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DYNAMIC PLASTIC ENERGY ABSORPTION IN VEHICLE IMPACT

N. PERR ONE (ARLINGTON)

Simplified as well as comprehensive dynamic plastic mathematical models of vehicle struc-
tures can -and do play a very useful role for the purpose of assessing energy absorption petential
for vehicle or highway structures during impact. A number of success stories are evident within
the vehicle jtself in the windshield, door latches, and steering columns as well as overall vehicle
crush capability. In the highway environment the advent of energy absorbing barrier systems,
breakaway sign posts, and effective bridge rail systems have contributed noticeably to improved
safety on the highway. The awareness by the design community of the effectiveness of improved
energy absorption has resulted in improved vehicle safety. With no standard existing or confem-
plated in the U.S.-for vehicle energy absorption, this capability is left largely up to the discretion
of the manufacturer, Selective increments in vehicle component energy absorption are feasible
(frdut, rear, side, interior) via static tests with rate sensitivity correction factors and also possibly
the use of lumped mass models. The need for energy absorption is tempered with the challenge
of decreasing weight of vehicles because of energy saving requirements. This difficulty challenges
the ingenuity of the designer but there is likely still much room for improvements when we consider
that the specific energy absorption for various configurations can be made quite high [1). A com-
plicated probiem with the Unites States in recent vears has been the big car—small car mix. During
impacts between vehicles of grossly different weight the smaller car obviously suffers heavily. This
transition pericd makes it even more imperative, to have good impact absorbing capabili-
ties within the very light and small vehicle. Tn addition, a trend also exists toward lighter weight
materials such as the use of composites (which are under study). The energy absorption of these
materials must be examined very closely because they frequently would not be as ductile as metals
which they are trying to replace. Rate sensitivity for these newer materials are may also stifl
be a problem. The challenge of packeging people in vehicles to survive impact events, not consume
toe much energy, and still provide the function of reasonable transportation is indeed formidable
and is befng met very capably by the mechanics, materials, and engineering communities,

1. INTRODUCTION

The essential problem in vehicle impact is to absorb kinetic energy in a controlled
and efficient manner. This control relates to biodynamical as well as structural
. Tesponse subsequent to an impact. It may be instructive to examine in Fig. 1 a range
of kinetic energy which must be absorbed by a body component or vehicle area
- during impact. Obviously, for the vehicle itself, controlled energy absorption in
- the range of 20.000 to 160.000 foot pounds is necessary. A fundamental prineipale
-in this process is that the passenger volume is'intruded npon to the slightest extent
- possible during the impact event to maximize probability of survival of occupants.
Of course, designing for controlled energy absorption must be done in parallel
with the vehicle’s primary function, nemely to transport occupants efﬁmenﬂy
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Obviously, the vehicle must have a propulsion unit, lights, windows, etc. and also
should be light enough to be energy efficient. '

Despite these difficult constraints, it should be feasible with judicious design

to incorporate energy absorbing potential in the vehicle for the range described

in Fig. 1. As has been pointed out previously {1], the amount of material by weight
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Fic. 1. Energy absorbing range (in K. Ft.-Lbs.) for vehicle impact.

~ necessary to absorb 500 foot pounds of energy is approximately 1 pound. (Actually,
with sophisticated energy absorbing concepts many thousands of foot pounds
- of energy can be absorbed for each pound of energy absorbing material). There-
fore, vehicle weight necessary to absorb say 60.000 foot pounds of energy is about
"120 pounds. When we consider that the structure doing the energy absorption will
also be simultaneously carrying out other functions such as supporting the engine,
minimizing vibrational tesponse, and general structural integrity, the weights
necessary for controlled energy absorption are well within feasible Hmits.

Some of the complications attendant with controlled energy absorption in ve-
hicle impact include: a) rate sensitivity effects which occur in a first order way
for the type of steels normally used in vehicle structures. These effects can greatly
enhance the energy absorbing potential of the crushing structure. b) The compli-
cated collapse pattern which a vehicle normally crushes. This result makes it diffi-
cult to determine the energy absorption in a fully predictive manner.

In the next section, methods of determining and improving the energy absorption
of vehicles are discussed utilizing basi¢c dynamic analysis principles. The subsc-
quent section describes a number of successful energy absorption design attempts
for the vehicle or highway environment, The last section concludes with a summary
and discussion of trends. ' |
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2. IMPROVING VEHICLE ENERGY ABSORPTION FROM BASIC PRINCIPLES

As mentioned earlier, the problem of plastic rate sensitivity for vehicle struc-
tural steels is a significant one and should be inciuded in the analysis and design.
A number of papers addressing this subject area are suggesting methods by means
of wiich these effects can be rationally incorporated into analyses [2-7]. The sim-
plest such approach would be to take static force deffection crush data for a vehicle
component (iront, rear, or side) and include an appropriate rate sensitivity correcti-
on factor in the range of 1.3 to 1.6. Verification.of there factors can be achieved
by correlating with a small number of full scale tests.

One purpose of front seat backs is to provide restraint to occupants during
rear impacts, In view of the fact that the seat back can be modelled as a cantilever
beam, it should be possible to design the strength of this beam-associated with
a minimal level of yield moment for realistic full scale problems, say 100. 000 inch-
-pounds [8-9]. This level should include rate sensitivity effects. .

The energy to be absorbed in the frontal and rear areas of a vehicle could be
determined using the static crush tests as described above. By placing the entire
vehicle in a vice-like structure and monitoring the force deflection response during
a very slow crush process, one could determine important response parameters.
for the vehicle. The .associated dynamic response characteristics could be deter—
mined again with an overall rate sensitivity factor.

Side impact is perhaps more dangerous on balance than frontal or rear in that
little crush space is permitted before serious intrusion occurs into vehicle occupant
space. When impact occurs in the door area, the latch system is the primary mecha-
nism to prevent door intrusion, Enhanced membrane action should be feasible
by a tongue and groove design along the entire periphery of the door regiomn.

Lumped mass models have also been used to. determine the dynarmc plastic
response of an entire vehicle system. The static crush data for individual compo-
nents can be utilized with a rate sensitivity correction factor to determine vehicle
response, Indeed such models which have been devised form a semi-empirical
viewpoint have proven to be fairly representative of actual vehicle response [10].

3. SOME SUCCESSFUL ENERGY ABSORPTION VEHICLE/HIGWAY PROGRAMS

In the previous section a number of concepts are discussed to enhance or under-
stand better the concept of energy absorption in a vehicle impact situation. In the
present section specific example areas are discussed wherein a very successful and
operational capability has been developed for the vehicle system itself or an element
in the highway environment, )

1t has bee well known for many years that vehicles do, for one reasoh or another,
wander off highways and impact barriers along the road be they sign posts, poles,
bridge abutments, bridge rail systems, or gore area concrefe barriers, [11-13].
These impacts are frequently very traumatic as shown by the photo of Fig. 2. The

.



F1G. 3. Break away sign impact sequence,
[26]




F1a. 4. Full size car impacting break away sign simulation.

Fia. 5. Sub-compact vehicle impacting break uawa;y sign.
i87]
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Fia. 16. Ring bridge rail system after test.

Fic, 17. Modified tubular bridge rail system after full scale test,
1931
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normally high highway speed impact against a rigid off road structure is under-
standably traumatic. Clearly, the kinetic energy of the vehicle in Fig. 2 is translated
into violent vehicle plastic deformations and significant intrusions into the passenger
compartment. By contrast, breakaway sign posts have proven in full-seale tests
to be extremely effective as shown in the series of photographs of tests in Figs, 3-5.
What obviously has occurred from these illusirations is that only a small portion
of the vehicle kinetic energy is dissipated in causing the breakaway of the sign;
vehicle occupants could survive such an event with modest or virtually no
injury [14]. _ :

At a so-called gore area, that is the zone between the main highway and the
turn off, there normally exists a rigid and dangerous impact area. A view towards
the highway from the rigid area is shown in Fig. 6. The assembly of empty steel

barrels fastened together is an energy absorbing (EA) system which has proved
~ to be extremely effective {15). Accidents have occurred at speeds up to 70 miles
per hour into such barrier systems in which occupants have survived with modest
injuries. A photo of an actual barrier is shown in Fig. 7 subsequent to such a high
speed impact. -

In controlied tests against steel barrel (£A4) devices one can see the relatively
little amount of energy absorbed by the vehicle versus the barrel structure, Fig. 8.

These steel (£4) devices have also been used to protect vehicle occupants from impact
with bridge abutments, Fig. 9.

Other cheaper systems which have been used with increased frequency within
the United States include sand filled barrels which also-have the effect of absorbing
- vehicle kinetic energy in a very desirable manner. Photos of some full scale tests
shown in Figs. 10 aud 11, and again the relative modest level of vehicle damage
is apparent. Still another form of energy absorbing systems which is especially
uscful where a large crush distance is not available is the so-called hydrocell system
consisting of water filled rubber, cylinders with caps which open upon impact,

Fig. 12, The vehicles kinetic energy is therefore transformed into moving a large
mass of water upward.

Both a guard rail and a bridge rail have the purpose of redirecting a vehicle
heading off a highway back towards the roadway. A much higher premium is placed
on the bridge rail system, which should not be penctrated. Energy absorbing bridge
rail systems have been attempted using a frangible tube as the FA device [16]
A picture of the device itsclf along with a full scale vehicle test is shown in Figs. 13
and 14. While these devices were useful, they were not practical for installation
in an actual highway environment, With Federal Highway Administration support
an effort was successfully completed to replace the frahgible tube FA element by
a deforming ring which also acted as the cantilever agent for the box-beam rail
[17]. Rate sensitivity effects were also included in the formulas which were derived
which could apply to any crush in tubular structyre [17}. Ring bridge rail systems
were built and tested as shown in Figs. 15 and 16 and have been installed in a number
of sites in the United States, The formulas derived in [17] accounting for tube
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crush with plastic rate sensitivity and strain hardening have also been used for other
energy absorbing bridge rail systems as shown in Figs. 17-19.

Other success stories relating to-energy absorbing systems within the vehicle
itself intlude impact resistent door latches, windshields which absorb head and
upper torso kinetic energy up to 30 miles per hour and energy absorbing steering
columns. The essential and final point is that controlled energy absorption works
if properly implemented within the vehiele itself or the associated highway environ-.
ment. Bespite the complications of rate sensitivity, large deformations, failure
to collapse in a iully predictive manner and the like, the technology ol controlled
energy absorption remains 'a useful option tor the vehicle impact problem.
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STRESZCZENIE

POCHLANIANIE ENERGIH PRZEZ PLASTYCZNE DERORMACIE W ZDERZENIACH
SAMOCHODOW
Uproszezone modele obliczeniowe ‘plastycznego zachowania sie konstrukeji w zakresie ob-
ciggeh dynamicznych s bardzo przydatne w okreslaniu mozliwosci pochianiania energii elementéw
pojazdow lub przeszkody. w czasie zderzen. W zakresie tym widoczny jest znaczny postep stownie
jedli chodzi o konstrukcje bezpiecanych szyb, zamkow drawi, kierownicy i kontrolowanej od-
ksztafcalnoéci przodu samochodu, Jedli chodzi o inzynierie budowy drdg, to bezpieczenstwo jazdy
podniesione zostalo poprzez wprowadzenie systemu barier pochlaniajacych energie, lamliwych
Iub odksztalcalnych stupow i znakéw drogowych oraz belek ochronnych na mostach i wiaduktach,

Dalszy postgp w projektowaniu enrgochlonnych elementéw konstrukeyjnych pojazddw mo-
zliwy jest poprzez wprowadzanie statycznych prob zgniatania, uwzgladnienie wplywu predkodei
odksztalcenia oraz opracowania programu symulacii zderzet za pomoca metody dyskretyzacji
na skupione masy i nieliniowe sprezyny, Projektowanie konstrukeji efektywnie pochlaniajacych
energi¢ jest dodatkowo utrudnione wymaganiami zmniejszenia ciezaru pojazdow oraz ich efementow
w dobie kiryzysu energetycznego. Ponadto wysigpowanie na drogach pojazdéw o zrdinicowanym
ciézarze utrudnia wypracowanie jednolitych kryteriow bezpieczenstwa przy zderzeniil, Wszystkie
te nje rozwigzané problemy stwarzajg olbrzymie mozliwosci stosowania metod nieliniowcj mscha-
niki konstrukcii. ‘

‘

Pearwme

TIOT'JIGHIEHUE 3HEPTHH TUIACTUYECKUME JIEGOPMALIAMA
B CTOIKHOBEHMSIX ABTOMOBHJIEN

YUponmeHAble DACICTHBIC MONECNHM INACTHYECKOro TOBSHEHEHd KOBCTDYKIHHA B HETEpBane
JHHAMEICCKHX, HATPY3OK OUY€Hb TPHTO/UE! N4 OIpedeliekud BOIMOKHOCTH TOTTIONICHHS SHEPTHA
DIEMEHTOB aBTOMOOHIICHE NI Uperpafsl po BpeMd CTONKECBeHm. B 3ro# obnactm rabmronaercs
SHAYATCAGHBIN IpOrpecce INABHEIM 00pasoM COmM HMESTCA B BHAY KOHCTPYRIMA OE30UACHBIX
CLERoN, 3aMKOB JBEpell, pyia ¥ KOHTpONHpyeMoll NedopMHPYEMOCTH mepenueil HaCTH ABTOMO-
Ouns. Benw nMeerca B BHAY HIDKSHOPHOS HeNO CTPOR1CNLCTBA JIOPOF, TOrMa Ge30IacHOCTh €3]
HOBEIEIAEYCA Ny1eM BBefcHRA CHC1eMEI Gaphepob NOrHOWAIONMIAX SHEPrHK, JOMKAX HiH Aedhop-
MUpYeMBIX CTOROOR M JOPOMHEIX 3HAKOR, 4 TAKKE JAIMATHLEX Ga70K HA MOCTIAX H ICTakazax.
Jahsmefimmit porpece B NPOCKTHPOBAHHE KOHCTPYKIFOHHEIK SNEMEHTOB aBTOMOGMICH Irorio-
IMAIOIFEX JHEPFHIO BOZMOMEH NyTEM BBCICHER CTATHYCCKMX CHZBIMBAIONIMX WHCOHITAHMHE, yIeTa
BRHSHUA CEOPOCTH JedopMaidn, a Takke pa3paloTim -mporpaMMbl HMATANAH CTONKHOBSEMA
HPH OOMOLE METOHA NUCKDETH3AlMh HA COCPeNOTO4YCHHBIE MAcChl M HEHHEEHHEIC DPYIHEEL,
IlpockTupoRaNHe KOHCTPYRIMH I)(EK1EBHO TOT/IOTIAINMX SHEPTHI0 AONOIANTENENC 3ATIPYI-
HeHO TpefoRaHAIME YMEHBIIEHUNA BECA ABTOMOOMeH M MX BIEMERTOB B NEPHOJT SHEPIEeTHYECKOTO
pusuca. Kpome 5T0ro BLICTYUAHRE Ha JIOPOTaX aB1OMOOHNEH C PASHEIM BECOM 3aTPYNHSIET
paspabOTEY OINHOPONHEIX KPHTOPHEB DesonacRocTy OpH CTOKAOBeHud. BCe D1H HepeIlcHHBIE
OpobIeMEL CO3MAIOT BOIMOKHOCTA DPHEMEHSHES METO/NOB HeNHHEHHOH MEeXaHUKH KOHCTPYKumi,

OFFICE OF NAVAL RESEARCH, ARLINGTON,VIRGINIA, USA

Received May, 1980,

Rezprawy InZynierskia - 7





