall not move torward more tha» 20 1nches and the
averige force during yielding snall equal or exceed
twc-titrds of the specified test load. Fach vehicle
must be capable of meeting the test requirements at
any pouint of loading as specitied above, but it 1s not
required that a given vehicle thiat s successfully
testea at one loading condition e capable of with-

starding subsequent loadirg at any other condition,
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3.0 TRUCK AND UNDERRIDE GUARD CONFIGURATIONS
3.1 Trucks and Truck Trailers

A brief literature search was conducted to obtain data
on truck configurations, dimensions and construction relevant to the design
and development of underride guards. For this investigation, consideration
was given only to heavy vehicles with gross vehicle weights greater than
10,000 lbs. which, from truck registration data obtained from Referende 2,

comprised about 20 percent of new truck registrations 1n 1968,

There are many and varied geometries and configurations
of heavy vehicles in the GVW > 10, 000 lb. weight class. Some of these
vehicles, because of special purpose bodies or equipment, present unique
problems of underride guard installation. However, the most common
configurations of large trucks, which because of the height of the cargo
bed structure are easily underriden by automobiles, are van or flatbed
type tractor semi-trailers or single unit chassis-cabs with van, flatbed,
or dump bodies attached. In general, most of these trucks are similar 1n
configuration in the region from ground level to the bottom of the cargo
body floor. Specifically, the cargo body has a flat floor located above the
tires and which oftentimes extends a considerable distance aft of the rear
axle. Some exceptions are, for example, furniture vans and drop-frame
heavy equipment haulers which have the cargo body floor below tire height.
Such vehicles comprise only a small percentage of the total population of
trailers in use and, because of their smaller ground clearance, do not

usually present an underride problem,

The overall maximum dimensions of large trucks are
set by state laws (Reference 3), Widths are limited to 96 inches 1n all states
except two which allow 102 inches. Overall height 1s limited to 13'6'" 1n
most states with several requiring a 12'6'" maximum. Two states have no

restriction on height, and one allows 14'. Overall lengths allowed for
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single unit trucks iries from 3~ t5 557 vt wbe 0 one nalf the states

requiring 35' nos : * ‘ipie anut trucks are
limited to 50'-55 fn; dboat it~

Tr k nders it o & os1 - 1 ¢ dqetermined by
the necessityv to « « 1., §a 'y ' 1 - 11 1 onriponeénts
The 10.00 ~ 20 vire 5y 6 o0 - - . 1ge trucks which,
combined with / to H 1 o ' S e uur s, results ar
a cargo 32d groand e « ) T ¢ y o) hes “Nost
dimensit ns such 316w 1tr e 1, 'y . cal wadtt, rargo
bed heighy, oneel 1o . rinns types
of trucks Mirvtrucrs are ¢ 1= ructer A tb * (o opr osed ot longy-
tudinal rt1's ird Cross 1 e ne st suphor b “s. 1 nes-e trame rails
ire typically charnel secr ymns n T I P il .irohes and spaced
AV to 35 arches qps ot T e et o] = Wty pe ot
construction 1s » ten oo ' Fose o v 5 €, tne strength to
carry the loads 15 derclc re r Hy stres (v fae uy ¢ slaes and roof.
Such vehicles a1snally ha o« short  epar ate +r ¢ o oattachment of asle
suspension componeénts . odoo v el ot 1 e rran e type units.

Ivoicil i onsitons  ttne ca g Lotkon of large trucks

and trailers are shown 1 F.pur N R R ta ¢ (f1rvension L n
Figure 1 varies tror - 1+ e <t 2 cn s 10 feet,
Some trailers have prH tsiors o 4ty iy the “v1 .1ral position of the
rear axle to change tte L B i o “w.th permissible

axle loads specitied 11 stite re2 1 4t 1

T A0 nusec th U N , ~ 1950 Fruehauf
33 ft. flatbed and a ! +~9 ~ *t, + 5, 1 uarranar ¢ vin, vwere obta,ned
for 1nsta Iitior and testir o o' v 10 s ey { contigararions.,
These vehicles were selectea he « s v o 10 - iecticar ard
representative ot the tra € an « + © 33 t, p€s 5t construction,
respectively, commonly sea. 1 e tl e rpao o - 1 torded e
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advantages of ease of muunting of the underride guaras and the likelihood

of minimum damage bhich would permur its reuse for several tests,

32 Underride Guard Configurations

Four rear arderride guard contigurations were designed
and tested in the t13 ler-mounted underride guara test program. These
included three guards designed to be rigid struct ¢s and one energy
absorbing guard designed to yreld at 1 rearlt (>nstant force level. The
guard configurations ard design loads were based .- 1esults from the 1mtial
series of tests of simulated underride guards (Reference 1) and from a
computer simulation model (see Appendix C). Brief descriptions of each

of these configurations are presented 1n the following paragriphs.

Flatbed 18" Rigid Underride Guard

This underride guard, which was the first design testec,
was designed as a rigid structure of sufficient strenpth to insure against
failure of the structure under the high impact loadings .ndicated by the
simulated underiide guard tests. The guard was purposely overdesigned
with the intention that, should yielding occur, 1t would result from failure
of the truck structure rather than from collapse of tne underride guard

1itself.

A sketch of the underride guard showing principal
dimensicns and components 1s presented in Figure 2. The guard bumper
face member 1s a 4" ~ 3 ' x 1/4" wall structural steel tube extending the
full width of the trailer ard with the lower edge locatea 18 inches above
the roadway. Supporting structure for the bumper includes five 3" x 2'' x
1/4'" vertical tubes welded to the aft surface of the cargo platform and
eight 3" - 5, 7" #] beams angled torward ard welded tc the trailer frame
and cargo bed side rails. Plates and gussets were added at various places

on the truck structure {or local reintorcement,

14 VI-2844-V-3
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Photographs of the underride guard install d on the
flatbed trail r are shown i1n Figure 3. The calculated weight of this guard

and support structure 18 340 lbs,

Flatbed 24" Rwﬁxd Underride Guard

The 18 inch rigid underride guard described above was
modified and converted into one having a clearance of 24 inches above the
roadway by shortening the support members. In addition, six supports
(two vertical members at the face of the guard and four angled rear I beam
supports) were eliminated which reduced the installed weight of the guard
to approximately 208 1bs. The underride guard mounted on the trailer 1s

shown 1n the photographs of Figure 4.

Flatbed 18" Energy Absorbing Underride Guard

The 18" ground clearance yielding underride guard
configuration 1s depicted in Figure 5 and was designed to provide a nearly
constant force level of approximately 60, 000 to 70, 000 lbs. throughout a
bumper displacement of two feet, Selection of the force-deflection char-
acteristics was based on the results of computer simulations which i1ndicated
that the guard would displace about 20 inches and absorb approximately
60 percent of the kinetic energy of a 3,500 1b. automobile impacting at

40 MPH.

Energy dissipation is accomplished primarily by two
friction tube energy absorption devices developed by CAL. These units
consist of two close-fitting, telescoping cylindrical tubes with the inner
one having two milled slots along its length. A hardened steel pin slightly
larger 1n diameter than the width of the slots is inserted through holes
drilled through the wall of the outer tube and the slots of the inner tube.
Thus, energy dissipation 18 accomplished by cold working of the metal

at the edges of the slots by the oversize pin which also expands the inner

16 VJ-2844-V-3



Figure 3 18" RIGID UNDERRIDE GUARD INSTALLATION ON FLATBED TRAILER
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tube to create friction between the mating surf:ces »t the twe cylinders
as they telesrope together. (See Appendix B for lescriptior and resgults of
laboratory tests pertc.med in the deselopment of the friction tube energy

absorber,)

Approsimately 15 yercert ot the total energy absorbed
by the underride guard ts accomplishen through the formation of plastic
hinges at the upper end f the four »" ~ 2" « /1" tubular bumper support
n.embers where they ittach to the trailer bed. The two outboard support
members are anpled, as may be seen in Fireure » *« rrovide increased
lateral stability to the systen . Ground clearance ot the guard 1s 1mtially
18 inches and decreases to approsimately 13 inches as the puard 1s displa. ed

longitudinally.

t 15 recognized that the test 11 ringement, 1r which tne
underride guard projects 18 inches beyond the end ot the trailer, 1s not
necessarily the best locetion of the underride guard on this particular truck
from an operaticnal poirt of view since there 1s idequate space behind the
rear axle for the installation. The reason for locating the underride guarc
as shown was primarily one of expendiency. The (onstruction of the end of
the trailer bed allowed direct attachment of the underride guard support
members with Ihitle or no need for additional st-ucture or reinforcement to
provide the required strength and hence saved time and reduced the expense

of the test 1nstallation.

However, for added realism and tc a1d 1n the interpre-
tation of the results, a mock-up extension of the trailer bed was provided
to simulate an installation 1n which the guard ard the 1ear of the truck are

in the same plane,
Photographs of the energy ibs-rbing underride guard

mounted on the flatbed trailer are presented 'n I 1vure 6. The weight of

this guard configuration was approximately 200 1hs

20 VI-2844-V-3



Figure 6 18" ENERGY ABSORBING UNDERRIDE GUARD
INSTALLATION ON FLATBED TRAILER
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Van Trailer 24" Rigid Underride Guard

Construction of the 24" ground clearance rigid underride
guard designed for installation on the van trailer 1s depicted in Figure 7
The guard bumper 1s a 4'"' x 3" x 3/16' wall structural steel tube extending
the full 96" width of the trailer. The bumper 1s supported by four 3" x 2' «
3/16'" wall veriical tubular members and four similar supports attached to
the underside structure of the trailer. The existing short frame 1n the
vicinity of the axles was extended to the rear of the trailer using 3'" ~ 2" x
3/16" wall steel tubing. In this manner, the underride guard loads are
distributed over many cross members of the trailer floor support structure
and also taken directly into the existing trailer stub frame. Plates and
gussets were used as required to provide reinforcement at the local poin s

of guard attachment.

The calculated installed weight of the underride guard anc
trailer reinforcements 1s 237 lbs. However, since approximately 95 lbs
were removed as a result of elimination of the existing dock bumper, the
net weight increase of the trailer due to addition of the underride guard

was less than 150 1lbs.

Photographs of the underride guard installed on the van

trailer are shown 1n Figure 8.

22 VJ-2844-V-_
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Figure 8 24" RIGID UNDERRIDE GUARD INSTALLATION ON VAN TRAILER
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4.0 TRAILER-MOUNTED UNDERRIDE GUARD TEST PROGRAM

4.1 *fethodology and Equipment

Sis tull-scale impact tests of automobiles striking the
rear of trailers equipped with the underride guards described in the
preceding section were (onducted. The trailers were posttioned 1n front
ot an SAE barrier with two 200,000 1b capacity BLH Electronics, Inc.
compression type load . ells interposed between the front of the trailer

and the barrier tor measurement of longitudinal impact loads.

All tests were conducted with the trailers unloaded.
The combination of an unlecaded trailer and restraint of longitudinal moticn
represented an aggravated condition as regards the effects of vehicle mass
on underride guard performance. Thus, the possibility of lifting of the rear
ot the trailer, which 1s conducive to increased underride, 1s 1ncreased with
the trailer unloaded. At the same time, however, preventing the tratiler
from rolling forward upon impact by the automobile simulated, 1n effect, a
trailer of infinite mass which results 1n maximum crash forces and dissipation
of energy. Actually, the momentum transfer to a truck with a mass only
10 times that of an impacting automobile, which 1s not an unasually high mass
ratio for loaded trucks, would reduce the collision energy to be dissipated
by only 9%. Hence, the setup represented stringent but realistic and easily

controlled conditions for testing of underride guard performance.

The automobiles for this series of tests were 1966 Ford
sedans used i1n four of the tests and 1966 Volkswagen ''beetle’ sedans used
1n two tests. The test cars, guided by small wheels running on a guide
rail, were propelled bv a tow cable and winch arrangement located behind
the SAE barrier and driven by a stationary power unit equipped with a
semiautomatic speed control system. The guide rail terminated a short
distance upstream from the rear of the trailers where the tow cable was
also released so the test cars were completely free of artificial restraints

immediately before and during the 1mpact.

25 V]-2844-V-3



In preparing a vehicle for tesat, the front half of the car
was painted with highly reflective paint for improved visibility and contra st
in the high speed color tilms of the impacts 1f the original color of the car
did not provide sufficient contrast. Reference targets and photo tape were

also applied to the vehicles to facilitate reduction of the photographic data.

Because in some 1instances portions of the vehicle could
underride before actual contact with the guards was made, a small vertical
bracket was attached to the front bumper that closed a switch on the under-
ride guard to indicate '"time zero'' when the leading edge of the bumper was

initially 1n the face plane of the guard.

Instrumentation mounted 1n the test vehicles consistec
primarily of triaxial accelerometers to measure the dynamic response of
the automobiles during the impact. The accelerometers were Statham
Laboratories bidirectional strain gauge type with ranges up to 350 G.
Three accelerometers mounted on a rigid plate attached to the drive line
tunnel at the approximate location of the front seat belt anchorage measured
accelerations of the passenger compartment along orthogonal vehicle axes,
A similar triaxial accelerometer package was attached to the flat deck
behind the rear seat in the trunk area above the rear axle. Two accelerao-
meters with sensitive axes i1n the longitudinal and vertical directions were
also mounted on the engine block. In three of the tests with the Ford cars,
an additional longitudinal accelerometer was attached to the engine support
frame on the left side of the vehicle. The general locations of the various

accelerometers are shown in the sketch of Figure 9.

Signals from the various instrumentation transducers
were amplified by Nexus USL-1 solid state operational amplifiers which,
for the accelerometers, were mounted aboard the test cars along with
the necessary power supplies and associated electronic circuitry. The
amplified signals were transmitted via an umbilical cable and recorded

on Sangamo 14 channel FM magnetic tape recorders and/or Consolidated

26 VI-2844-V-,
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Flectrodynamic Corporation light beam oscillographs quipped with

Series 7-300 galvan .meters magnetically damped to 64 percent of critical.

Two strip switches were placed across the approach
roadway a short distance ahead of the underride guard. Closure of the
switches upon traversal by the wheels of the test car produced pulses
which were recorded along with a 100 Hz timing signal for determination
of impact speed. The redundancy provided by this system, which allowed
two independent calculations of the speed based either on the known spacing
between the switches or on the wheelbase of the test vehicle, was a safe-
guard against possible malfunction of one of the switches. For most of
the tests, a time interval counter, actuated by light beams at an accurately
known spacing and interrupted by passage of the car, was also used for

computation of impact velocity.

Other strip switches attached to the front of the test
vehicle and on the face of the underride guard closed circuits to fire
flashbulbs strategically located in the field of view of all data cameras for

correlation of '"time zero' at initial contact 1n the film and data records.

Several high speed movie cameras using 16 mm color
film and operating at frame speeds between 1000 and 1500 frames per
second were used to obtain a visual record of the details of the impacts for
post-collision analysis. Cameras with different fields of view provided
side view coverage of the crashes from both sides of the cars. For some
of the tests, a camera was also located underneath the rear axle of the
trailer to provide a rearward view toward the impacting car. All high
speed data cameras were equipped with neon lamps that were triggered ty
a Red Lake Lavoratory timing light generator for recording timing pulses

on the films at 0.0l second intervals.

28 V])-2844-V-3



Documentary photographic coverage was obtained with
a movie camera operated at a nominal speed of 50 frames per second and

by still photos ot **.«« vehicles both before and after each crash test,

A sketch showing the general layout of the test setup

tor the trailer-n ounted underride guard tests 1s presented in Figure 10.
4.2 Test Results

T'he test results presented here were obtained 1n six
tests (Nos. 7-12) performed on the prototype underride guard configurations
described in Section 3.2. Detailed results of the preceding series of six
tests using a simulated rigid underride guard can be found in Reference 1.
In the following subsections, time history plots of the reduced data are
presented along with brief descriptions of the test condition, vehicle re-
sponse and damipe as observed from the films and post-crash i1nspection.
Passenger compartment longitudinal deceleration data are shown both 1n
"raw' form, 1.e., the analogue signal as recorded, and also as processed
by a computer. The computer data reduction program performs two
functions (1) applies a Mairtin-Graham numerical filtering technique as
described extensively ir Reterence 5 to provide filtered acceleration
responses, and (2) integration of the acceleration data to yield passenger

compartment velocity and displacement as functions cf time,

The reason for filtering the acceleration data 1s, of
course, to attenuate unwanted high frequencies which tend to obscure the
significant characteristics of the gross vehicle response., The filtered
responses shown aie with a 50 Hz cutoff frequency, a roll-off length of
100 Hz and using a weighted average of 20 data points on either side of the
data point being filtered. Experience has indicated that these filter
characteristics are appropriate for evaluation of gross vehicle collision
responsés because the velocity and displacements obtained by integration of
the acceleration data are only slightly affected by filtering at the 50 Hz

cutoff level.
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4.2 1 Crash Jest No. 7

~ ttis test, a standard 1966 Ford four-door sedan
weighing 3, 750 lbs. was 1mpacted head-on against the 18" rigid underride

guard irstalled on the f"atbed trailer (see Figure 3) at a speed of 39.6

MPH.

Passenger compartment filtered and unfiltered longitu-
dinal acceleration data {numerical tiltering with 50 Hs cutoff and 100 Hz
roll-off frequency) ire shown 1n Figure 11 along with the velocity and dis-
placement curves. The unfiltered data were reduced from an oscillograph
record read at one mullisecond time intervals. The velocity and displace-
ment curves were obtairea vy integration of the acceleration data. The
maximur tilteret 1 celeration 1s approsimately 35 g's occurring at . 069
seconds. T'he mez:siied it~ ntal crush distance, following the test, was
31 inches compare 1 with a dynamic maximum ot 41 1nches obtained from
integration ot the acceleration data Post-crash measurements of vehicle
deformation 1re usually less than the maxtmum that occurs during impact

because ot parti+] elastic recovery ot vehicle structural components.

Times ot stgnificant events, which were noted 1n the
analysis of high speed movie films, are marked along the abscissa at the
top ot the figure The films showed that the underride guard and aft end
of the trailer deflected downward a maximum cof approsimately two i1nches
at .06b seconds The bumper member of the guard also moved forward
approxiumately 1.5 inches at the same time due to bending of the trailer
structure Inspection of the guard, following the test, however, revealed
no permanent set in the structure. The vehicle came to rest against the

guard at approvimately . 105 seconds and exhibited very little rebound.
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Diti trom the other on-board sensors i1re shown in
Figurtes 12 ind 13 [he engine {1 ime acceleration dat: ind drive shatit
striin dit were bot!t lost tollowing approximately . 060 seconds when

clectiicr] connections ere severed during the impact.,

[he dr1 ¢ shitt showed a peak axti]l load, before data
Toss, of tpprovimiatelsy s/, 000 Ihs  «t . 042 seconds. It 18 not known if
lirper lovds were sustiuned by the shutt before 1t fuiled near the differential

housing bec tuse ol the titianterruption.

Pereti ition distirce of the puird into the vehicle was
also obtiined t1om 1ntlysis of high speed movie film. These data,
presented 1s 1 tunclion ot time n Figure 14, show 1+ masimum penetration
ot 41 inches ind 1+ stoppir  time ot L 105 seconds which are nearly 1dentical

witl the inteprated iccelerorieter results.,

I'he time history of longitudinal impact force, as
measured by load cells it the torward end of the traile:r bed, 1s presented
in Fipure 5. The miviiium losd was approximately 168,000 lbs. occur-
11np at . 045 seconds,.  [l1i1s 11 ivimum load 1s undoubtedly due to engine
contict with the quard  Note trom Figure 12 that peak acceleration of the
enyine voourred at approsimately . 035 seconds after impact. The difference
between this tin e ind the (ime o masumum loid meisured by the load cells
1s probibly due to mass ettects since the forces hid to be transmitted
throughout the entire lencth of the trailer hetore being 1eacted by the load
cell-. The averige force computed for the . 105 second time 1nterval

was 69,500 1bs.

Inte, ration ot the arer unde: (he longitudinal force
curve (Figure 15) over the . 105 second stopping time interval yields a
metsure fimp.dse ot 7, 300 lbs-sec compared to he 6, 780 lbs-sec change
ot lineir nomertam represented by the product of the 1utomobile mass

1na nitt Lo elocity
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Photographs of the vehicle before and after the test are

presented 1in Figure 16. Post-crash inspection revealed that the bumper
remained 1n contact with the underride guard during impact but was sheared

off of its supports as it moved aft. The fire wall was pushed back into the
passenger compartment area a slight amount due to rearward displacement
of the engine, and the steering column rotated upward toward the vertical

along with the dashpanel.

4.2.2 Crash Test No. 8

The performance of the 18' energy absorbing underride
guard installed on the flatbed trailer (Figure 6) was investigated in this

test. The test automobile was a standard 1966 Ford four-door sedan

N

1 ] 1 Y ey T Y
oL 5.V 1r°ri.

weilghing 3, 840 Ibs. that impacted the guard at a spee

Q.

Reduced data from the oscillograph record of the
celeration of the passenger compartment are shown in Figure 17, Also
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Data from the other v hicle mounted sensors are shown
in Figure 18. The engine peak longitudinal decel ration of approximately

60 g's occurred at . 034 seconds.

Time histories of axial strains measured in each of the
collapsible energy absorbers are shown in Figure 19. Two strain gauges
were mounted on each unit, on opposite sides, approximately 7 inches
from the upper pivot point. The strain measurements were converted to
ax1al loads and are presented versus time in Figure 20. These data
indicate peak compressive loads of approximately 28,000 lbs. and
34,000 lbs. 1n the right and left side struts, respectively, but the overall

force levels were quite constant throughout the impact.

A time history of the total longitudinal impact force, as
measured by load cells at the forward end of the trailer 1s presented 1n
Figure 21. The maximum load was approximately 90, 000 1bs. occurring
at . 045 seconds. The average force determined from these data over the
. 126 second stopping time interval was 52,600 lbs. Integration of the area
under the force curve over the . 126 second stopping time interval yields
a measured impulse of 6,620 lbs-sec compared to the 6, 830 lbs-sec change
of linear momentum represented by the product of the vehicle mass and
initial velocity. The close agreement between the momentum and measured

impulse attests for the accuracy and validity of the measured data.

Total displacements of both the vehicle and underride
guard during impact as determined from analysis of high speed movie film
are shown in Figure 22. The displacement of the guard was subtracted
from total vehicle displacement to obtain the vehicle crush data which
indicate a maximum crush of approximately 24 inches. The total vehicle
displacement of 45.5 inches compares favorably with the integrated

accelerometer results.
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Photographs of the vehicle before and after the test are
presented 1n Figure 23. Post-crash inspection revealed that the bumper
remained 1n contact with the underride guard during impact but sheared off
at the supports as 1t moved aft. The interior of the passenger compairtment
was virtually undamaged as may be seen in Figure 23 (d). Steeiing column

aft movement appeared to be approximately one-half inch.

Several views of the trailer and underride guard are
presented in Figure 24, Both energy absorber struts telescoped approxi-

mately 17.25 inches and did not bottom out.

4.2.3 Crash Test No. 9

The objective of this test was to determine the perfor-
mance of the ene1gy absorbing underride guaid (Figure 6) in an off-center
head-on tmpact by a full size car. The test vehicle was a 1966 Ford four-
door sedan weighing 3, 760 lbs. that impacted the underride guard at a
speed of 38.2 MPH. The lateral off-set between the longitudinal center

lines of the car and the trailer was 22.5 inches.

" ]

Passenger compartment longitudinal acceleration 'raw
data are presented in Figure 25 along with vehicle velocity and displacement
curves, These plots were obtained by first filtering the acceleration data
recorded on FM magnetic tape with a 1000 Hz cutoff filter and then digitizing
the results at . 0002 second sampling time intervals. These data were then
plotted, along with the two integrated curves, on a Houston Omnigraphic

Recorder.

The compartment acceleration data filtered at a fre-
quency of 50 Hz are shown 1n Figure 26. Times of events noted in the
analysis of the high speed movie film are marked along the abscissa at the
top of the figure. The maximum acceleration for the 50 H, filtered data

1s 17 g's.
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TEST VEHICLE BEFORE AND AFTER IMPACT

Figura 23 TEST No. B:
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COLLAPSIBLE UNDERRIDE GUARD BEFORE AND AFTER IMPACT

iCi

Figure 24 TEST No. 8:
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Data from the other acc 1 rometers aboard the vehicle
are presented 1n Figures 27 and 28. The maximum engine longitudinal

deceleration recorded was 28 g's occurring at . 056 seconds.

Longitudinal loads, measured by two load cells at the

forward end of the trailer, are presented in Figure 29.

Time histories of axial strains measured in each of the
collapsible friction tubes are shown in Figure 30. Two strain gauges were
mounted on each tube, on opposite sides, approximately 7 inches from the
upper pin connections to the trailer. The strain gauge on the right side of
each tube i1ndicated tension strains because of bending moments produced

by the assymmetrical loading of the underride guard.

The strain measurements from both friction tubes were
converted to axial loads and are presented versus time in Figure 31. These
data show maximum axial compressive loads of approximately 25, 000 1lbs.
and 22,000 lbs. 1n the right and left side friction tubes, respectively. Both
energy absorbers failed by buckling of the inside slotted tube before the
vehicle was completely stopped. The films i1ndicate that the absorber on
the right side of the trailer, where the impact loads were mostly concen-
trated, failed first and 1s believed to account for the rapid decrease 1n the

measured load shown 1n Figure 31 at approximately 0. 100 seconds.

A time history of the total longitudinal impact force as
measured by load cells at the forward end of the trailer (Figure 29 shows
individual cell data) 1s presented in Figure 32. The maximum recorded
load was approximately 70, 000 1bs. occurring at . 086 seconds after
impact. The average force determined from these data over the , 145
second stopping time interval was 44, 000 lbs. Integration of the area
under the force curve over the . 145 second stopping time interval yields
a measured impulse of 6,380 lbs-sec compared to the 6,550 lbs-sec change
of linear momentum represented by the product of the vehicle mass and

1nitial velocity.
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Horizontal displacements of both the v hicle and under-
ride guard during impact as determined from analysis of high speed movie
film are shown in Figure 33. The two displacement curves of the underride
guard are for points on the guard directly forward of the friction tube
connections. The plot for the lett tube was estimated hased on the post-
crash measurement of displacement since timing marks were not recorded
by the camera located to view this component. The axial strokes of the

telescoping tube energy absorbers were 8 and 16 inches for the left and

right side, respectively.

Figure 34 presents a top view sketch of the test vehicle
following impact for comparison with the outline of the undeformed vehicle,
Front end crush measured i1pproximately 19 inches at the center and
approximately 27 inches at the left side. The pre-impact position of the

underride guard relative to the car 1s also shown.

Photographs ot the vehicles after the test are presented
in Figure 35, Rearward intrusion of the fire wall and floorboard 1nto the
passenger compartment on the driver side was very slight, as mav be seen

from the photograph of the vehicle interior.
$.2.4 Crash Test N». 10

The response of a small compact automobile 1n a frontal
collision with a rigid truck underride guard i1nstalled at a height 24 inches
was determined i1n test No. 10, The objective of the test was to substantiate,
or refute, the conclusion based on earlier tests that small cars would not
be adequately protected against excessive underride 1n 40 MPH impacts for

a 24 inch clearance height of the guard above the roadway.
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The test vehicle was a 1966 Volkswagen 1300 two-door
sedan weigking 1, 680 lbs. that impacted the underride guard shown in
Figure 4 at a speed ¢ 2.1 MPH. The test vehicle was equipped with a
spare tire and wheel 1n *‘he forward baggage compartment, and the fuel tank
was also approximately half full of liquid (Stoddard sol- ent) to provide

realistic 1n-service conditions.

Data recorded from accelerometers located 1n the
passenger compartment, on the compartment storage deck above the rear
axle, and on the engine are presented in Figures 36, 37 and 38,
respectively. The displayed records are filtered responses obtained by
filtering of the raw data with an electronic filter having a corner frequency
of approximately 50 Hz. In view of the catastrophic results of the test
from the standpoint of passenger compartment intrusion, the passenger
compartment longitundinal accelerations were not processed to provide
velocity and displacement time histories. The measured peak passenger
compartment long tudinal acceleration was approximately 28 g's which
occurred 0.030 seconds after impact. Simtlar longitudinal accelerations
were recorded at the rear deck location. The cause of the accelerations
that may be noted in all accelerometer records beginning approximately
0.05 seconds prior to impact 1s unknown but may be associated with the
release of the towing cable from the test vehicle since the cable clamp
was activated bv the release mechanism at approximately that same time,
Another possibility 1s that the abort system might in some way have i1nduced
a preimpact braking transient to the test vehicle although no evidence of

this was seen 1n the films of the test.

Another anomaly 1s evident 1n the displayed record for
the engine which indicates an acceleration pulse of about 20 g's prior to
the onset ot deceleration. However, integration of the acceleration trace
for the engine shows fair agreement with the measured impact velocity of

the vehicle.
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TEST NO. 10: ENGINE ACCELERATION DATA

Figure 38
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The time history of total longitudinal impact force as
measured by load cells at the front of the trailer 1s presented in Figure 39.
The maximum recorded load was 55, 000 lbs. occurring .043 seconds after
impact. The average force over the 0.230 second stopping time interval
as determined from this plot was 13,480 1lbs. The 3,100 lb-sec measured
impulse 18 in close agreement with the 3,220 lb-sec change of linear
momentum obtained from the product of the vehicle mass and 1nitial

velocity.

Horizontal displacement of the vehicle during impact as
determined from analysis of high speed movie film 1s displayed 1n Figure
40. The maximum displacement and the time to stop the vehicle was

79.5 1nches and 0.230 seconds, respectively.

The data from Figures 39 and 40 were combined to
produce the load-displacement plot displayed in Figure 41. It may be noted
that the vehicle underrode the guard about 16 inches before loads started
to develop when the hood and front baggage compartment contacted the
underride guard. The second load peak between 50 and 60 inches of dis-
placement 1s attributed to contact of the guard with the "A' pillar and
front bulkhead structure. The energy represented by the area under the
curve 1s 96, 900 ft-1bs which compares favorably with the 99, 800 ft-lbs

imitial kinetic energy of the vehicle at impact.

Photographs of the test vehicle and underride guard
installation before and after the test are presented in Figure 42. As may
be seen from the photographs, the bumper and front wheels passed beneath
the underride guard and the guard penetrated deeply into the passenger
compartment. The front tires of the test vehicle actually contacted the
rear wheels of the truck as evidenced by scuff marks on the truck tire
found during post-crash inspection and also as may be seen i1n the high

speed films,
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DISPLACEMENTA/ INCHES

PHOTOGRAPHIC DATA

VEHICLE

STOPPED 1

80
60
Ve
/
40 .
/
yd
/
7
20 /
s/
/
/
/
0 \
0 040 080 120 160 200
TIME ~ SEC

Figure 40 TEST NO. 10: VEHICLE DISPLACEMENT
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4,2.5 Crash Test No. 11

The ohiective of t g tect was to determine the n
i1 ne opjeciive ol s test was te acicrmine tnc p

1
Y Lidy

(3

mance of a 24 inch high rigid underride guard mounted at the rear of a van
trailer (Figures 7 and 8). The test vehicle was a 1966 Ford four-door
sedan weighing 3,460 lbs., which impacted the guard at a speed of 43.1

MPH. The trailer

4l
n

a 40 ft. COPC"‘ tandem axle aluminum van \er1oh1nu

QO Lalllilll aXxi1C Al ININRIIl vall Woipgilrll i3

W
approximately 11,690

e
passenger compartment on the drive shaft tunnel behind the front seat are

presented 1n Figures 43 and 44. The data in Figure 43 are the results of
filtering the raw signals with an electronic filter havirg a corner frequency

of approximately 1000 Hz. Integration of the acceleration data produced
ce

the velocity and displacement curves.

Figure 44 1s simalar to Figure 43 escept that the
accelerometer data are filtered with a digital filter having a corner fre-
quency of 50 Hz. The measured peak longitudinal deceleration (50 Hz
filter) was approximately 44 g's which occurred .047 seconds after impac .
The occurrence of several events as noted from the high speed films of

e im P 3N +l
L ir

“AA& PP ~adandl o ~ o I La £ 405
rc 1tpact 1> ingicat€qg a4t tne UP [(OF 8 L

the figure.

TG

Integration of the passenger compartment longitudinal

deceleration yi1elds results for velocity and displacement that do not correlate
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the vehicle stopped in . 104 seconds while displacing a maximum of 47.5

inches compared with a stopping time of . 184 seconds and a total dis-

placement of 53.5 1inches as determined trom the films. It 1s believed tha
the measured decelerations shown in Figures 43 and 44 are somewhat 1n

error (too high) since a reduction in overall level would yield values for the
time to stop and for the maximum dynamic displacement that are both more

in keeping with the photographically observed results. However, the final
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six inches of displac ment occurred aft r maximum crush of the auto-
mobile (approximately . 110 seconds fter imnpact) and r sulted from
collapse of the trailer structure in the viginity of the landing gear.

Other accelerometer data measured in the passenger
compartment, on the flat deck over the rear axle, and on the engine ar
displayed in Figures 45, 46 and 47. Peak engine longitudinal deceleration
of about 113 G's occurred .031] seconds after impact. It may be noted
that the longitudinal accelerations measured at the rear deck location are

generally at a lower level than those recorded on the drive line tunnel 1n

the passenger compartment.

The time history of longltudinal impact force as mea-
sured by load cells at the front of the van is presented in Figure 48, The
maximum load recorded was 61,500 lbs. eccurring at . 040 seconds after
impact and resulted primarily from engine contact with the underride
guard. The measured impulse, represented by the area under the curve,
1s only 4, 600 lbs-sec compared to the change in linear momentum of the
automobile of 6,800 lbs-sec. As a result, the measured average force of
24,950 1bs. is lower than the computed value of 37, 000 lbs. based on a

stopping time of . 184 seconds.

The low levels of force and 1mpulse measured at the
front of the van undoubtedly result from the nonrigid behavior of the trailer
and the loads shown in Figure 48 do not represent the actual longitudinal
forces applied to the impacting automobile. Because a major part of the
mass of the trailer was accelerated as the van collapsed, large inertia
forces were developed which were applied to the car but are not totally

reflected in the measured load cell data.
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The high speed movi s of the test show that, 1n addition
to translating, the van pitched so that the landing wheels raised off the
ground at least 4 inches. Inasmuch as the front end of the van was restrained
by cables to prevent vertical motion, large cable forces probably were
developed which caused the van to buckle 1n an i1nverted vee-shape. Hence,
unknown external forces were applied to the system which could account for
not having measured all of the change i1n linear momentum of the car.
Post-crash inspection also revealed that the front of the trailer was no longer
1n contact with the load cells. However, as may be noted from Figure 48,
separation of the van from the load cells probably did not occur until after

the test automobile was already stopped.

Horizontal displacements of the vehicle and of the unde --
ride guard due to van collapse as determined from analysis of high speed
movie film are displayed in Figure 49. The guard displacement was sub-
tracted from the measured total displacement of the automobile to obtain
the vehicle crush curve. Maximum dynamic displacement of the automobile
was approximately 43 inches as compared with 38 inches obtained from a
post-crash static measurement of the vehicle crush. It may be noted that
the automobile crushed to the maximum value of 43 1inches 1n about . 110
seconds. After that time, the car and rear of the van, traveling together
at a low velocity, moved a short distance before stopping completely at

. 184 seconds after 1mpact.

The rigid underride guard and aft portion of the trailer
moved forward about 12 inches due to deformation of the van structure.
Approximately 9 inches of collapse of the trailer lower side panels was
measured after the test. The front of the trailer also was displaced forward
slightly as the buckling action caused the member bearing on the load cells

to slide downward and under the load cells.
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Photographs of the test vehicle and van trailer after the
test are presented 1n Figure 50. Except for a dent in the underride guard
caused by impact of 1 protruding shaft of the engine, no damage to the
underride guard or the aft part of the trailer was evident. The front bumper
and support members of the automobile were undamaged because they
passed beneath the 24" high underride guard. The steering column and
dashpanel were torced back and rotated upward to the extent that the
steering wheel contacted the windshield. The frame of the car was buckled
at the forward tcrque box location on both sides of the vehicle., The fire
wall and floorboard were deformed back into the passenger compartment as
a result of rearward displacement of the engine which had rotated and brolen

loose from the transmission housing.

4.2.6 Crash Test No. 12

The objective of this test was to determine the 30 MPH
crash performarce of a small car into a 24 inch high rigid underride guard
mounted at the rear of a flat bed trailer. The test vehicle, a 1966 Volks-
wagen 1500 two-door sedan weighing 1,660 lbs., impacted the underride
guard at a speed of 31.5 MPH. The test vehicle was equipped with a spare
tire and wheel 1n the forward luggage compartment and the fuel tank was
also appro~imately half full of Stoddard solvent to provide realistic in-service

conditions.

The underride guard (Figure 4) was the same structure

that was tested with the VW sedan 1n test No. 10.

Passenger compartment longitudinal accelerations
measured on the tunnel behind the front seat are presented in Figures 51
and 52. The plot shown 1n Figure 51 was obtained by filtering the raw data
signal with an electronic filter having a corner frequency of 1000 Hz.
Integration of the acceleration data produced the velocity and displacement

curves. Figure 52 shows the same compartment acceleration data after
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filtering with a digital filt r having a corner frequency of 50 Hz. The
measured peak longitudinal deceleration (50 Hz filter) was approximately

22 g's which occurred .048 seconds after impact.

The times of several events during the impact sequence,
obtained from the high speed movie films, are marked along the top of the
figure. Analysis of the films showed that the vehicle forward motion stopped
at a time of . 185 seconds after impact or about .025 seconds later than

that indicated by the accelerometer data.

The measured frontal crush distance of the vehicle,
following the test, was 48 inches which 18 about the maximum dynamic

displacement obtained from integration of the acceleration data.

Passenger compartment vertical acceleration and engine
longitudinal acceleration data are presented in Figure 53. A maximum
longitudinal acceleration of approximately 20 g's was recorded on the

engine .052 seconds after impact.

Compartment rear deck accelerations are shown 1n
Figure 54, These data, as well as the data presented in Figure 53, were
el ctronically filtered at a cutoff frequency of 50 Hz. A peak deceleration
of approximately 19 g's was recorded by the longitudinal sensor at a time
of .060 seconds. It may be noted that the time histories of longitudinal
acc lerations measured in the compartment, on the engine, and at the
rear deck location are generally very similar as regards wave shape and

magnitude.

A time history of the total longitudinal impact force as
measured by two load cells at the front of the trailer 1s displayed in Figure
55. The maximum recorded load was 40, 000 lbs. occurring . 052 seconds
after impact. The average force over the .185 second stopping time interval

as d termined from this plot was 12,380 1bs. The 2,290 lb-sec measured
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impulse agrees closely with the 2, 380 lb-sec change of linear momentum

obtained from the product of the automobile mass «nd 1nitial velocity.

Horizontal displacement of the vehicle during imgpact as
determined from anaivsis of high speed movie film 15 displayed 1n Figure
56. The maximurr displacement and the time to stop he vehicle was 52

inches and . 185 seconds, respectively.

The date from Figures 55 and 56 were combined to obtain
the load-displacement plot presented 1n Figure 57. 1lhe rapid increase in
loading beginning at a displacement of about 13 inches 15 attributed principzlly
to guard contact with the spare tire which distributed the loads to the fuel
tank and other sheet metal structure in the luggage compartment. The
resistance offered by the vehicle then reduced as these components collapsed
and the guard penetrated the otherwise empty luggage compartment. When
the guard contactea the forward bulkhead and lower '"A'' pillar region, the
crush resistance again increased, and the automobile was finally stopped.
The ma~ximum load of 40, 000 lbs. occurred at 26 1nches of guard penetrat.on.
The 56,200 ft-1bs ct energy represented by the area under the curve com-
pares favorably with the 55, 100 ft-1bs 1nmitial kinetic energy of the vehicle af

tmpact.,

Photog-aphs of the test vehicle ana underride guard
installation before and after the test are presented in Figure 58. As may be
seen from the photographs, the bumper, tires and front suspension passed

completely under the guard.

The front bulkhead and dashpanel were pushed back into
the passenger compartment slightly, and the steering column was also
mov ed aft and rotated upward a small amount. However, except for the
possibility ot contributing to i1njuries to the lower limbs, the intrusion of
the passenger compartment was deemed not so extensive as to create a

serious hazard to occupants of the front seats,
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5.0 DISCUSSION OF RESULTS

Results from the six crash tests of underride guards installed on
trailers described in the preceding section are summarized 1n Table 1.
For convenmence in comparing with results obtained 1n the initial series of
six tests using the simulated rigid underride guard, data from these tests

are also tncluded 1n the table.

The responses of the automobile 1n the test of the 18 inch rigid
underride guard mounted on the flatbed trailer (Test No. 7) are quite
similar to those measured 1n Test No. | with the simulated guard in which
the ground clearance was also 18 inches. The maximum crush of the caz
was about 5 inches greater than tn Test No. 1 which 1s believed to be

largely due to two factors:

() The slightly higher impact speed which was 39.6 MPH
in Test No. 7 compared with 37.9 MPH 1n Test No. 1.

(2) A lesser contribution of the forward sheet metal 1n decele --
ating the car. This 1s reflected 1n a comparison of the
passenger compartment longitudinal decelerations and was
caused by the fact that the face of the guard in Test No. 7
had large openings, whereas the face of the simulated guaid
was a flat plate surface that provided more contact area with

the front of the automobile.

Perhaps the most significant difference between the two tests 1s
the maximum longitudinal load applied to the guard which occurs when the
engine contacts 1it. In the trailer test the peak load recorded was 168, 000
lbs. compared to 247,000 lbs. 1n the impact of an 1dentical automobile with
the rigid simulated underride guard. The reduction in peak load 1s attri-
buted to the smaller contact area between the engine and the guard and

correlates with the engine longitudinal acceleration data of the two tests
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which shows that the peak deceleration of the engine was reduced from
more than 200 G 1n Test No. | to about 120 G measured in Test No. 7.
However, rhe average e duaring the time to stop the passenger compart-

ment was nearly the sa- e for both tests.

The damage to he umnmpacting automobiles was also essentially
irdentical i1n the two tests. Ir both instances the damages to the vehicle
interior were relative’y mir~r and probably would not significantly affect

occupart injury potential,

The benefits that can be derived from use ot an energy absorbing
underride guard maiy be seen froir, a comparison of the results for Test
“No. 7 anu 8. The time histories of passenger compartment deceleration
measured 1n the twe tests are presented 1n Figure 59 for comparison. At
tirst glance there ~ppears to be little clear evidence t» itavor either of the
two types ot underride g iard from these data. However, the large excursiors
in the decelerations plots tend to obscure the fact that the general level of
decelerations experienced 1n the rigid guard test 1s indeed substantially

higher.

The maximum dynamic crush of the automaobile structure was
redaced by 17 inches through use of the yielding underride guard. Although
the 41 1nches ot veaicle crush experienced 1n the rig d cuard test was not
deemed hazardous in terms of compartment intrusion from rearward
displacement of the engire, the energy absorbing underride guard system
provides a greater margin of safety and would allow a higher speed of
impact. Note that although there was less crushing >f the automobile 1n
the case of the yielding underride guard, the total forward displacement
of the car toward the rear ot the truck was slightly greater due to the

21 1nches of deflection of the guard.
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Figure 60 1s a plot showing the force-deflection charact ristics
of the energy absorbing underride guard and the vehicle 1n Test No. 8 ag
constructed from the w.ta presented 1n Figures 21 and 22. The areas
under these curves represent the energy absorbed by the guard and by
deformation of the automaobile structure, The average longitudinal force
of the underride guard is 59,300 lbs. and the absorbed energy 1s 103, 800
ft-1b. The energy dissipated in crushing the vehicle was only 79,200 ft-1b.
The total measured dissipated energy 1s therefore 183,000 ft-1b compared
to 195,200 ft-1b 1iritial kinetic energy of the automobile. The discrepancy
(approximately 6%) 1s attributed to small inaccuracies of the instrumentation
and in reducing the photographic data. Alsu, some energy was dissipated
as a result pitching of the car and slight vertical movement of the aft end
of the truck, and local deformations of other parts of the vehicle. These
results show that the underride guard dissipated approximately 57 percent
of the total measured kinetic energy which 18 very close to that expected
based on results from the mathematical model used to establish the design

load requirements for the guard.

From the plots shown in Figure 60, it may be seen that the under-
ride guard did not begin to yield until the load had reached a value of
approximately 60,000 lbs. which was developed after the car had crushed
about 14 inches. The increase of the load to 90, 000 l1bs. after the guard
began to displace 1s probably due to 1nertial effects . a_celerating the
mass of the guard structure. During the remainder of the guard displace-
ment, the energy absorbing friction tubes effectively limited and maintained
the crash loads to a relatively constant level., Comparison of the loads
measured 1n Test Nos. 7 and 8 shows that the yi1elding underride guard
resulted 1n substantially lower loads imposed on the truck structure wath

consequent reduced likelihood of damaging the truck,
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I'he performance of the yielding und rride guard in the off-center
impact (Test No. 9) was satisfactory tnasmuch as excessive underride of
the truck was prevent: ' rhe passenger compartment was not intruded, and
the deceleration of the car was low. The tmpact t~ the right of center of
the rear of the trailer resulted 1n unequal strokes of the energy absorbers
and the distortion of the guard ultimately caused buckling of the inner
slotted tubes. The axial strokes of the right and left energy absorbers
were 16 inches and 8 inches, respectively, as compared with the 17.5 1nch

stroke of each device 1» the central impact of Test No. 8.

The high speed films show that the absorber on the right side
failed first but later than 090 seconds after impact. The rapid decrease
1n measured load that occurred between .090 and . 100 se®@onds (see Figure
31) 1s believed irdicative »f the occurrence of bucklirg. The general level
of axial loads developed 1r hoth friction tubes prior to buckling was slightly

less than was measured 1n Test No. 8.

A compartison of other data measured for Test Nos. 8 and 9 shows
that the duration of the impact was longer (. 145 sec vs. . 126 sec) in the off-
center impact and that the total vehicle displacement was somewhat greater
(49.5" vs. 45.5"). The longer time to stop 18 reflected 1n the generally
lower decelerations throughout the impact and the measured peak decelera-
tion was also lower (17 g vs. 34 g). Both the maximum force and the
average force imposed on the truck were smaller for the off-center impact.
These values were 71,000 lbs. and 44,000 lbs., respectively, for Test
No. 9 as contrasted with loads of 90, 000 lbs. (maximum) and 52, 600 lbs.
{average) measured in Test No. 8. Because the collapse distance of the
forward structure of the vehicle was nonumform and the underride guard
deflection was variable from one side to the other, a comparison of the
distribution cf energy dissipated by the guard and through crushing of the

vehicle 18 not possible for the two tests.
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The results of the tests of rigid underride guards 1nstalled on the
trailers at a 24 - -h pround clearance {lest Nos. 10, 1l and 12) substantiate
the findings and cor 118 of the first series of tests conducted with the
stmulated urderride puaid (>ucernming the 1elationsh.y between guard
height and si1ze ~t rhe impacting vehio e Ihe test of the guard on the van
trailer demorstrated that a 21 1t e guard would adequately protect against
excessive underride ot a ‘uil L. e autuinobile and that the guard and
attachment coula e cesignea tn withsiand ard distribute the impact loads
into the trailer sirucrure withor? a severe aeight penalty. The response
of the car 1r 'hic test w= ery simlar to thit observed in Test No. 2 1n
which the height >t the simulated guard was also 24 inches. Note that the
maximum dynamic ¢»ush ot the vehicle structure was nearly identical 1n

the two tests bhut the peak cecelesation of the passenger compartment was

noticeably higher 1 the trailer -mounted test,

As discusse i ir the previous section, the measured loads shown

in Table | for Test No. 1]l are not the true loads imposed on the underride
guard because the *~ailer structure yielded in the vicinity of the landing
wheels. However, based on the measured longitudinal accelerations of

the engine, the maxin.im load 1n lest No. 11 was probably much less than
the value of 295,000 lbs. measured in Test No. 2. Except for a dent 1n the
bumper of the urderride puard caused by the impact of a protruding shaft of
the engine, no damage to the underride guard or to the aft part of the trailer

was evident.

In the tests with the simulated rigid underride guard, relatively
large vertical loads due to wedging of the car beneath the underride guard
were measured and 1t was thought that lifting of the rear of the truck,
which would be conducive to increased underride penetration, might
constitute a potential problem. However, the results of the series of tests
with trailer -mounted guards irdicated that such was not the case. In fact,
the tendenc, 1n each of the tests was for the rear of the truck to move down-
ward as a result ot the eccen*ricity of the load appolied through the guard to

the trailer stru rure Note trat the tra'lers were nurposely tested without
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cargo load to favor any tendency for the rear of the truck to move upward.

The two tests w.th the Volkswagen (Test No. 10 and 12) were
conducted for the purpose of demonstrating the consequences of small cars
impacting underride guards having greater than 18 inches of ground
clearance. The results were not unexpected since the simulated underride
guard tests (Test Nos. 4 and 5) indicated that excessive underride would
surely occur for guard heights greater than 18 inches when impacted at a

velocity of 40 MPH.

The test of the Volkswagen impacting the 24 inch underride guard
at 40 MPH resulted in extreme penetration of the guard into the passenger
compartment and would clearly have been unsurvivable for occupants of
the front seats, 1In contrast with the result of the test with the simulated
underride guard with 18 inch ground clearance, the front wheels passed
beneath the 24 inch guard so that 1t did not engage the stronger portions of

the vehicle structure.,

It is of interest to note the similarity of the plots of vehicle load
versus displacement for Test Nos. 10 and 12 which are presented in
Figures 41 and 57, respectively., In each case, the load did not start to
incr ase appreciably until the vehicles had underriden the guard approx:-
mately 15 to 18 inches. The rapid increase 1n loading occurred when the
guard contacted the spare tire in the front luggage compartment which
assisted 1n distributing the load to the partially filled fuel tank and other
portions of the forward structure. Peak loads were developed at appr.oxi—
mately 28 inches of displacement after which the loads diminished rapidly
due to collapse of the luggage compartment and fender sheet metal
gtructures. Very little energy was then dissipated until, at approximately
50 inches of displacement, the underride guard contacted the front bulk-

head of the passenger compartment and the load again started to increase.

102 VI-2844-V-3



The energy represented by the area under each curve is nearly
the same for the two tests up to the value of 52 inch s of displacement
measured in the 31.5 MPH test (Test No. 12). The additional 44,200 {t-1b
of kinetic energy 1n Test No. 10 (42.1 MPH) was dissipated by further
crushing of the vehicle for more than 2 feet into the passenger compartment.
The nearly 80 inches of penetration experienced in this test contrasts with
the 38 inches that resulted with the underride guard at 18 inches ground
clearance (Test No. 4) for the same impact speed, and dramatically
demonstrates the desirability of placing the underride guard as low as
possiblie to ensure an adequate engagement with the stronger portions of

the vehicle forward structure.
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APPENDIX A

SURVEY OF ENERGY ABSORBING DEVICES

As a preliminary to selecting and designing prototype
energy dissipating devices or systems for automobile bumpers and truck
underride guards, a literature search was conducted to determine the
state of the art in energy management techniques. Although similar
studies ex1st in the open literature, the intent here 1s to present quantitative
experimental data as opposed to studies which mainly give qualitative and/or

1dealized performance data.

Energy dissipation devices have been classified as one
of three types, mechanical, hydraulic or low density crushable materials.
Fach device 1s briefly described, pertinent references are given, and
various operating characteristics such as force-stroke response, impact
velocity sensitivity and other pertinent performance characteristics are
presented. Table A-1 1s a summary of the more significant performance
parameters for the various energy management devices examined in this

effort.

Some of the important characteristics of energy dissi-

pators are:

specific energy absorbed (SEA);
velocity sensitivity;
force-stroke characteristic,
stroke etficiency,

directional sensitivity;

energy dissipation density, and

cost effectiveness.
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Since an understanding of each of the above parameters 1s helpful in the
evaluation of energy absorbers, a brief definition of each parameter is

presented.

Specific energy absorbed 1s the energy dissipated per

unit weight of the energy ibsorbing material or device.

Velocity sensitivity 1s the tendency of the force-stroke

characteristic of the energy absorber to vary as a function of the rate at
which the stroking (detlection} takes place., (Positive sensitivity denotes

increasing force with increasing velocity. )

Force-stroke characteristics 1s the variation of absorber

force as a function of 1bsorber stroke (deflection). Usually a rectangular
force-stroke characteristic 1s desired, i1.e., force constant with stroke, as
this allows a maximum ot energy dissipation within the restraints of a fixed
stroking distance and maximum allowable force level as determined by the

maximum allowable deceleration of the impacting object.

Stroke efficiency 1s, for linear extension or compression

devices or materials, the ratio of the maximum usable length of the device

in energy absorption to the original total length of the device.

Directional sensitivity 18 the tendency of an energy

absorption device or material to change energy absorption characteristics
(usually a decrease 1n energy absorption capacity) as the direction of the

applied force varies from the normal.

Energy dissipation density 15 the maximum energy

dissipated per unit volume. Compact energy dissipators require a high

value of energy dissipation density.

Cost effectiveness can be defined in terms of dollars

saved versus dollars spent in a specific energy absorption application
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(e.g., lower insurance costs to truck and automobile owners due to less
severe accidents as th result of the installation of energy absorbing
bumpers and underride guards) or by 1dentifying the lowest cost energy
absorbing method which will satisfy the requirements of a specific

application.

I. Mechanical Energy Absorbers

Frangible Tube

The frangible tube consumes energy in the process of
fragmenting a hollow metal tube which 18 forced against a die as shown 1n
Figure A-1. A high stroke efficiency 1s possible with this device as nearly
the entire tube length can be fragmented 1f the die pilot shaft length 1s
minimized. High stroke efficiency also implies high directional sensitivity
as the limited engagement of the tube with the die prohibits the device from

withstanding bending loads of any consequence.

Figure A-2 18 a typical force-stroke response for
fragmenting tubes. The average force remains essentially constant with
displacement, however, the instantaneous force exhibits undesirable
fluctuations about the average. The data of Reference A-1 indicate that
the fluctuating force can be reduced considerably by increasing the ratio

of tube 1nsi1de diameter to die bend radius.

Figure A-3, taken from Reference A-2, shows the
experimentally observed rate dependency for a 2024-T3 aluminum tube.
The dotted fairing in Figure A-3 indicating no rate dependency below a
d formation rate of 5,000 inches per minute is based on experimental data
indicating no increase in tensile yield or tensile ultimate strength of
aluminum alloys for rates of displacement below approximately 5, 000
inches per minute. A positive rate dependency 1s observed for tube defor-

mation rates of about 12 MPH, the highest velocity tested.
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Displacement, om

DISPLACEMENT FOR 2024-T3 ALUMINUM ALLOY — NOMINAL
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Figure A-4 compares the specific energy absorbed for
frangible tubes of various metals and for aluminum-alloy honeycomb. The
values of specific energy absorbed given for the frangible tubes do not
include the die weight and assume essentially 100 percent stroke efficiency.
These esperimentally observed specific energies do not represent ultimate
values but rather the values obtained i1n the particular experiments con-
ducted. The maximum specific energy absorption capability may be as
high as 55,000 41D

1b
of the yield stress for AISI 4130 steel.

based on an average fragmenting stress of 90 percent

Invertube

The 1nvertube, 1llustrated in Figure A-5, absorbs
energy in the process of turning a tube 1nside-out or outside-in. This
device has a very high stroke efficiency since the total displacement 1s

approximately twice the length of the working tube.

Reference A-3 gives an analytical derivation of the
expression for inversion load {P) as a function of tube material plastic

yield stress (G'P), tube wall thickness (t) and tube mean diameter (D):
P - 4.44 rpt3/2Dl/2 (1)

Some results using this equation are compared with experimental data 1n
Figure A-6. Use of the load equation for tubing mater:al other than
3003-HI14 aluminum alloy would require experimental verification since
certain assumptions used 1n the derivation of the equation may be satisfied

to differing degrees with various materials.

Figure A-7 contains rate sensitivity data for aluminum
invertubes tested in the experiments reported in Reference A-3. A small
percentage increase in load 1s observed for increasing deformation speeds.

The highest velocity for which data were obtained 1s about 20 MPH.
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(a) Inside - out inversion

(b) Outside - in inversion

Figure A-5 INVERTUBE ENERGY ABSORBER
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Figure A 6 COMPARISON OF PREDICTED AND EXPERIMENTAL
INVERSION LOADS
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Figure A-8 indicates the computed specific energy
absorption using the computed 1inversion load. Since the computed inversion
load 1s conservative, 1.¢e., less than experimental, the computed value of
SEA will also be conservative. The maximum value of SEA for 3003-H14
aluminum tubing 1s greater than 7,500 fjt-%l—b . Steel tubing should give a
higher SEA based on yield stress and density considerations, however,
since ductility 1s also a necessary consideration for successful operation
of the device, experimental verification of the satisfactory performance of

high strength steels 1n invertube applications is necessary before con-

clusions can be drawn concerning the relative merits of steel and aluminum.

Tube Shredder

The tube shredder (Figure A-9) dissipates energy by
cutting a hollow tube into strips in the longitudinal direction using a gear
shaped multi-toothed cutting tool applied to one open end of the tube.

Figure A-10 shows a typical force-displacement curve for the tube shredder.
Limited test results using 2024-T3 aluminum tubes (Reference A-4) ind1-
cated no variation in mean cutting force with impact velocity variation from

3-12 feet per second and impact weight variation from 600-1000 pounds.

Specific energy absorption values obtained, assuming

100 percent stroke efficiency, were 11, 000 f—ti-.g—b based on tube weight

only and 6, 000 ftl';b

based on weight of tube and fittings.

The above results were obtained using a square cutter
tooth geometry. Preliminary development tests showed that a sharp cutter
geometry produced larger oscillations in cutting force and a high rate

dependence.
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Friction Tube

The '"friction tube' 1s shown in Figure A-11, both
disassembled and mounted 1n a testing machine. The concentric tubes are
connected by a high strength steel (4130) pin which, when the tubes are
displaced, travels through a slot which 1s narrower than the diameter of
the pin. This causes the inner tube to expand until the adjoining surfaces
mate. Energy 1s thus dissipated by a combination of metal working and
friction, the relative effectiveness depending on the amount of clearance

between the tubes, size of slot, pin si1ze and friction coefficient.

Figure A-12 1s a plot of the static load-deflection data
for a friction tube fabricated from 12 inch lengths of 3" O.D. x 9/32" wall
and 2-3/8" x 3/16" cold-drawn seamless steel pipe. The mating surfaces
were sandblasted to increase the friction coefficient and to improve the
surface uniformity. A compressive static test was performed, although
the concept has the advantage of being applicable in both tension and com-
pression. It 1s apparent from the results shown in Figure A-12 that the
device generates a very uniform and substantial force once the pin 1s fully
engaged in the slot. The specific energy absorption 1s about 1, 600 f—tl%l—b
for the particular tube tested, however, this value does not necessarily
represent an optimum performance. Further tests using other materials

would be necessary to define the maximum specific energy absorption

capabilities of this device.

Results from dynamic drop tower tests of the friction
tube energy absorber described 1n Appendix B indicate that the average
dynamic force produced 1s about 50 to 60 percent greater than that measured

1n static tests.
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Aeronautical Research Laboratory (Australia)
Energy Absorber

This device absorbs energy by plastic bending of two
metal strips. The principle 1s shown i1n Figure A-13. Two strips --
ABCD and AIBICIDI -~ each 1nmitially bent to a U-shape fit 1n a case
FH, ElHl and are fixed to the case at A and A1 (Figure A-13(a) ). When
the device 1s extended by tension, applied between the case and the inner

arms of the strips CD, CID the part of the strip adjacent to B and

]l
between A and B 1s bent to a radius and that adjacent to C 1s bent straight.
The force F required to extend the absorber 1s a function of the resistance
to bending at these points,

Straightening of the bend at C and C, may cause the

inner and outer strips to contact one another (as shownlln Figure A-13 (b) ).
The contact forces at these points are small (compared to F) and as they
are the only places at which rubbing occurs, the friction forces opposing
extension are small, thus the extension force 1s not sensitive to the degree

of lubrication and/or surface finish.

The total extension 1s approximately equal to the length
of the strip and thus nearly twice the length of the case., Figure A-13
shows that for an extension X the bend radii1 move along the case by an

amount X /2.

A siumple theory of operation developed 1n Reference
A-6 for this device yields the result that the extension force (P)1s pro-
portional to the strip width (W), the second power of strip thickness (t)
and 1nversely proportional to the distance (d) between the inner and outer
parts of the strip.

p oo ket 2
= K¢ - (2)
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Experimental results from the work reported 1n Reference A-6 indicate

that K 22 70,000 for steel strips and K & 25, 000 for aluminum strips.

This device produces a constant force which 1s insen-

sitive to the rate of deformation., The specific energy absorbed was

ft-
approsimately 900 tlblb for the device tested. Tension loads only can be

absorbed with th s device. A rotary version applying the same operating

principle 1s described in Reference A-6,
Tor-Shok

The "Tor-Shok'" or Rolling Ring Cyclic Energy Absorber
shown 1n Figure A-14 and described 1n detail in Reference A-7 and A-8
consists of two concentric tubes of different outside diameters to allow one
tube to fit loosely inside the other. The clearance space between the two
tubes contains one or more toroidal retainer rings, each of which hold a
family of small working ring elements. The diameter of the working rings
1s greater than the clearance gap between the two concentric tubes producing
an interference fit, A force applied to either of the tubes causes a relative
displacement of the tube, The resultant shearing action between the two
tubes rolls the working rings and thereby, plastically deforms each of them

in a cyclic process.,

The main advantages of the Tor-Shok are 1ts ability to
function 1n either tension or compression, high specific energy absorption
attributable to multi-stroke capability before fatigue failure, and low
maintenance and ability to check-out before use as a result of 1its multi-

stroke capability.

Tor-Shok devices are relatively ‘elocity insensitive
with only a very slight negative sensitivity, and they produce a very
repeatable constant force response. Figure A-15 shows the force,

velocity and acceleration characteristics of a Tor-Shok weighing 13.6
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pounds. The specific energy absorption for the device of Figure A-15,
based on a maximum stroke length of 20 inch s (comput d from drawing

1n Reference A-8) 1s approximately 1, 100 _f_tr—élz

Solid Media Shock Absorber

Solid media energy absorbers dissipate impact energy
by employing the viscoelastic properties at extremely high pressures of
certain newly developed silicone elastomers. As the energy absorber
shortens under an impact load, elastomeric material contained therein 1s
simultaneously reduced i1in volume and forced through small orifices and
passages. The volume reduction phenomena produces the equivalent effect
of a powerful mechanical spring, while the material flow causes the umt

to perform as though 1t were a hydraulic damper.

The spring effect serves two useful functions: (1} pre-
vention of the shock absorber from shortening under sustained loads such
as are encountered when one vehicle is pushing another, and (2) to

reposition the device (elongate) after an impact.

The hydraulic effect of the device produces a positive
impact velocity sensitivity. Figure A-16 shows the force-stroke and
velocity sensitivity characteristics of a bumper system employing solid

media shock absorbers.

The specific energy absorption capability of solid media
ft-1b

shock absorbers 1s about 500 5

Viscoelastic materials are those 1n which stress depends on strain and
strain rate.
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Plastic Hinges

A simple concept for absorbing energy is the plastic
deformation of metal at the hinge point of two structural arms which undergo
a relative angular displacement. One such device, shown in Figure A-17,

15 a ""knee strut' consisting of two sections of rectangular tubing welded
together. Experimental data from Reference A-10 for a knee strut is

shown tn Figure A-18. The specific energy absorption calculated for the
ft-1b
1b

data given i1n Figure A-18 1s about 1, 000

A more sophisticated plastic hinge 1s shown 1n Figure
A-19, For this device, all the energy 1s absorbed in plastic deformation
of the hinge pin which 1s subjected to torsional loading. This plastic
hinge device would be expected to have higher specific energy absorption
and a more uniform force-deflection characteristic than the knee strut.
Unfortunately, no experimental data are available for this type of plastic

hinge.

IT. Crashable Materials

Three basic types of crushable materials which may be
considered as possible energy dissipators for truck underride guards or
automobile bumpers are honeycomb, balsa and foamed plastic. A brief
description of a representative material from each basic group will serve

to indicate the prominent energy dissipation characteristics.
Honeycomb

Honeycomb structures can be made from a variety of
materials including paper and metal. However, only metal honeycomb,
specifically aluminum, will be discussed here since it appears that lighter
materials, such as paper, have too low an energy dissipation density for

application to underride guard on automobile bumper systems. Aluminum
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Figure A-17 STATIC TEST OF TUBULAR KNEE
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honeycomb performance in crush i1s reported in References A-12 through
A-15. The material responds to impact with an essentially constant force
and 1s \elocity insensitive., Figure A-201s a force-stroke diagram, and
Figure A-21 1s a plot of average crush load as a function of impact velocity.
The maximum experimentally obsefrvlegi specific eneérgy absorption for

t-

aluminum honeycomb was 10, 000 T5— 2s reported in References A-12

and A-13.

Balsa Wood

Balsa wood 1s a very efficient energy absorber having
ft-1b
1b

a value of specific energy absorption ranging from 10, 000 to 30, 000
for static crushing depending upon moisture content, temperature and

grain orientation relative to the crushing force (Reference A-16). Crushing
parallel to the grain gives about a factor of 2.5 increase in specific energy
absorbed compared to crushing perpendicular to the grain. Dynamic
crushing of balsa wood (Reference A-15) shows approximately the same
maximum specific energy absorption values as static crushing, however,
dynamic crushing parallel to the grain 1s accompanied by a violent rebound
which ts undesirable for many applications. Dynamic crushing perpendicular
to the grain exhibits some rebound. The rebound problem can be minimized
by using all the energy absorbing capability of the balsa wood, (.e., com-
plete crushing, but a given specimen 1s then limited to a specific impact
velocity. Velocities higher than the '"'correct'' velocity would cause
bottoming of the absorbing device with attendant high force levels and
velocities lower than the correct value would result in rebound. Con-
sequently, this rebound characteristic would seem to limit the usefulness

of balsa wood as an energy absorber for those applications which require

satisfactory performance over a range of impact velocities.
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Foamed Plastics

Foamed plastics are similar to balsa wood 1n their
crush characterstics for low strains but are different for high strains.
Figure A-22 shows the stress-strain characteristics for five different
foamed plastic densities and four different impact velocities, It can be
seen that the departure from an approximately rectangular force deflection
characteristic occurs at about a 40 percent strain beyond which stress

1. creases with strain 1n a rather smooth manner.

The data shown in Figure A-23 indicate that crushing
force 1s 1ndependent of impact velocity. Specific energy absorption based
on 40 percent strain for the two types of foamed plastic studied 1n the work
ot Reference A-17 1s about 1, 000 f—tl:}rb- . SEA based on higher strain rates
1s much higher due to the rapidly rising crushing force as strain increases

beyond 40 percent.

I11. Hydraulic Shock Absorbers

Hydraulic energy absorbers are velocity sensitive
devices which can be designed to provide essentially any load-displacement
characteristic desired. Basically, a hydraulic device consists of a piston,
flaid-filled cylincer and an orifice through which fluid 1s forced by the
action of the piston. Load-displacement curves are shown in Figure A-24,
A-25and A-26 for three 1dealized hydraulic devices discussed in Reference
A-18. Figure A-24 shows a simple fixed orifice device. The equation for

the resisting force produced by this device is

VAp~ d (3)
A
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where

F = resisting force

A% = piston velocity

C = orifice coefficient
Ap = piston area

A, = orifice area

d = fluid density

From the above equation it 1s readily apparent that, for a given device
geometry and fluid density, the force 1s directly proportional to the square

of the piston velocity.

The variable orifice device shown in Figure A-25
produces a constant force throughout the stroke length by reducing the
orifice area as the piston moves. The equation for the fixed orifice device
also describes the performance of the variable orifice device at the instant
of impact. However, in the variable orifice design, as the piston velocity
decreases so also does the orifice area such that the ratio of VZ/AO2
remains onstant. Hence, the device shown in Figure A-25 produces a

constant resisting force which 1s proportional to the square of the impact

velocity.

A third type of hydraulic device, shown in Figure A-26,
employs a pressure sensitive slide valve in addition to variible orifice
area to obtain a force which 1s proportional to the square of the impact
velocity and the first power of the stroke length. The stroke control 1s
achieved by the slide valve which opens more orifices near the bottom end
of the device as the fluid pressure (impacting force) inc:reases. The stroke
control feature of this device would be advantageous for an automotive
bumper design since at low impact velocities the smaller stroke could
result in less damage to the automobile than would be sustained with a

constant stroke device.
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The actual characteristics of hydraulic devices differ
somewhat from the 1dealized performances indicated. Some experimental
data are shown in Figures A-27 and A-28. These data, obtained from
Reference A-19, show deceleration versus displacement of a mass impacting
at three different velocities (Figure A-27) and deceleration versus time
and displacement (Figure A-28) for three different weights impacting at the
same velocity., An expected deviation from the i1dealized performance 1s
the finite rise time needed for the resistive force to build up. However,
as expected from theory, the average forces (decelerations), based on equal
strokes, are approsimately in the ratios of the velocity ratios squared for
the data of Figure A-27 Figure A-28 indicates a slightly higher average
deceleration for the lighter mass than for the heavier masses. This result
1s not expected, based on hydraulic effects only, however, mechanical

triction effects could account for the discrepancy.

Concluding Discussion

The energy dissipation methods examined 1n this liter-
ature survey represent a variety of possible techniques for crash energy
management and control. However, selection of techniques or devices for
application to truck underride guard and/or automobile bumper systems
requires consideration of many factors including performance, weight,
cost, and the ability to implement without adversely affecting the primary
utility of the vehicle. Differences in the basic requirements for underride
guards and automobile bumpers can bear on the choice of energy manage-

ment systems for the two types of vehicles.

The relative infrequency of truck rear underride accidents
and practical considerations would appear to rule out all but the most simple,
rugged, and easily maintained underride guard systems. The technique best
suited for an underride guard 1s probably a guard design that absorbs crash
energy via the mechanism of plastic deformation of structural material as

typified by the knee strut. Thus, the guard could be essentially a rigid
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relatively hightweight structure designed to withstand the relatively low
forces produced i1n normal operations, such as during collisions with loading
docks, but which would yield and dissipate energy under the forces developed
1n a high velocity impact by another vehicle, Directional sensitivity 1s also

relatively low and energy dissipation density 1s high for such devices.

Of the uni-directional metal working energy absorbers,
the Tor-Shok and the friction tube are probably the most suitable since they
can be designed {o provide bending strength and therefore contribute to the
lateral support of the guard. Although some of the other devices, by
themselves, have much higher values of specific energy absorption, their
high directional sensitivity would require considerable structure to provide
a workable system for oblique impacts. As a result, the specific energy
dissipation capacity based on the complete underride guard system would

probably be comparable to the other methods.

Crushable materials offer the advantages of low direc-
tional sensitivity and high specific energy absorption. However, i1n most
instances a backup structure to support the crushable mater:ial would be
necessary which would reduce the weight advantage of such a system.
Another problem of using lightweight crushable materials 1s the ability to
accommeodate the large volume of material that would be needed without
interfering with the functioning of other components essential to the

operation of the vehicle,

A characteristic that would appear to be more desirable
for application to automobile bumper systems, as opposed to underride
guards, 1s a cycling or automatic reset capability that can be provided by
hydraulic or viscoelastic solid media shock absorbers. These devices
can dissipate energy (stroke) without damage to components and would be
particularly beneficial for absorbing the energy of low velocity "parking
lot" type collisions that are quite frequently encountered by automobiles.
However, such devices are disadvantageous in terms of relative cost and

probable need for more frequent maintenance,
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APPENDIX B

COMPONENT TESTS OF FRICTION
TUBE ENERGY ABSORBING DEVICES

Upon selection of the friction tube, developed at CAL,
as the energy dissipating device for the yielding guard design, dynamic
tests were performed to determine that the devices would perform satis-
factorily 1n a test rig simulating the basic geometry on the contemplated
guard design. The data obtained from three drop tower tests are presented

herein.

The tests were performed using the test fixture shown
in Figure B-1. The impacting mass was a 1, 783 pound weight dropped
from a height of 17 feet, resulting in an impact velocity of 22.6 MPH.
Instrumentation consisted of two single axi1s accelerometers attached to
the impacting weight and positioned to monitor accelerations of the weight
in the free-fall direction. Two accelerometers were used to provide a
redundant measurement as a safeguard against equipment failure. High

speed motion pictures were also taken for each test.

Details of the friction tube configuration tested are
shown 1n Figure B-2. The first test used a friction tube having a constant
slot width of 0.5 1nch because the static tests of this configuration produced
approsimately the force level needed to absorb the energy of the falling
weight within the available stroke of the test fixture. The data from the
first test are shown 1n Figure B-3. The deceleration data are obtained
directly from the accelerometers and the velocity and displacement data

are obtained by i1ntegrating the acceleration data.
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EFxamination of the d celeration data of Figure B-3
shows an initially high deceleration followed by a fluctuating response
about a mean value of approximately 20 G deceleration. The imtial peak
1s a 1esult of the 1nertia of the rather massive test r1ig which was acceler-
ated to the velocity of the impacting body 1n a distance of the order of two
inches. (A block of wood was attached to the lower surface of the falling
welght to cushion the 1mitial impact.) The oscillating deceleration 1s a
result of the mode of collapse of the friction tube. Wall clearance between
the two tubes comprising the friction tube allows some buckling of the two
tubes when they are subjected to a compressive load. This buckling
periodically increases the resistive force of the friction tube through a

binding action between the inner and outer tubes.

The results of the first test indicated a higher resistive
force (58,000 lb. average force) than was expected based on the static
tests, hence, the slot width was increased (as shown in Figure B-2) for the
second test 1n order to decrease the average deceleration while increasing
the total displacement. The slot geometry selected for the second test
would normally produce a force having an increasing ramp characteristic
over the initial portion of the stroke followed by a constant force for the
remainder of the stroke. Unfortunately, a fabrication oversight resulted
in a sharp corner at the transition from the working pin hole to the slot.
The sharp corner gouged the pin which resulted 1n a greatly decreased
force level over the entire stroke of the device as can be seen from the
deceleration data 1n Figure B-4. The average deceleration 1s quite low
over the major portion of the displacement with a rapid increase to a
large deceleration at the end of the stroke as a result of the bottoming of

the test rig against a wooden stop provided for this purpose.

The high 1nitial deceleration resulting from the test rig
inertia 1s greater for test 2 than for test 1 because a thinner block of wood
was used as the cushion on the impact face of the falling weight for test 2.
The wood cushion was approximately 3 inches thick for test 1 and only about

1 inch thick for test 2.
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Test 3 was a repeat of test 2 with the slot fabrication
error corrected. The results, presented in Figure B-5, are as expected 1n
that the average deceleration increases in a roughly linear fashion over most
of the displacement. The i1nitially high inertia effect was most severe for
test 3 because the same block of wood was used on the impact face of the
falling wei1ght as was used 1n test 2 and hence the wood had little cushioning
ability remaining for the second impact. The average resistive force
produced by the device in this test as calculated from the absorbed energy

and actual stroke was approximately 30, 000 lbs.

Figures B-3 through B-5 also show displacement data
obtained from the motion pictures for tests 1-3, respectively. The agree-
ment between the doubly 1integrated accelerometer data and the motion
picture data 1s generally good, however, the photographic data tend to give

higher maximum displacements.
The following conclusions were drawn from these tests:

1. An underride guard utilizing the basic configuration
represented by the test rig should perform satis-

factorily.

2. For friction tubes with pinned end mountings, the
clearance between the 1nner and outer tubes should
be minimized to reduce the fluctuations of the

resistive force caused by binding.

3. Friction tubes perform satisfactorily dynamically.
The results of test 1, which used the same friction
tube slot configuration as a prior static test, indi-
cated an 1ncrease 1n the average force of approxt-
mately 50 to 60% over the static case. It is not

possible to determine the extent to which this
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increase may be the result of dynamic effects
(strain hardening) and/or of the binding between

the inner and outer tubes,
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APPENDIX C

MATHEMATICAL MODEL OF
AUTOMOBILE-TRUCK UNDERRIDE COLLISION

Concurrent with the experimental testing of underride
guards was an effort to mathematically simulate the underride collision to
esplore the effects of various guard load-deflection properties on vehicle
impact response. The underride guard collision model 1s 1llustrated 1in
Figure C-1. The automobile is treated as a one-dimensional, two-degree-
of-freedom system consisting of two masses connected by springs The
masses represent the mass of the engine and the passenger compartment
and the springs sirnulate the nonlinear crush characteristics of various

parts of the automobile structure.

It may be shown that for this model, the barrier force,

F, 1s given by

where mc' me, ac, and ae represent the compartment and engine, masses
and decelerations. Shown in Figure C-2 1s a comparison between the
measured longitudinal force on the rigid barrier and the load calculated
from the measurea engine and compartment decelerations for the first two
simulated rigid underride guard tests (1966 Ford, 18 inch and 24 inch
barrier height). Because these curves generally agree 1n each case, the
simplified model was expected to provide a reasonable estimate of vehicle

performance.
Experimental data from Tests | and 2 and from Referenc:

C-1 were used to determine load-deflection properties for the springs that

would result in a good match between the simulated and experimentally
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measured vehicle responses. It should be noted that 1in a certain sense the
approach 1s phenomenological since no attempt was made to determine the
relationship between the actual vehicle structure and i1ts collapse properties.
The adequacy of curve fittings to the experimental data from which the
various spring characteristics were obtained is indicated by the small
differences between the simulation and test results shown i1n Figure C-3.
It ts to be noted, however, that the responses beyond that time at which
any of the springs begin to unload, could be subject to significant error
because the unloading characteristics of the springs for vehicle crush
distances other than those experienced in the tests are unknown. The
approximate times at which unloading occurs are i1ndicated by the arrows

on the plots showing times of maximum vehicle crush.

Assuming that the structural properties of the vehicle
are not velocity sensitive, the model may be exercised at lower velocities,
or sumilarly, at higher velocities if impact 1s 1into a yielding structure. A
Iimitation on the application of the model 1s that the total deflection of the
vehicle cannot exceed that measured in the rigid barrier test. Despite

this limitation, the model was deemed useful for indicating trends.

Some results from the model applied to exploring the
effects of various underride guard force-deflection characteristics {spring
4 1n Figure C-1) are displayed in Figures C-4, C-5, C-6, and C-7. Results
are also shown for a hypothetical car modified to exhibit different force-
deformation properties 1n the region ahead of the engine represented by
spring No. | i1n Figure C-1. Impact speeds for the simulated collistons
with the 18 in. and 24 1n. high underride guards were the same as those

measured n tests | and 2 respectively.

In general, the results show greater vehicle crush
distances for the case of the higher underride guard which would be
expected 1n view of the lesser engagement of the vehicle and the slightly

higher speed. For both underride guard heights, yielding barriers do not
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appear to have a large effect on the peak 'g' level of the passenger com-
partment. Rather, the most notable difference 1s a decrease in the amount
of vehicle crush. It may be noted that the 50, 000 lb. constant force

yielding guard reaches the full 24 inch stroke early tn the impact and that
the 100,000 1b. barrier has only relatively small deflections. This indicates
that, for maximum energy absorption by the underride guard device, the
force level should be between these values for an assumed underride guard
stroking distance of two feet. The two foot stroke was arbitrarily selected
as being approximately representative of the maximum stroke allowable if
penetration of the compartment of the impacting vehicle by fixed structure
of the truck 1s to be avoided. The energy absorbed by the 50,000 lb. under-
ride guard with a two foot stroke represents approximately 60 percent of

the initial kinetic energy of the vehicle 1n the cited simulations.

Of the three waveforms i1nvestigated for the yielding
underride guard, {(constant force, increasing ramp and decreasing ramp)
the constant force characteristic 1ndicated as good or better results than
eitther of the other two, and an attempt was then made to define the optimum
constant force level. Computer simulations for 18" high underride guards
yielding at force levels of 60, 000, 70, 000, 80,000 and 90, 000 lbs. were run.
The results are shown i1n Figure C-8 and indicate that minimum compartment
deceleration levels and structural crush of the impacting vehicle would be
obtained with a yielding guard force of approximately 60, 000 to 70, 000 lbs.
This force level range was selected as the design target value for the 18"

yielding underride guard used in Tests 8 and 9.
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STRESS ANALYSIS OF TEST TRAILERS
AND RIGID UNDERRIDE GUARD DESIGNS

Approximate analyses of the structure of the flatbed
and van trailers used i1n the test program were performed to ascertain the
magnitude of underride guard loads that might be sustained without failure
of the trailer structure. In addition, two of the rigid underride guard
designs tested were analyzed to determine their approximate load carrying
capabilities. The method of analysis and results of these various calculations

are given in the following paragraphs.

Flatbed Trailer Strength

The primary loading of the the truck structure by a car
impacting the underride guard produces a compression load and a bending
moment 1n the target vehicle structure. The flatbed trailer in cross-section

1s approximately as shown in Figure D-1.

A horizontal load P applied to the underride guard at a
distance L. below the neutral axis C-C can be represented as a compressive
load P at the centroid of the trailer cross-sectional area and a bending
moment PL.. The maximum load 1s determined by one of the following

expressions for maximum fiber stress for elastic bending-

Top extreme fiber (tensile stress \n side rail)
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Bottom extreme fiber (compressive stress in frame

rail)
MG, P
S, = +
B I AT
where:
M = bending moment PL = 26.9 P in-1b
C = distance from neutral axis to top extreme

fiber = 9.1 1n.

C2 = distance from neutral axi.s to bottom
extreme fiber = 7.9 1n.
ICc = moment of inertia of the cross-sectional
4

area about neutral axis = 495 1n.

A = total cross-sectional area of members.

Substitution of the appropriate values for the terms 1n
each of the above equations and solving for P gives a maximum load of
74,000 1bs. based on a compressive yield stress of 36, 000 psi1 in the bottom

extreme fiber of the main frame rails.

This simple calculation indicates the minimum force
capability of the trailer because i1t assumes an elastic limit. In actual
practice the maximum load capacity will be higher due to redistribution
of the stress as the structure begins to yield plastically. Calculation of
the trailer strength for plastic yielding, assuming a constant stress
distribution of 60, 000 ps1 across the trailer cross-section, gives a maximura
underride guard force capability of 141,000 1bs. In the most severe test
(Test 7) using this trailer, the average force level was 70,000 lbs. with a
shorter deviation peak load of 168, 000 lbs. Observation of films of the

test and post-crash inspection of the trailer structure indicated that the
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ultimate load capacity was probably closely approached as there was evidence
of plastic yielding that resulted 1n a slight amount of permanent set (bending)

of the rails.

Van Trailer Strength

The van trailer strength was calculated assuming the
trailer to be a column loaded eccentrically by the force applied to the
underride guard. Measurements were taken of the trailer to determuine
the cross-section properties of the various parts of the structure and for
calculation of the moment of inertia. The moment of inertia was cal-
culated to be 38,500 m.4. Assuming a yield stress of 30,000 ps1, a maximum
allowable horizontal force of approximately 170, 000 1bs. applied by an
underride guard with 24 inch ground clearance was calculated. This cal-
culated strength of the trailer indicated that if the local attachments of the
guard could be made sufficiently strong the gross trailer strength would

probably be adequate to provide an essentially rigid structure,

The details of the guard design and its attachment to
the trailer structure are indicated in Figure 7 of Section 3.0. For this
guard design, the existing trailer frame in the vicinity of the axles was
extended to the rear of the trailer using 3" x 2" x 3/16" wall structural
tubing. In this manner the underride guard longitudinal loads were distri-
buted over many cross-members of the trailer floor structure and was

also taken directly 1into the existing trailer frame.

18" Rigid Underride Guard Used on Flatbed Trailer

This analysis was performed assuming a uniformly
distributed load (W ~ 1b/in) acting upon the guard bumper in a horizontal
direction. Using the theorem of Three Moments from continuous beam

theory, the bumper reaction forces and bending moment distribution were
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found for the uniformly distributed load. This underride guard, shown

in Figure 2 of Section 3.0, was 1dealized for analysis as shown i1n the

sketch below [
w ~ o
A A
o~ 10" e 22" — 13"-1 13" 22" —— 10"7 .
i R, R3 Ry Rg
SECTION A A

The forces depicted are all in a horizontal plaine which
passes through the guard bumper member. The five horisontal reaction
forces have been calculated using the compression yield strengths of the
diagonal compression struts and the plastic bending strength of the vertical

members The masimum allowable loads for the fite reactions are

Rl = RS - 78,000 1b.
R‘2 = R4 = 45,000 1b.
R3 - 81, 000 1b.

The results of the application of the theorem of Three
Moments from continuous beam theory gives the following results for the

general solution 1n terms of the distributed load w.

Bending Moments Reactions
M] = M5 = 50w Rl = R‘S 21.96w
MZ = M4 = 28 9w R2 = R4 18.25w
M3 = -6.675w R3 = 9. ow
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These results indicate that RZ and R4 are the critical
reactions that limit the distributed load, w, to a value of 2,470 lb/in. The
total uniformly distributed load 1s therefore 222,000 lbs. for a guard 90

inches wide,

It 1s 1nteresting to note that 1f the short diagonal I-beam
strut, whose horizontal component 18 essentially RZ' 18 replaced by another
standard 3" x 2 5/8'" I-beam having approximately twice the web thickness
as that which was used, only about 10 lbs. would be added to the guard weight
but RZ. max would then be approximately 58,000 lbs. With this stronger
[-beam the maximum distributed load would then be 3, 180 lb/in giving a

total load capacity of approximately 290, 000 lbs.

Note that the ultimate load capability of the underride
guard 1s approximately 330, 000 lbs. which 1s the sum of the reaction loads
R1 through RS' To fully utilize this load capacity would obviously require a

non-uniformly distributed load.

It should be remembered that the above analysis 1s for
the guard strength alone and not the guard-trailer system. The test results
and the calculations of the trailer strength both i1ndicate that the guard 1s

stronger than the trailer structure.

24" Rigid Underride Guard Used on Van Trailer

This analysis was performed using the same procedure
as was used for the flatbed rigid guard analysis. The guard, shown in Figure

7 of Section 3.0, 1s represented as shown below for analysis purposes where

w ~LB/|N_

¢ ¢ ¢ 4 ¢4 434441 ]

61 12 12 12 127 12 12 12" 16"
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the forces are the hortzontal components in the plane of the bumper. The
s1x reaction forces have been calculated based on the maximum static load
capabilities of the diagonal compression struts. The maximum loads for

the s1x reactions are:

R1 = R6 = 61,000 1b.
R2 = R5 = 80,000 1b.
R3 = R4 = 53,000 1b.

The results of analyzing this guard using continuous

beam theory are as follows,

Bending Moments Reactions
= = 72 = = .32
M1 M6 2w Rl R6 24.32w
MZ = M5 = 3.79w RZ = R5 = 4. lw
M3 = M4 = -15.16w R3 = R4 = 13.58w

These results indicate that R2 and R5 are the critical loads which limits
the distiibuted load, w, to 1,950 1b/in. The total uniformly distributed
load capacity of the guard i1s therefore 164, 000 1bs. Note that the uniform
load selected for this analysis 1s applied only to within six inches of such
end of the guard. If the guard 1s loaded with a uniformly distributed load
over the entire widih, the bending moments M1 and M6 become quite large
and the distributed unit load to about 1,000 1b/in resulting tn a low total

load for the guard.
The ultimate load for this guard 1s about 244, 000 1lbs.

for a non-uniformly distributed load which takes advantage of the maximum

possible guard reaction loads.
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In conclusion, 1t should b remembered that cal-
culations such as those presented here usually tend to be conservative
and that the actual static load capabilities of the various structures are
probably greater than indicated. In addition, the load capacity for the
various structures may be different for dynamic loading than for static
loading. There 1s some 1indication from the work reported herein that
the structures did exhibit greater strengths than the calculations indicate.
However, it cannot be determined from the efforts of the present study
whether this apparent increase in load carrying capability 1s a reflection
of a difference between static and dynamic loading or an 1naccurate

knowledge of the static load limits.
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