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{87y Abstract: Animproved <rash attenuator that uses a cable and

shock arrestirmg cvhinder arrangement to control th . etate al which

a vehicle impacting the crash a ttenuator is decelerated 1o a safe stop is disclosed. ~The crash aticnuator is comprised of @ front section
and a plurality of mobile sect=ons with overlapping angular corrugated side pamnels. When the crash atienuator is -—impacted by a

&= vehicle, the front section and nm1obile sections telescope down in response. and thims. are effectively longidinally coll=apsed. For this

~ purpose. the sections are slidalbly mounted on at least one guiderail that is attacEhed to the ground. Positioned prefe_xably between
wo guiderails is the cable anc3 cyvlinder arrangement that exerts a force on the =front seciion to resist the backward  movement of

=

the front section when struck oy an impacting vehicle using a varying restrainirmg force to control the rate at which

an impacxing

vehicle is decelerated to safely _stop the vehicle. The side panels can also be used i na guardrail configuration. A variet—v of transition
arrangements to provide a smocoth continuation from the crash attenuator 10 a fixe:d obstacle protected by the crash att- enuator.
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CRASH ATTENUATOR WITH CABLE AND CYLINDER
ARRANGEMENT FOR DECELERATING VEHICLES

ARRANGEMENE K A A e

FIELD OF THE INVENTION

The present invention relates to vehicle crash attenuators, and, in poarticular, to
a crash atterwuator for controlling the deceleration of crashing vehicles us#ng a cable

and cylindexr braking arrangement.

BACKGROUND OF THE INVENTION

‘The National Cooperative Highway Research Programs Report, NICHRP
Report 350., specifies criteria for evaluating the safety performance of va_rious
highway desvices, such as crash attenuators. Included in NCHRP Report 350 are
recommenclations for run-down deceleration rates for vehicles to be used in designing
crash attenwators that meet NCHRP Report 350's test levels 2, 3 and 4. |

To rneet the criteria specified in NCHRP Report 350, most crash  attenuators
that are deployed today along roadways to redirect or stop vehicles that hhave left the
roadway use various structural arrangements in which the barrier compreesses and/or
collapses ix response to the vehicle impacting the barrier. Some of these= crash
attenuators also include supplemental braking systems that produce a cosnstant
retarding feorce to slow down crashing vehicles, despite variations in the mass and/or
velocity of the vehicle impacting the barrier.

Thes guidelines in NCHRP Report 350 for crash testing require a maximum
vehicle occupant impact speed which is the speed of the occupant strikimng the interior
surface of the vehicle, of 12 meters/second, with a preferred speed of 9 —meters/second.
Typically, constant braking force crash attenuators will stop a smaller nmass vehicle in
adistance of around 8 feet. This is because most constant braking forces crash
attenuatorss need to exert an increased braking force that will allow largesr mass

vehicles, sch as pickup trucks, to be stopped in a distance of around 17 feet.



WO 2005/01968€0 PCT/US2004/025874

SUMMARY OF THE INVEINTION
The pre=sent invention is an improved crash attenuastor that uses a cable and
cylinder brakirag arrangement to control the rate at which 2 vehicle impacting the
crash attenuatoor is decelerated to a safe stop. In particular-, the crash attenuator of the

present inventi_on uses a cable and cylinder arrangement thnat exerts a resistive force

' that varies overr distance to control a crashing vehicle's rara-down deceleration and

occupant impasct speed in accordance with the requiremen‘ts of NCHRP Report 350.
Thus, the crasha attenuator of the present invention provide=s a ride-down travel
distance for smaller mass vehicles in which such vehicles, during a high speed impact,
are able to trav-el 10 feet or more before completely stoppi ng.

The crassh attenuator of the present invention also iracludes an elongated
guardrail-like sstructure comprised of a front impact sectiomn and a plurality of trailing
mobile sectionss with overlapping side panel sections that telescope down as the crash
attenuator is compressed in response to being struck by a wehicle. The front impact
section is rotatzably mounted on at least one guiderail attaczhed to the ground, while the
mobile sectionss are slidably mounted on the at least one griderail. It should be noted,

_ however, that two or more guiderails are preferably used vwith the crash attenuator of

the present inve=ntion.

Position_ed preferably between two guiderails.on the ground is the cable and
cylinder arrangzement. The cable and cylinder arrangemen t includes preferably a steel
wire rope cables that is attached to a sled that is part of the attenuator’s front impact
section by mea-ns of an open spelter socket attached to the sled. From the open spelter
socket, the cablle is pulled through an open backed tube thaat is affixed to the front base
of the crash attecnuator. At the rear of the attenuator is a sh_ock-arresting hydraulic or
pneumatic cylimader with a first stack of static sheaves positioned near the back end of
the cylinder ancla second stack of static sheaves on the encd of the cylinder's
protruding pistonrod. All of the sheaves are pinned and rotationally stationary during
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impact of the crash aftenuator by a vehicle. The cable iss looped several times around
the static sheaves located at the rear of the cylinder and at the end of the cylinder’s
piston rod. Thereafter, the cable is terminated to a threa-ded adjustable eyebolt that is
attached to a plate welded to the side of one of the base rails.

"When a crashing vehicle impacts the front sectiomn of the crash attenuator, the
front section is caused to translate backwards on the guiederails towards the multiple
mobile sections located behind the front section. As the- front section translates
backwards, the rear-most portion of a sled acting as its s-upport frame comes into
contact with the support frame supporting the panels of -the mobile section just behind
the front section. This mobile section's support frame, imn turn, comes into contact with
the support frame supporting the panels of the next mobile section, and so on.

As the sled and support frames translate backwarads, the cable attached to the
sled is caused to frictionally slide around the sheaves aned compress or extend the
cylinder's piston rod into or out of the cylinder. The she aves located at the end of the
piston rod are also attached to a movable plate so that thee sheaves move longitudinally
as the cylinder's piston rod is compressed into or extende=d out of the cylinder by the
cable as it slides around the sheaves in response to the fr-ont section of the crash
attenuator being impacted by a vehicle. This results in a . restraining force being
exerted on the sled to control its backward movement. T-he restraining force exerted
by the cable on the sled is controlled by the cylinder, wh-ich is metered using internal
orifices to give a vehicle impacting the attenuator a controlled ride-down based on the
vehicle's kinetic energy. Initially, a minimum restrainings force is applied to the front
section to decelerate the crashing vehicle until the point ©f occupant impact with the
interior surface of the vehicle, after which an increased reesistance, but steady
deceleration force, is maintained. Thus, the presenf invemtion uses a cable and
cylinder arrangement with a varying restraining force to econtrol the rate at which a
crashing vehicle is decelerated to safely stop the vehicle. Accelerating the mass of the

frames during collision also contributes to the stopping force. Therefore, the total
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stopping force is a combination of friction, the resistance exerted by the shock
arresting cylinder and the acceleration of strucﬁnal masses in response to the velocity
of the colliding vehicle upon impact and. crush factors in the body and frame of the
vehicle.

The crash attenuator of the present invention also includes a variety of
transition arrangements to provide a smooth continuation from the crash attenuator to
a fixed barrier of varying shape and design. The structure of the transition unit varies
according to the type of fixed barrier that the crash attenuator is connected to.

The cable and cylinder arrangement used in the crash attenuator of the present
invention can be used with or in other structural arrangements that are designed to
bear impacts by vehicles and other moving objects. The alternative embodiments of
the cable and cylinder arrangement with. such alternative structural arrangements
-would include the cable, the cylinder and sheaves used in the cable and cylinder

arrangement of the crash attenuator of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a side elevational view of the crash attenuator of the present
invention in its fully-extended position.

Figure 2 is a plan view of the crash attenuator of the present invention in its
fully-extended position.

Figure 3a is an enlarged partial side elevational view of the front section of the
crash attenuator of the present invention.

Figure 3b is an enlarged partial plan view of the front section of the crash
attenuator of the present invention. \

Figure 4a is an enlarged cross-sectional, front elevational view, taken along
line 4a-4a of Figure 2, of the mobile she aves used with the crash attenuator of the

present invention.



WO 2005/019680 PCT/US2004/025874

Figure 4b is an enlarged cross-sectional fron"t elevational view, taken along line
47b-4b of Figure 2, of the stationary sheaves used wiiith the crash attenuator of the
p-xesent invention. '

Figure 5 is a cross-sectional side elevational view of the crash attenuator shown
im Figure 1.

Figure 6a is an enlarged cross-sectional side- elevational view of the front
s ection of the crash attenuator shown in Figure 5. (-spelter socket pin not shown)

Figure 6b is an enlarged cross-sectional side= elevational view of several rear
ssections of .the crash attenuator shown in Figure 5.

Figure 7 is a ¢ross-sectional front elevationaal view of the guardrail structure
wwvhen completely collapsed after impact.

Figure 8 is a side elevational perspective vieew of the crash attenuator in its rest
poosition just prior to impact by a vehicle.

Figure 9 is a side elevational perspective viesw of the crash attenuator in which
#the front section of the attenuator has moved back=ward and impacted the support
#frame for the first mobile section of the guardrail sstructure immediately behind the -
“front section.

Figure 10 is a side elevational perspective wiew of the crash attenﬁator in which
-the front section and the first and second mobile se=ctions of the attenuator have moved
“backwards after vehicle impact so as to engage thes support structure of the third
-mobile section of the guardrail structure.

" Figure 11a is a side elevational view of a fi-rst embodiment of a transition
section for connecting the crash attenuator to a thr-ie-beam guardrail.

Figure 11b is a plan view of the first transitzion section for connecting the crash

attenuator to the thrie-beam guardrail. \

Figure 12a is a side elevational view of a sezcond embodiment of the transition

section for connecting the crash attenuator to a jer-sey barrier.
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Figure 12b is a plan view of the Second transition section for connectingz the
crash attenuator to the jeréey barrier.

Figure 12c is an end elevational wiew of a second embodiment of the tramnsition
section for connecting the crash attenuator to a jersey barrier.

Figure 13a is a side elevational wiew showing a third embodiment of the=
transition section for connecting the crash attenuator to a concrete block.

Figure 13b is a plan view of the third transition section for connecting tThe crash
attenuator to the concrete block.

Figure 14a is a side elevational view showing a fourth embodiment of the
transition section for connecting the crash attenuator to a W-beam guardrail.

Figure 14b is a plan view of the fourth transition section for connectings, the
crash attenuator to the W-beam guardraail,

Figure 15 is a plan view of the corrugated side panel used with the fronmt section
and mobile sections of the crash attenu ator of the present invention, the front ssection
panel being a longer version of the mobile section panels.

Figures 16a-16c are cross sectioonal elevational views showing the prof=iles of
several embodiments of the corrugated. side panel used with the crash attenuai:or of the
present invention.

Figure 17 is a partial side perspective view showing portions of severalll side
panels used with the crash attenuator of the present invention.

Figures 18a-18c¢ are front, top amd side views, respectively, of a suppor—t frame
for the corrugated side panels showing different views of brackets and gussetss used to
further support the side panels.

DESCRIPTION OF TH¥E PREFERRED EMBODIMENT

The present invention is a vehiccle crash attenuator that uses a cable aned

cylinder arrangement and collapsing structure to safely decelerate a vehicle irmpacting
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the attenuator. Figure 1 is a side elevational view of the preferred embod#iment of the
crash attenuator 10 of the present invention_ in its fully extended position. Figure2is
a plan view of the crash attenuator 10 of thes present invention, again in ites fully
extended position.

Referring first to Figures 1 and 2, cr-ash attenuator 10 is an elongat=ed guardrail-
type structure including a front section 12 zand a plurality of mobile sections 14
positioned behind front section 12. As shoswn in Figures 1 and 2, front se=ction 12 and
mobile sections 14 are positioned longitud#nally with respect to one anotlher. Crash
attenuator 10 is typically positioned alongsside a roadway 11 and orientedl with respect
to the flow of traffic in roadway 11 shown by arrow 131in Flgure 2.

As shown in Figures 1, 2, 3a, and 3Wb, mounted on each of front se=ction 12’s
two sides is a corrugated panel 16 which p-xeferably has a trapezoidal-likee profile.
Supporting these panels 16 is a rectangulamr-shaped frame or sled 18 that is constructed
from four vertical frame members 20, which, in tum, are joined by four Haterally
extending substantially parallel cross-franme members 22 and four longitwadinally
extending substantially parallel cross-frammme members 23 for structural ri_gidity. As
shown in Figure 6a, front section 12 also imcludes a diagonal-support me=mber 21
extending horizontally and diagonally frorm the front right of sled 18 to t-he rear left of
sled 18 so as to form a lattice-like structur«e to resist twisting of sled 18 wmpon angled
frontal hits. Preferably, vertical frame members 20, cross-frame membe=rs 22, cross-
frame members 23 and diagonal-support moember 21 are all constructed #From mild
steel tubing and are welded together. Prefferably, each of panels 16 incltades tv;fo
sﬁbstantially horizontal slits 24 that extencl a partial distance along the le=ngth of panel
16 and is mounted on one side of vertical frame members 20 by two bol=ts 19. For
front side panel 16, there are two addition:ai mounting bolts 19 holding t™he front of
panel 16.

As shown in Figures 5 and 18a-18c, each of the mobile sections M4 is
constructed with a rectangular-shaped frazme 26 that also includes a pair of vertical
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frame members 20 joined, agawin, together by a pair of cross-frame members 22
Preferably, members 20 and 2 2 forming frames 26 are also constructed from m#1d
stee] tubing and welded togettaer. Mounted on each Slde of each of the vertical —frame
members 20 of mobile sectiors 14 is a corrugated side panel 28 that is somewhaat
shorter in length than each of side panels 16, but that also have a trapezoidal-likze
profile like side panels 16. Fi_gures 1 and 2 show that each frame 26 supports a pair of
panels 28, one on each side of frame 26. Preferably, panels 28 are also made from
galvanized steel. Each of pan els 28 also includes two substantially horizontal s lits 24
that extend a partial distance zalong the length of panel 28 and is mounted on on_e side
of vertical frame members 20 by two keeper bolts 30, which protrude through
horizontal slits 24 of precedin_g and partially overlapping panel 16. As can be s-een in
Figure 1, overlapping panels 36 and 28 act as deflection plates to redirect a veh-icle
upon laterally striking the crash attenuator 10.

Front section 12 and meobile sections 14 are not rigidly joined to one anosther,
but interact with one another #in a sliding arrangement, as best seen in Figures 8 -10.
As shown in Figures 1and 5, ezach of corrugated panels 28 is joined to a verticall
support member 20 of a corresponding support frame 26 by a pair of side-keeper bolts
30 that extend through a pair ©f holes (not shown) in panels 28. The first pairs of
side-keeper bolts 30 holding panels 28 onto the first support frame 26 behind fr-ont
section 12 protrude through skits 24 in panels 16 supported by sled 18. The
subsequent pairs of side-keeper bolts 30 each also protrude through the slits 24 that
extend horizontally along a paanel 28 that is longitudinally ahead of that pair of ‘bolts.
Thus, as shown in Figures 1 amd 15, each of corrugated panels 28 has a fixed ernd 27
joined by a pair of side-keepexr bolts 30 to a support frame 26 and a floating enclt 29
through which a second pair of side-keepe{bolts 30 protrudes through the slits 224
extending along the panel, such that the floating end 29 of the panel overlaps thr e fixed
end 27 of the corrugated pane 28 longitudinally behind it and adjacent to it.
Referring now to Figure 3a, ezach of side-keeper bolts 30 preferably includes a
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rectangular-shaped head 30a having a width that is large e=pough to prevent the
corresponding slit 24 through which the bolt 30 extends fr-om moving sideways away
from its supporsting frame 26.

As show n in Figures 5 and 7, sled 18 of front seciOn 12 s rotatably mounted
on preferably twvo substantially parallel guiderails 32 and 34, while each of support
frames 26 of meobile sections 14 are all slidably mounted ©n guiderails 32 and 34.
Guiderails 32 émd 34 are steel C-channel rails that are ancBhored to the ground 35 by a
plurality of anchhors 36. Anchors 36 are typically bolts thast protrude through guiderail
support plates 3.6A into a suitable base material, such as ceoncrete 37 or asphalt (not
shown), that ha=s been buried in the ground 35. The base rmaterial is used as a drill
template for anchors 36. Preferably, the base material is imn the form of a pad
extending at least the length of crash attenuator 10. Prefer—ably this pad is a 28MPa or
4000 PSI min. ssteel reinforced concrete that is six inches thick and flush with the
ground. Mount-ing holes in concrete 37 receive anchors 365 protruding through
guiderail suppo-xt plates 36A.

Front section 12 is rotatably mounted on guiderails 32 and 34 by a plurality
(preferably fours) of roller assemblies 39 on which sled 18 of front section 12 is
mounted to prewent sled 18 from hanging up as it slides aleong guiderails 32 and 34.
Each of roller asssemblies 39 includes a wheel 39a that engzages and rides on an inside
channel 43 of C=-channel rails 32 and 34. Support frames 26 are attached to guiderails
32 and 34 by a boracket 38 that is a side guide that engages the upper portion of
guiderails 32 an d 34. Each of support section frames 26 iracludes a pair of side guides
38. Each side guide 38 supporting mobile sections 14 is beolted or welded to one side
of the vertical scipport members 20 used to form frames 26w. The side guides 38 track
guiderails 32 an d 34 back as the crash attenuator telescope s down in response to a
frontal hit by a ccrashing vehicle 50. By roller assemblies 39 and side guides 38
engaging guider-ails 32 and 34, they serve the functions of _giving attenuator 10
longitudinal stresngth, deflection strength, and impact stabilkity by preventing crash
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attenuator 10 from buvackling up or sideways upon frontal or side impacts, thereby
allowing a crashing ‘wehicle to be redirected during a side impact.

Itis possible t-o use a single guiderail 32/34 with the crash attenuatox 10 of the
present invention. I that instance, a single rail with back-to-back C-chanraels would
be anchored to the g-ound 35 by a plurality of anchors 36. In this embodirment, front
section 12 would agzain be rotatably mounted on the guiderail 32/34 by a pRurality of
roller assemblies 39 -including wheels 39a that engage and ride on inside ckhannels 43
of the back-to-back C-channels of single guiderail 32/34. Similarly, each Of support
frames 26 would incTude a pair of side guides 38 that would slidably track guiderail
32/34 as crash atteniaator 10 telescopes down in response to a frontal hit by a crashing
vehicle 50. One difference with this embodiment would be skid legs (not =shown)
mounted on the outs3ide of front section 12 and support frames 26 fér balaracing
purposes. Located cen the bottom of the skid legs would be a skid that slidees along the '
base material, such ams concrete 37, buried in ground 35.

As shown in WFigures 8 to 10, when a crashing vehicle 50 hits the front surface
of crash attenuator 1 O, it strikes front section 12 containing sled 18. Front section 12
and sled 18 are then caused to translate backwards on guiderails 32 and 34— towards
mobile sections 14 beehind front section 12. As front section 12 trarisla_tes “backwards,
the rear-most part of™ sled 18 crashes into the support frame 26 of the first mobile
section 14’ just behimnd front section 12. This first section's support frame 26°, in turn,
crashes into the support frame 26” of the next mobile section 14”, and so ©n.

As shown in FFigures 2 and 3b, a cable 41 is attached to front sled 138 by an
open spelter socket <10 attached to sled 18. Preferably, cable 41isa1.125" * diameter
wire rope cable formmed from galvanized steel. It should be noted, howeve=, that other
types and diameter c=ables made from different materials could also be useed. For
example, cable 41 could be formed from metals other than galvanized stee=1, or from
other non-metallic mmaterials, such as nylon, provided that cable 41, when mmade from
such other materials has sufficient tensile strength, which is preferably at 1-east 27,500

10
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Ibs. Cable 41 coould also be a chain rather than a rope design, provided that it has succh
tensile strength.

From spe=lter socket 40, cable 41 is then pullexd through a stationary sheave th=at
is an open backe=d tube 42 and that is mounted on a -front guiderail support plate 36Aa
of crash attenua tor 10. Cable 41 then runs to the rezar of crash attenuator 10, where
there is located a shock-arresting cylinder 44 includ-ng an initially extended piston r-od
47, a first multigplicity of sheaves 45 positioned at time rear end of cylinder 44, and a
second multipliecity of sheaves 46 positioned at the £ront end of rod 47 extending fro-m
cylinder 44. Figgure 4b shows the circular steel guidke ring bushings 31 attached to
guiderail 32 by gusset 33 that help protect cable 41 as it travels back to cylinder 44
through a pluraBity of gussets 33 (see, e.g., Figure 2)) extending between guiderails 3 2
and 34. At the xrear of crash attenuator 10, cable 41 first runs to the bottom sheave osf
multiple sheave=s 45 positioned at the back of cylindler 44. Cable 41 then runs to the
bottom sheave eof multiple sheaves 46 positioned at the front end of cylinder piston —od
47. .

Multiple= sheaves 46 are attached to a movabZe plate 48, which slides
lbngitud'ma]ly backwards as cylinder piston rod 47 s compressed into cylinder 44.
Preferably, cabile 41 is looped a total of three times around multiple sheaves 45 and
46, after which cable 41 is terminated in a threaded adjustable eye bolt 49 attached t=o
a plate 59 that i s welded to the inside of C-channel 32 (see, ¢.g., Figure 6b). Cable <41
is terminated tos adjustable eyebolt 49 using multiple wire rope clips 57 shown in
Figures 5 and 6=b. Multiple sheaves 45 and 46 are e ach pinned by a pair of pins 51
(sée, e.g., Figur-e 4a), which prevent sheaves 45 andt 46 from rotating (except when
pins 51 are rem oved) as cable 41 slides around therm. Typically, pins 51 are remove=d
to allow the rot=ation of sheaves 45 and 46 in connection with the resetting of
attenuator 10 after impact by a vehicle.

When freont section 12 is hit by a vehicle 50, itis pushed back by vehicle 50
until sled 18 comtacts the support frame 26’ of the first mobile section 14’ behind fromnt

11
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section 12. When front section 12 begins to mo=ve backwards after being struck by a
vehicle, cable 41 in combination with cylinder 4-4 exerts a force that resists the
movement of section 12 and sled 18 backwards. The resistive force exerted by cable
41 is controlled by shock-arresting cylinder 44. Cylinder 44 is metered with internal
orifices (not shown) running longitudinally with in cylinder 44. The orifices in
cylinder 44 allow a hydraulic or pneumatic fluid. from a first, inner compartment (also
not shown) within piston 44 escape to a second, outer jacket compartment (also not
shown) of cylinder 44. The orifices control the aamount of fluid that can move from
the inner compartment to the outer compartment at any given time. As piston rod 47
moves past various orifices within cylinder 44, those orifices become unavailable for
fluid movement, resulting in an energy-dependemnt resistance to a compressing force
being exerted on piston rod 47 of cylinder 44 by cable 41 as it is pulled around the
pair of multiple sheaves 45 and 46 in response to being pulled backwards by sled 18
of front section 12. The size and spacing of the corifices within cylinder 44 are
preferably designed to steadily decrease the amount of fluid that can move from the
inner compartment to the outer compartment of cylinder 44 at any given time in
coordination with the decrease in velocity of impacting vehicle 50 over a predcﬁned
distance so that vehicle 50 experiences a substantially cons’tant rate of deceleration to
thereby provide a steady ride-down in velocity for vehicle 50. Also, this arrangement
increases or decreases resistance, depending on wwhether the impacting vehicle has a
higher or lower velocity, respectively, than cylincier 44 is designed to readily handle,
allowing extended ridedown distances for both sL ower velocity vehicles (due to
decreased resistance) and higher velocity vehicle.s (due to increased resistance).
Cylinder 44's control of the resisting force= exerted on sled 18 by cable 41
results in attenuator 10 providing a controlled ridee-down of any vehicle 50 impacting
attenuator 10 that is based on the kinetic energy of vehicle 50 as it impacts attenuator
10. When vehicle 50 first impacts sled 18 of attemnuator 10, its initial velocity is very
high, and, thus, initiaily, sled 18 is accelerated by~ vehicle 50 to a very high velocity.
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As sled 18 translates backwards, cable 41 is pulled backwards and around s-heaves 45
and 46 very rapidly, causing cylimder 44 to be compressed very rapidly. In response
to this rapid compression, initiall ', a large amount of the hydraulic fluid in cylinder 44
must be transferred from the innesr compartment to the outer compartment of cylinder
44. As vehicle 50 slows down, lesss fluid needs to pass from the inner compartment to
the outer compartment of cylindesr 44 to maintain a steady reduction in the welocity of
vehicle 50. The result is a steady” deceleration of vehicle 50 with a substant=ially
constant g-force being exerted orx the occupants of vehicle 50 as it slows doswn.

It should be noted that the fluid compartments of cylinder 44 can be of
alternative designs, wherein the first and second compartments, which are i-nner and
outer compartments in the embocliment described above, are side by side o= top and
bottom, by way of alternative examples.

It should also be noted that the design and operation of cylinder 44 a_nd piston
rod 47 can be reversed, wherein piston rod 47's rest position is to be initiall 7y within
cylinder 44, rather than initially esxtended from cylinder 44. In this alternatiive
embodiment, cable 41 would be terminated at the end of piston rod 47 and Wboth the
first and second multiplicity of skaeaves 45 and 46 would be stationary. In tThis
alternative embodiment, when front section 12 is impacted by a vehicle suczh that sled
18 translates away from the impa cting vehicle, cable 41 would cause piston . rod 47 to
extend out of cylinder 44 as cables 41 slides around sheaves 45 and 46. Cyliznder 44
would again include orifices to control the amount of fluid being transferrecl from a
first chamber to a second chambesr as piston rod 47 extends out of cylinder ~14.

It should also be noted that multiple cylinders 44 and/or multiple cabsles 41
could be used in the operation of cfash attenuator 10 of the present inventiomn. In these
alternative embodiments, the mul tiple cyliriders 44 could be positioned in tamndem,
with corresponding multiple, comupressible piston rods 47 being attached to mmovable
plate 48 on which movable multiple sheaves 46 are mounted through an apporopriate
bracket (not shown). In this embodiment, at least one cable 41 would still b € looped
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around multiple sheaves 45 and 46, after which it would be terminated in eye bolt 49
attached to plate 59. Alternatively, one or more cables 41 could be terminated at the

- end of multiple, extendable: piston rods 47 after being looped around multiple sheavess
45 and 46. Here, again, mualtiple cylinders 44 could be positioned in tandem. A singl.e
cable 41 would be attached. to extendable piston rods 47 through an appropriate

bracket (not shown). ‘

Where a vehicle hav-ing a smaller mass strikes attenuator 10, it is slowed down.-
more from the mass of attemuator 10 with which it is colliding and which it must
accelerate upon impact, than will a vehicle having a larger mass. The initial velocity
of front section 12 accelerated upon impact with the smaller vehicle will be less, and
thus, the resistive force exexted by cable 41 in combination with cylinder 44 on sled
18 will be less because the -orifices available in cylinder 44 will allow more fluid
through until the smaller veshicle reaches a point where cylinder 44 is metered to stop
the vehicle. Thus, the crash attenuator 10 of the present invention is a vehicle-energy—
dependent system which alllows vehicles of smaller masses to be decelerated in a
longer ride-down than fixed force systems that are designed to handle smaller and
larger mass vehicles with thae same fixed stopping force.

The friction from cable 41 being pulled around open backed tube 42 and
multiple sheaves 45 and 46 dissipates a significant amount of the kinetic energy of a
vehicle striking crash attentaator 10. The dissipation of a vehicle’s kinetic energy by
such friction allows the use of a smaller bore cylinder 44. The multiple loops of cable=
41 around sheaves 45 and 4-6 provides a 6 to 1 mechanical advantage ratio, which
allows a 34.5" stroke for piston rod 47 of cylinder 44 with a 207" vehicle travel
distance. It should be notedl that where cable 41 is formed from a material that
produces less fricion when cable 41 is puliéd around open backed tube 42 and
multiple sheaves 45 and 46 a smaller amount of the kinetic energy of a vehicle
striking crash attenuator 10 will be dissipated from friction. The dissipation of a

smaller amount of a vehicle ”s kinetic energy by such lesser amount of friction will
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require the usee of a cylinder 44 with a larger bore and/cor orifices with having a larger
size that are p-referably designed to further decrease the- amount of hydraulic fluid that
can move frorm the inner compartment to the outer com._partment of cylinder 44 at any
given time.

1t is preeferable to use a premium hydraulic fluid in cylinder 44 which has fire
resistance pro perties and a very high viscosity index to allow minimal viscosity
changes over a wide ambient mean temperature range. Preferably, the hydraulic fluid
used in the pressent invention is a fire-resistant fluid, suczh as Shell IRUS-D fluid with a
viscosity index of 210. It should be noted, however, thaat the present invention is not
limited to the wuse of this particular type of fluid.

The ressistive force exerted by the cable and cylirder arrangement used with the
crash attenuat-or 10 of the present invention maintains thhe deceleration of an impacting
vehicle 50 at & predetermined rate of deceleration, i.e., goreferably 10 millisecond
averages of le ss than 15g’s, but not to exceed the maxirum 20g’s specified by
NCHRP Repoert 350.

In the present invention, the same cable and cylimnder arrangement is used for
vehicle velocities of 100 kmh, which is in the NCHRP I evel 3 category, as is used for
vehicle veloci_ties of 70 kmh (NCHRP Level 2 category= unit), or with higher velocities
in accordance with NCHRP Level 4 category. Level 2 —units of the crash attenﬁator
would typically be shorter than Level 3 units, since the length needed to stop a slower
moving vehicde of a given mass upon impact is shorter ~than the same vehicle moving
at a higher vellocity upon impact. Similarly, an attenuat=or designed for Level 4 would
be longer sinc-e the length needed to stop a faster movin- g vehicle of the same mass is
longer. Thus, -with the crash attenuator of the present in~vention, it is the velocity of a
vehicle impacz#ing the attenuator, not simplir the mass off the vehicle, that determines
the stopping d-istance of the vehicle to thereby meet the g force exerted on the vehicle
durihg the velmicle ride-down as specified in NCHRP Rezport 350. In this regard, it
should be note=d that the number of mobile sections and support frames that a crash
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attenuat-or could change, depending on the NCHRP Repoort 350 category level of the
attenuat-or.

V%hen a vehicle 50 collides with front section 12, wwhich is initially at rest, front
section -12 is accelerated by vehicle 50 as the cable and cylinder arrangement of the
present Envention resists the backwards translation of section 12. Acceleration of front

"section @2 and sled 18 reduces a predetermined amount o~f energy resulting from

vehicle 550 impacting the front end of crash attenuator 10. To comply with the design
specificzations published in NCHRP Report 350, an unsec=ured occupant in a colliding
vehicle rust, after travel of 0.6 meters (1.968 ft.) relative= to the vehicle reach a
preferreci velocity of preferably 9 meters per second (29.52 ft. per sec.) or less relative
to the ve=hicle, and not exceeding 12 meters per second. MW his design specification is
achievedl in the present invention by designing the mass osf front section 12 to achieve
this occumpant velocity for a crashing vehicle having a mirmimum weight of 820 kg. and
a maxim um weight of 2000 Kg., and by providing a reduced initial resistive force
exerted by the cable and cylinder arrangement of the preseent invention that is based on
the kinet—ic energy of a vehicle as it impacts the crash atteruator 10. Thus, in the crash
attenuatosr 10 of the present invention, during the initial traavel of front section 12, an
unsecure-d occupant of a crashing vehicle will reach a velccity relative to vehicle 50
that prefesrably results in an occupant impact with the intemrior of the vehicle of not
more tha=n 12 meters per second.

Resferring now to Figures 8-10, when a crashing velhicle 50 hits the front
surface 52 of crash attenuator 10's front section 12, that se=ction is caused to translate
backwarcs on guiderails 32 and 34 towards the mobile sec=tions 14 behind front
section 122. As front section 12 translates backwards with crashing vehicle 50, the rear
part 54 of front section 12's support sled 18 crashes into th_e support frame 26' of the -
mobile sesction 14' just behind front section 12. In additior, the corrugated panels 16
supported by sled 18 also translate backwards with front se=ction 12 and slide over the
corrugatead panels 28' supported by support frame 26’ of meobile section 14"
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As crashing vehicle 50 continues travellings forward, front section 12 and
mob-ile section 14' continue to translate backwardss, and support frame 26' of mobile
secti on 14' then crashes into the support frame 26" of the next mobile section 14",
The «continued forward travel of crashing vehicle S0 causes front section 12 and
mobiile sections 14' and 14" to continue translatings backwards, whereupon support
fram € 26" of mobile section 14" crashes into the swpport frame 26™ of the next mobile=
sectieon 14™, and so on until vehicle 50 stops and/cor front section 12 and mobile
sectieons 14 are fully stacked onto one another.

The corrugated panels 28' supported by frarme 26’ also translate backwards witha
mobi e section 14' and slides over the corrugated psanels 28" supported by support
frames 26" of the next mobile section 14", Similarl y, the corrugated panels 28"
suppoorted by frame 26" translate backwards and sl5ide over tl_1e corrugated panels 28"
supported by support frame 26" of the next mobile= éection 14", and so on until
vehic=le 50 stops and/or corrugated panels 28 are fu_lly stacked onto one another as
showm in Figure 7.

As seen in Figure 18a.and 18c, the top and Wbottom edges of side panels 16 and
28 may or may not extend beyond the tops and bott=oms, respectively, of the sled 18
and thhe support frames 26. To prevent the top and Thottom edges from being
unsupsported in a side impact situation, mounted behhind side panels 16 and 28 are a
plural-ity of bump gussets 120 located approximatel y 3/16 underneath the top and
bottormridges 104 of such panels. Hump gussets 120 support panels 16 and 28 from
bendirg over or under during a side impact. Referrsng now to Figures 18a to 18c,
hump gussets 120 are preferably 3/16" trapezoidal-sshaped plates welded to vertical
memb ers 20 and to horizontal support gussets 122, wwhich preferably are %"
triangualar-shaped plates that are also welded to vertical members 20. Gussets 120 and
122 stop all opening of the edges of panels 16 and 2 8 due to crushing upon impact
right at the juncture of such panel with another pane1 28 upon a reverse hit by a
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vehicle. The hump gussets 120 give the top and bottorm ridges 104 of panels 16 and
28 rigidlity to help strengthen the other ridges 104 of siach panels.
T he mobile frames 14 are symmetrical by themselves side-to-side, but

‘asymmetrical compared to each other. Looking from the rear to the front of crash
attenuat-or 10, each mobile frame 14's width is increase=d to allow the side corrugated
panels 28 from frame 14 to frame 14 to stack over and onto each other. The

collapsi ng of the side corrugated panels 16 and 28 requaires that the front section 12
corruga-ted panels 16 be on the outside when side corrumgated panels 28 are fully

stacked over and onto on;a another and all of frames 14- are stacked onto section 12, ass
shown in Figure 7. The taper from frame 14 to frame R4, and thus support frame 26 t-o
support frame 26, is necessary to let the panels 28 stackked over and onto one another
and not be forced outward as they telescope down. Thee nominal width of support
frames 226 is approximately 24”, not including panels 2-8 (which add an additional
6.875") but this width varies due to the taper in width of frames 26 from front to bacZk
of crashm attenuator 10.

It should be noted that, alternatively, each mobidle frame 14's width (looking
from thes rear to the front of crash attenuator 10,) can bes decreased to allow the side
corrugawted panels 28 from frame 14 to frame 14 to stacck within each other. In this
alternatii ve embodiment, the collapsing of the side corrwagated panels 28 requires that
the fron-t section 12 and corrugated panels 16 be on the inside when side corrugated
panels 28 are fully stacked within one another and section 12 and all of the trailing
frames M4 are stacked within the last frame 14.

"The first pairs of side-keeper bolts 30 holding pzanels 28' onto the first support
frame 26’ and protruding through slits 24 in panels 16 s-1ide along slits 24 as panels 16»
translates backwards with front section 12. Similarly, thme second pairs of side-keeper
bolts 30 holding panels 28" onto the second support frazme 26" and protruding througha
slits 24 &n panels 28' slide along slits 24 as panels 28' trzanslate backwards with mobile=s
section 14'. Each subsequent pair of side-keeper.bolts 30 protruding through slits 24
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in subsequent panesis 28" and so on slide along slits 24 in such panels as they translate
backwards with th_eir respective mobile sections 14" and so on_. The first pairs of side-
keeper bolts 30 hoslding panels 28' onto the first support frame 26' have extension
wings to provide rnore bolding surface for the initial high velo - city acceleration and
increased flex of p>anels 16.

Although te present invention uses a cable and cylinde=r arrangement with a '
varying restrainings force to control the rate at which a crashingg vehicle is decelerated
to safely stop the wehicle, accelerating the mass of the crash at~tenpator’s various
frames and other s-tmctures during collision also contributes tos the stopping force
provided by the atrtenuator. Indeed, the total stopping force ex erted on a colliding
vehicle is a combi-nation of friction, the resistance exerted by tThe shock arresting
cylinder and the ac=celeration of the crash attenuator structural masses in response to
the velocity of the colliding vehicle upon receipt, and crush facctors in the body and
frame of the crashzing vehicle.

In a vehicle= crash situation like that shown in Figures 8—10, typically, front
section 12 and mo bile sections 14 will not be physically damagged because of the
manner in which thhey are designed to translate away from cras. hing vehicle 50 and
telescope down. T he result is that the amount of linear space occupied by front
section 12 and molbile sections 14 is éubstantially reduced, as Aepicted in Figures-8, 9
and 10. After a creash event, front section 12 and mobile sectiosns 14 can then be
returned to their or-iginal extended positions, as shown in Figures 1 and 2, for reuse.
As previously note=d, multiple sheaves 45 and 46 are each pinneed by a pair of pins 51, .
which prevents shezaves 45 and 46 from rotating except when poins 51 are removed to
allow the rotation of sheaves 45 and 46 in connection with the -resetting of attenuator
10 after impact by a vehicle. .b

To reset atte=nuator 10 after impact by a vehicle 50, fronst sled 18 and frames 26
are pulled out first to allow access to, and removal of, the pins -51 in the multiple
sheaves 45 and 46. Resetting is accomplished by detaching spelter socket 40, pulling
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out sled.. 18 and frames 26, removing the anti-rotation pins 51 in sheaves 45 and 46,
pulling -out the mobile sheaves 46, which extends piston rod 47 of cylinder 44 and
retracts cable 41, and then reattaching spelter socket 40 to sled 18. Two small shear
bolts 55 at the very front corners of the movable sheave support plate 48 (Figure 2) on
movable= plate 48, which shear on vehicle impact, hold cylinder piston rod 47
extende .d. Without shear bolts 55, the tension on céble 41 would tend to retract
movables plate 48 and, thus, piston rod 47. A srnall shield (not shown) bolted to
movables plate 48 protects the sheaves if there is any vehicle undercarriage contact.

A\s previously noted, side panels 28 mounted on the sides of mobile sections 1-4
are som_ewhat shorter in length than side panels 16 mounted on the sides of front
section 12. In all othier respects, side panels 28 and side panels 16 are identical in
construction to one another. Accordingly, the following description of side panel 16
is applicable to side panel 28.

Figure 15 is a plan view of a side panel 1 6. As previously noted, panels 16 aned
28 are csorrugated panels including a plurality of angular corrugations or flutes that
include =a plurality of flat ridges 104 and flat grooves 106 connected together by flat
slanted mmiddle sections 110. Preferably, each p anel 28 includes four flat ridges 104
and thre € flat grooves 106 connected together by middle sections 110. Preferably,
extendirag within the two outer grooves 106 are the slits 24 through which pass the
side-kee=per bolts 30 that allow the floating end 29 of each panel 28 to overlap the
fixed enad 27 of the next corrugated panel 28 (not shown in Figure 15) longitudinally
behind tlhe first pane] and adjacent to it, as show n in Figure 1. »

A.s can be seen in Figure 15, at the leading or fixed end 27 of panel 28, the
ridges 104, grooves 106 and middile sections 11O are coextensive with one another so
as to formm a straight leading edge 100. In éontrast, at the floating or trailing end 29 off
panel 28 , the ridges 104, grooves 106 and middle sections 110 are not coextensive
with one- another. Rather, the grooves 106 extennd longitudinally further than the
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ridges 104, so as to form in combination with the middle s<ections 110 connecting
them together, a corrugated trailing edge 102.

Referring now to Figure 17, it can be seen that a portion 108 of the trailing
edge of each ridge 104 is bent in toward the succeeding ricige 104 to preclude a
vehicle reverse impacting crash attenuator 10 from gettingz snagged by the trailing
edge 102 of panel 28. To accommodate the bent portion 1.08 of each ridge 104, the
middle sections 110 connecting the ridge 104 to adjacent ggrooves 106 each have a
curved portion 109. Curved portion 109 also serves to prevent a vehicle reverse
impacting the crash attenuator from getting snagged by th-e trailing edge 102 of the
panel 28.

Figures 16a to 16¢ show several embodiments of tie trapezoidal-like profile of
angular corrugated side panels 28. Each of Figures 16a to 16¢ shows a different
embodiment with a different angle for the middle sections 110 joining the ridges 104
and grooves 106 of the panels. Figure 16a shows a first embodiment of side panel 28
wherein the middle sections 110 form a 41° angle, such that the length of the ridges
104 and grooves 106 are approximately the same. Figure 16b shows the profile of a
second embodiment of corrugated panel 28 in which the rniddle sections 110 form a
14° angle, such that the length of the ridges 104 are longe=r than the grooves 106.
Figure 16¢ shows the profile of a third embodiment of coxrugated panel 28 in which
the middle sections 110 form a 65° angle, such that the le=ngth of the ridges 104 are
shorter than the grooves 106. Preferably, side panels 16 axnd 28 are formed from 10
gauge grade 50 steel, although 12 gauge steel and mild ard other higher grades of
steel could also be used.

Although corrugated side panels 16 and 28 are use=d with the crash attenuator
10 of the present invention, it should be noted that the sidle panels may also be used as
part of a guardrail arrangement not unlike the traditional "W-corrugated panels and
thrie beam panels used with guardrails. In a guardrail apgplication, the width of side
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p=anels 16/28 would typically be less than the width of poanels 16 and 28 used with
c-rash attenuator 10 of the present invention.

In the preferred embodiment of the invention, 1i_gid structural panel members-
provide a smooth transition from crash attenuator 10 to a fixed obstacle of different
shapes (See Figures 1 la‘through 14b) located longitud_inally behind attenuator 10. A
terminal brace 54 (numbered 26 on 11b, 12b, 13b, 14b and only numbered on 13a) 1s
&he last support frame that is used to attach the transiti_ons to a given fixed obstacle—
~Yerminal brace 54 is bolted to the end of guardrail 32 and 34.

Figures 112 and 11b show different views of a transition 56 for connecting
crash attenuator 10 to a thrie-beam guardrail 58. Trarsition 56 includes a first sect—ion
60 that is bolted to a pair of vertical supports 62 and & tapering second section 64 that
is bolted to a third vertical support 66. The tapering ssecond section 64 serves to
reduce the vertical dimension of transition 56 from thae larger dimension 65 of
corrugated panel 28 that is part of crash attenuator 10 to the smaller dimension of the
thrie-beam guardrail 58. As can be seen in Figure 11 3, the flat ridges 104, flat
grooves 106, and flat slanted middle sections 110 of tapering second section 64 ar—e
angled to meet and overlap the curved peaks and val leys of the thrie-beam 68. Ass can
also be seen in Figure 11a, the two bottommost flat mridges 104 of tapering second®
section 64 meeting together to form , with their corr esponding flat grooves 106 amnd
flat slanted middle sections 110, an overlap of the beottommost curved peak and vwalley
of the thrie-beam 68.

Figures 12a to 12c show different views of a_ transition 68 for connecting ecrash
attepuator 10 to a jersey barrier 70. Transition 68 mas a tapering design that allowews it
to provide a transition from the larger dimension 65 of corrugated panel 28 that & part
of crash attenuator 10 to the smaller dimension 69 ©f the upper vertical part 71 cwf
jersey barrier 70. Transition 68 is bolted between t-erminal brace 54 and vertical. part
71 of jersey barrier 70. Transition 68 includes a pl=urality of corrugations 72 of
varying length to accommodate the tapering desigr of transition 68. Corrugatio—ns 72
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extend the flat ridges 104, flat grooves 1406, and flat slanted middle sections 110 of the
side panels 28 and provide additional structural strength to transition 68.

Figures 13a and 13b show differesnt views of a transition 74 for connectirag
crash attenuator 10 to a concrete barrier 76. Transition 74 has two transition pamnels 73
and 75 (which can be a single panel) thant allow it to provide a transition from thae
corrugated panel 28 that is part of crash attenuator 10 to the concrete barrier 76~
Transition 74 is bolted between termina 1 brace 54 and concrete barrier 76. Pane=ls 73
and 75 of transition 74 each include a p air of corrugated indentations 78 of the zsame
leﬁgth that extend the flat ridges 104, f} at grooves 106, and flat slanted middle
sections 110 of the side panels 28 and tThat provide additional structural strengtlin to
panels 73 and 75 of transition 74. _‘

Figures 14a and 14b show diffexent views of a transition 80 for connecting
crash attenvator 10 to a W-beam guard rail 82. Traosition 80 includes a first se=ction 84
that is bolted to terminal brace 54 and =a pair of vertical supports 86 and a taper:iilg
second section 88 that is bolted to thre«e vertical supports 90. The tapering sec ond
section 88 serves to reduce the verticall dimension of transition 80 from the lar-ger
dimension 65 of corrugated panel 28 thhat is part of crash attenuator.10 to the s maller
dimension 92 of the W-beam guardrai’l 82. As can be seen in Figure 14a, the f1at
ridges 104, flat grooves 106, and flat slanted middle sections 110 of tapering ssecond
section 88 are angled to meet and ovexlap the curved peaks and valleys of the 'W-beam
guardrail 82. As can also be seen in FFigure 14a, the two topmost and the two
bottommost flat ridges 104 of taperingz second section 88 meet together to for-m , with
their corresponding flat grooves 106 sand flat slanted middle sections 110, ovestlap of
the top and bottom curved peaks and ~valleys of the W-beam 82.

Although the present inventiors has !;een described in terms of particul ar
embodiments, it is not intended that tThe invention be limited to those embodi—ments.
Modifications of the disclosed embocliments within the spirit of the inventiora wiil be
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apparen.t to those skilled in the art. The scope of the present inverntion is defined by
the claixps that follow.
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WHAT" IS CLAIMED IS:

1. A vehicle crash attenuator comprising:

At least one guiderail;

= first structure for bearing vehicle impacts movably mountezd on the at least
one gui derail;

=t least one second structure movably mounted on the at leasst one guiderail
behind the first structure and capable of stacking with the first strueCture upon a vehicle
impactiing the first structure and causing the first structure to transl ate into the at least
one second structure; and |

a cylinder and a cable running between the cylinder and the- first structure, the

cylinder and cable for applying to the first structure a varying forcee fo resist the first
structu-re translating away when impacted by the vehicle to therebs decelerate the
vehicles at or below a predetermined rate of deceleration.

2. The crash attenuator recited in claim 1, wherein the first structure has a
predefined mass and the cylinder has a piston rod that is compress-ible into the
cylindezr at a predefined rate so as to limit the resistance applied to- the vehicle until an
unsecured occupant impacts the vehicles interior surface after whi. ch the resistance is

increassed to safely stop the vehicle at a relatively constant g-force -

3. The crash attenuator recited in claim 1, wherein the crassh attenuator is
further comprised of a first plurality of sheaves positioned at a firsst end of the cylinder
and a ssecond plurality of sheaves positioned at an end of a piston mrod extending from a
second end of the cylinder, and wherein thé cable is looped arouncd the first and

second pluralities of sheaves.
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4. The crash attenuator recited in claim 3, wwherein the crash attenuator is
further ceomprised of a third sheave mounted at thes front of the crash attenuator
through =which the cable runs from the first structunre to the first and second pluralities

of sheavess.

5_ The crash attenuator recited in claim?2, wvherein the cylinder ihcludes a
plurality of orifices for transferring hydraulic fluic from a first compartment of the
cylinder to a second compartment of the cylinder as the piston rod is compressed into
the cylimder by the cable to thereby exert the vary-ing force to resist the first structure
translatimng away when impacted by the vehicle.

6 . The crash attenuator recited in claim 1, wherein the at least one gniderail is
attached by a plurality of anchors to the ground.

7 The crash attenuator recited in claim 4, wherein the cable slides around the
third shesave and the first and second pluralities of sheaves so as to cause friction

betweera the cable and the sheaves that contributess to the deceleration of the vehicle.

& . The crash attenuator recited in claim 7, wherein the first and second
pluraliti es of sheaves are pinned to prevent them from rotating as the cable slides

around them.

©O. The crash attenuator as recited in claima 3, wherein the piston rod is
compre.ssible into the cylinder, and wherein the second plurality of sheaves positionesd
at the emnd of the piston rod is movably moﬂnted =zt the bottom of the crash attenuator,
$0 as to be movable with the piston rod as the piston rod is compressed into the
cylindezx by the cable.
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10. The crash attenuator recited in claim 1, swherein the first structure is
comprised of a pair of side panels mounted on a lat&ice structure formed from plurality

of support members joined together by a plurality osf cross-members.

11. The crash attenuator recited in claim 10 further comprising a plurality of
second structures, and wherein the each of the secomd structures is comprised of a pair
of side panels mounted on a pair of support membe-s joined together by a pair of

cross-members.

12. The crash attenuator recited in claim 1 further comprising a plurality of
second structures and a plurality of overlapping sid-e panels mounted on support
members included in the first and second structuress.

13. The crash attenuator recited in claim 12 wherein each of the overlapping
side panels includes at least two slits and wherein thhe crash attenuator further
comprises at least two bolts, each bolt protruding tlarough a corresponding slit to
prevent the panel from moving laterally or verticall y.

14. The crash attenuator recited in claim 12 wherein the plurality of panels
overlap one another so as to be capable of translatirig over and stacking upon one
another when the first structure and the second struactures are caused to translate away
from a vehicle impacting the first structure.

15. The crash attenuator recited in claim 1 farther comprising a transition
structure connecting the at least one seconci structur-e to a fixed obstacle positioned
alongside a roadway, wherein the fixed barrier is a —thrie-beam guardrail, and wherein
the transition structure is comprised of a first section joined to a pair of vertical.

supports and a tapering second section joined to a thhird vertical support, the tapering
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section serving to reduc;e the vertical dimension of the transition section to thme smaller
dimension of the thrie-beam guardrail, the first section extending the flat ridgzes, flat
grooves, and flat slanted middle sections of the side panels, the tapering second
section including flat ridges, flat ggrooves, and flat slanted middle sections thaat are
angled to meet and overlap the thrie-beam’s curved peaks and valleys, the two
bottommost flat ridges of the tapexing second section meeting together to for-m with
their corresponding flat grooves amd flat slanted middle sections an overlap ©f the
bottommost curved peak and vallery of the thrie-beam.

16. The crash attenuator recited in claim 1 further comprising a trans=ition
structure connecting the at least ome second structure to a fixed obstacle posi_tioned
alongside a roadwéy, wherein the fixed obstacle is a jersey barrier, and wher—ein the
transition section is a tapering panel including a plurality of corrugations of —varying
length to accommodate a taper to a smaller dimension of the jersey barrier, tThe
plurality of corrugations extendin g the flat ridges, flat grooves, and flat slant—ed middle
sections of the side panels and providing additional structural strength.

17. The crash attenuator recited in claim 1 further comprising a trans—ition
structure connecting the at least ome second structure to a fixed obstacle posi tioned
alongside a roadway, wherein the fixed obstacle is a concrete barrier, and wierein the
transition structure is a pair of trazasition panels extending between the at leazst one
second structure and the concrete barrier, each of the transition panels inclucing a pair
of corrugations that extend the fla t ridges, flat grooves, and flat slanted middiile
sections of the side panels and that provide additional structural strength.

18. The crash attenuator rescited in claim 1, further comprising a transsition

structure connecting the at least ome second structure to a fixed obstacle posi_tioned
alongside a roadway, wherein the fixed obstacle is a W-beam guardrail , and_ wherein

28



WO 2005/019680 PCT/US2004/025874

the transition section is a pair of transition paaels extending between the at Jeast one
second structure and the W-beam guardrail tThe first section extending the flat ridges,
flat grooves, and flat slanted middle sectionss of the side panels, the tapering second
section including flat ridges, flat grooves, ammd flat slanted middle sections that are
angled to meet and overlap the W-beam's cuarved peaks and valleys, the two topmost
and the two bottommost flat ridges of the tagpering second section meeting together tO
form , with their corresponding flat grooves and flat slanted middle sections, overlap s
of the top and bottom curved peaks and the valley of the W-beam.

19. The crash attenuator recited in ¢ laim 1, wherein the first structure include=s
a sled that is a lattice structure mounted on a plurality of wheel assemblies engaging
the plurality of guiderails. '

20. The crash attenuator recited in claim 1 further comprising a plurality of
brackets slidably supporting the second strmictures on the guiderails and engaging thee
plurality of guiderails to prevent lateral mostion of the second structures caused by a
vehicle striking the crash attenuator in a di-rection other than a direct frontal impact..

21. The crash attenuator recited in <claim 20, wherein the sled is comprised Of a
plurality of tubular members including a p Turality of vertical support members joined
together by a plurality of cross-members.

22. The crash attenuator recited in claim 3 further comprising of a plurality of
pins in the sheaves that can be removed tow allow rotation of the sheaves to eliminat-e
friction as the first and second structures aare extended during resetting of the crash

attenuator after impact.
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23. A crash attenuator comprising:

a pluraality of guiderails attached to the growund;

an imp2act structure rotatably mounted on t%ne plurality of guiderails;

at leas—t one mobile structure movably mou_mnted on the plurality of guidera ils
behind the immpact structure and capable of stackimg with the impact structure upeon a
vehicle impaccting the impact structure;

a cylirder located between the guiderails, tthe'cylinder including a piston —rod
extending froom a first end of the cylinder;

a first plurality of sheavés positioned at a ssecond end of the cylinder;

a secosnd plurality of sheaves positioned aft a first end of the piston rod; arad

a cabl_e connected to the impact structure &and looped around the first and
second plura lities of sheaves, wherein the cable Zand cylinder apply to the impac—t
structure a vaarying force to resist the impact struacture translating away when im_pacted
by a vehicle to thereby decelerate the vehicle at Or below a predetermined rate cof
deceleration—

24. T"he crash attenuator recited in claim ' 23, wherein the crash attenuatosr is
further comporised of a stationary tube mounted aat the front of the crash attenuat=or, the
cable runnin. g through the tube from the impact sstructure to the first plurality of

sheaves.

25. MChe crash attenuator recited in claim 23, wherein the impact stractumre has a
predefined rxass and the piston rod is compressiTble within the cylinder at a preclefined
rate that limeits the resistance applied to the vehiecle until an unsecured occupant
impacts the vehicle's interior surface after whicha the resistance is increased to s=afely
stop the vehwicle at a relatively constant g-force.
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26. The crash attenuator recited in claim 25, wherein the velocity of impact
with the vehicle's interior by an unsecurecl occupant of the impacting velnicle is less

than 12 meters per second.

27. The crash attenuator recited ira claim 25, wherein the velocity of impact
with the vehicle's interior by an unsecure-d occupant of the impacting veThicle is less

than or equal to 12 meters per second.

28. The crash attenuator recited im claim 23, wherein the cylindesrincludes a
plurality of orifices for transferring hydrzaulic fluid from a first compart-ment to a
second compartment of the cylinder as thne piston rod is compressed inteo the cylinder
by the cable as the impact structure transslates away from the impacting vehicle, the
cable and cylinder exerting a varying fomrce to resist the impact structure= translating
away as the piston rod is compressed into the cylinder.

29. The crash attenuator recited -in claim 23, wherein the guider=ails are
attached by a plurality of anchors to the ground.

30. The crash attenuator recited in claim 28, wherein the cable slides around
the first and second plurality of sheavess and thereby compresses the pl.ston rod into the
cylinder and causes friction between thee cable and the sheaves that comitributes to the
deceleration of the vehicle.

31. The crash attenuator recitedk in claim 23, wherein the impaect structure is
comprised of a pair of side panels moumnted on 2 lattice structure formsed from plurality
of support members joined together by~ a plurality of cross-members.
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32. The crash attenuator recitec in claim 31 wherein the each of the mobile
structures is comprised of a pair of sides panels mounted on 2 pair of support membe=Ts

joined together by a pair of cross-mem bers,

33. The crash attenuator recitecl in claim 23 further comprising a plurality of£
overlapping side panels mounted on stapport members included in the impact and

mobile structures.

34. The crash attenuator recitecd in claim 33, wherein each of the overlappingg
side panels includes at least two slits amnd wherein the crash attenuator further
- comprises at least two keeper bolts, each bolt protruding through a corresponding s lit

to prevent the panel from moving later-ally or vertically.

35. The crash attenuator recitecd in claim 33, wherein the plurality of side
panels overlap one another so as to be capable of translating over and stacking onto
one another when the impact structure and the mobile structures are caused to

translate together upon a vehicle collidling with the impact structure.
36. The crash attenuator recitecd in claim 23, wherein the impact structure is a
sled that is a lattice structure mounted on a plurality of wheel assemblies engaging the

first and second guiderails.

37. The crash attenuator recitecd in claim 30, wherein the sheaves are pinned to

prevent them from rotating as the cables slides around them.

38. The crash attenvator recitecd in claim 23 further comprising a plurality of
brackets supporting the mobile structumres on the guiderails and engaging the guiderails
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to prevent lat-eral motion of the mobile structures causeed by a vehicle striking the
crash attenua-tor in a direction other than a direct fronta¥ impact.

39. Thhe crash attenuator recited in claim 23 furt-her comprising a transition
structure for sconnecting an end mobile structure to a fi=<ed obstacle, and wherein the
fixed obstaclee is a thrie-beam guardrail, and wherein th_e transition structure is
comprised of a first section joined to a pair of vertical ssupports and a tapering second

- section joinesd to a third vertical support, the tapering se=ction serving to reduce the
vertical dime=nsion of the transition section to the small er dimension of the thrie-bearrm
guardrail, the first section extending the flat ridges, flatc grooves, and flat slanted
middle sections of the side panels, the tapering second section including the flat
ridges, flat gmrooves, and flat slanted middle sections an_gled to meet and overlap the
thrie-beam’s curved peaks and valleys, the two bottom=—most flat ridges of the tapering:
second section meeting together to form with their cor—esponding flat grooves and fla_t
slanted midcEle sections an overlap of the bottommost ccurved peak and valley of the
thrie-beam.

40. T he crash attenuator recited in claim 23 fursther comprising a transition
structure for connecting an end mobile structure to a fi=xed obstacle, and wherein the
fixed obstacle is a jersey barrier, and wherein the transxition section is a tapering paned
including a plurality of corrugated indentations of vary~ing length to accommodate a
taper to a somaller dimension of the jersey barrier, the p lurality of corrugations
extending thee flat ridges, flat grooves, and flat slanted smiddle sections of the side
panels and p-roviding additional structural strength.

41. T he crash attenuator recited in claim 23 fursther comprising a transition

structure for connecting an end mobile structure to a fi=xed obstacle, and wherein the

fixed obstacMe is a concrete barrier, and wherein the tra msition section is a pair of
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transition panels ex<tending between the at least one second structure andll the concrete
barrier, each of the= transition panels including a pair of corrugated indemtations that
extend the flat ridg=es, flat grooves, and flat slanted middle sections of th e side panels
and that provide aciditional structural strength.

42. The cramsh attenuator recited in claim 23, further comprising & transition
structure connectirg the at least one second structure to a fixed obstacle positioned
alongside a roadwaay, and wherein the fixed obstacle is a W-beam guard-rail , and
wherein the transit-ion section is a pair of transition panels extending bet=ween the at
least one second structure and the W-beam guardrail the first section exending the flat
ridges, flat groovess, and flat slanted middle sections of the side panels, the tapering
second section including flat ridges, flat grooves, and flat slanted middle= sections that
are angled to meet_ and overlap the W-beam's curved peaks and valleys, the two
topmost and the twa/o bottommost flat ridges of the tapering second sectison meeting
together to form , ~with their corresponding flat grooves and flat slanted -middle

sections, overlaps of the top and bottom curved peaks and the valley of -the W-beam.

43. The craash attenuator recited in claim 23, wherein the cylinde=r includes a
piston rod having =a stroke that provides a mechanical advantage ratio between the
stroke of the cylineder and the travel distance of the vehicle for stopping—

44. The crzash attenuator recited in claim 23, wherein the crash a‘ttenuatbr
includes a pluralitsy of mobile frames which are capable of being pulled out along the
plurality of guiderzails so as to reset the crash attenuator after being impaacted by a
crashing vehicle. "

45. The craash attenuator recited in claim 23, further comprising aa plurality of
guide rings for prowtecting the cable as it runs from the first section to thes cylinder.
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46. The crassh attenuator recited in claim 44 furthexr comprising of a plurality of
pins in the sheaves that can be removed to allow rotation «of the sheaves and eliminates

friction during rese-tting of the crash attenuator after impa ct.

47. A vehiczle crash attenuator comprising:

first means #or bearing vehicle impacts;

a plurality osf second means for bearing vehicle im-pacts, said second means
being capable of stacking within said first impact bearings means and within preceding '
second impact beaxring means, upon said first impact bearing means being impacted by
a vehicle;

means for mounting said first and second impact bearing means, said first
impact bearing me=ans being rotatably mounted on said xounting means, said second
impact bearing me=ans being slidably mounted on said mounting means behind said
first impact bearin_g means; and

means for ampplying to said first impact bearing mesans a varied force to resist
said first impact besaring means moving away from a velmicle impacting said first
impact bearing me=ans to thereby decelerate the vehicle a_t or below a predetermined

rate of deceleratiom.

48. The craash attenuator recited in claim 47 furth_er comprising a plurality of
means mounted omn said first and second impact bearing ameans for shielding said first
and second impact bearing from side impacts by vehicless, said side shielding means
overlapping one amother so as to be capable of translatin g over and stacking within
one another when the first and second impa{ct bearing meeans are caused to translate

together upon a veshicle impacting the first impact bearitag means.
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49. The crash attenuator recited in claim 47, further comprising transition
means for connecting at least one second impact bearing means to an obstacle

positioned alongside a roadway.

50. The crash attenuator recited in clamim 47 further comprising means for
generating frictional forces to further resist said first impact bearing means moving

away from a vehicle impacting said first impact bearing means.

51. Tbe crash attenuator recited in clawim 12, wherein eaéh of the side panels
includes a plurality of angular corrugations ¢ omprised of a first plurality of flat ridges,
a second plurality of flat grooves, and a third plurality flat slanted middle sections
extending between the ridges and grooves.

52. The crash attenuator recited in clamim 51, wherein each side panel includes

four flat ridges, three flat grooves, and eight smiddle sections.

53. The crash attenuator recited in clawim 7, wherein each panel's two outer
grooves includes a slit through which passes a side-kecber bolt that allows the side
panel to overlap a next corrugated side panel longitudinally behind the panel and
adjacent to it.

54. The crash attenuator recited in cla-im 51, wherein at each panel's leading
edge, the ridges, grooves and middle sections= are coextensive with one another so as
to form a straight leading edge.

55. The crash attenuator recited in claZim 51, wherein at a trailing end of each

panel, the ridges, grooves and middle sectionss are not coextensive with one another,

whereby the grooves extend longitudinally fu-rther than the ridges, so as to form in
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combination with the mi ddle sections extending between them, & corrugafed trailing
edge.

56. The crash at&enuator recited in claim 51, wherein a p-ortion of the trailing
edge of each ridge is bemt in toward the succeeding ridge to preclude a vehicle reverse
impacting the crash atte-puator from getting snagged by the trail#ng edge of the panel.

57. The crash atatenuator recited in claim 56, wherein eacch of the middle
sections adjacent to the ridges has a curved portion to accommasdate the bent portion
of each ridge and to pre-vent a thicle reverse impacting the crassh attenuator from
getting spagged by the €xailing edge of the panel.

58. The crash attenuator recited in claim 51, wherein thes middle sections form

a 41° angle, such that thhe length of the ridges and grooves are a-pproximately the same.

59. The crash at-tenuator recited in claim 51, wherein thes middle sections form

a 14° angle, such that thae length of the ridges are longer than th_e grooves.

60. The crash attenuator recited in claim 51, wherein thee middle sections form

a 65° angle, such that the length of the ridges are shorter than tkae grooves.

61. The crash attenuator recited in claim 51, wherein thee middle sections form

an angle greater than ox equal to 14° but less than or equal to 65°.

62. The crash agtenuator recited in claim 51, wherein thee side panels are
formed from at least grade 50 steel that is at least 12 gaunge.
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63. The crash attenuator recited in claim 58, wherein the corrugated trailing
edge has a trapezoidal-like profile.

64. The crash attenuator recited in claim 33 , wherein each of the side panels
includes a plurality of angular corrugations comprissed of a first plurality of flat ridges,
a second plurality-of flat grooves, and a third plurallity of flat slanted middle sections
extending between the ridges and grooves.

65. The crash attenuator recited in claim 64,. wherein each side panel's two
outer grooves includes a slit through which passes -a side-keeper bolt that allows the
side panel to overlap a succeeding corrugated side panel.

66. The crash attenuator recited in claim 64,. wherein at each side panel's
leading edge, the ridges, grooves and middle sectiosns are coextensive with one

another so as to form a straight leading edge.

67. The crash attenuator recited in claim 64—, wherein at each side panel's
trailing edge, the ridges, grooves and middle sectioens are not coextensive with one
another, whereby the grooves extend longitudinallyy further than the ridges, so as to
form in combination with the middle sections exterading between them a corrugated
trailing edge.

68. The crash attenuator recited in claim 64,. wherein a portion of the trailing
edge of each ridge is bent toward the succeeding riedge to preclude a vehicle reverse

impacting the crash attenuator from getting snagge-d by the trailing edge of each panel.

69. The crash attenuator recited in claim 64-, wherein each of the middle

sections adjacent to each ridge has a curved portiora to accommodate the bent portion
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of each ridge and to prevent a vehicle reverse impacting the crash attenuator- from

getting snagged by the trailing edge of the panel.

70. The crash attenuator recited in claim 64, wherein the middle sections form

an angle greater than or equal to 14° but less than or equal to 65°.

71. A side panel for use im a crash attepuator or a guardrail, the pane=1having a
predetermined width, a predeterrmined length, and a plurality of angular cormrugations
comprised of a first plurality of f£lat ridges, a second pluraliiy of flat groovess, and a
third plurality flat sianted middle sections extending between the ridges andll grooves.

72. The panel recited in claim 71, wherein each side panel includes —four flat
ridges, three flat grooves, and ei ght middle sections.

73. The panel recited in claim 71, wherein each side panel includes a plurality

of holes through which pass a corresponding plurality of bolts for attaching; the panel
to a first structural support. '

74. The panel recited in claim 71, wherein the ridges, grooves and rmiddle
sections are coextensive with one another at the panel's leading edge so as ttoform a
straight leading edge.

75. The panel recited in <laim 71, wherein the ridges, grooves and rmiddie
sections are not coextensive with one another at the panel's trailing edge, w~hereby the
grooves extend longitudinally fuarther than ihe ridges, so as to form in comtoination
with the middle sections extendiing between them, a corrugated trailing edgze.
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76. The panel recited in claim 7' 1, wherein a portion of the trailing edge of
each ridge is bent in toward the succeecding ridge to preclude a vehicle reverse

impacting crash attenuator from getting snagged by the trailing edge of panel.

77. The panel recited in claim 71, wherein the middle sections connecting the
ridge to adjacent grooves each have a curved portion to accommodate the bent portion
of each ridge and to prevent a vehicle weverse impacting the crash attenuator fr om

getting snagged by the trailing edge of_ the panel.

78. The panel recited in claim <71, wherein the middle sections form a &31°

angle, such that the length of the ridgess and grooves are approximately the sarme,

79. The panel recited in claim 71, wherein the middle sections form a 14°

angle, such that the length of the ridges are longer than the grooves.

80. The panel recited in claim 71, wherein the middle sections form a -65°

angle, such that the length of the ridges are shorter than the grooves.

81. The panel recited in claim 71, wherein the middle sections form ar angle

greater than or equal to 14° but less thnan or equal to 65°.

82. The panel recited in claimm 68, wherein the corrugated trailing edgee has a
trapezoidal-like profile.

83. The panel recited in claima 71, wherein the side panels are formed from at

least grade 50 steel that is at least 12ggauge.
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84. The panel recited in claim 73, “wherein each side panel's two outer garooves
incTude slits through which pass side-keeper bolts that attach a succeeding cornagated
parnel to a second structural support and that allow the side panel to slidably overlap a
fixe=d end of the succeeding corrugated pa nel.

85. The crash attenuator recited in_ claim 1, wherein the first structure haas a
pre=defined mass and the cylinder has a pisston rod that is extendable out of the cylinder
at 2 predefined rate so as to limit the resis-tance applied to the vehicle until an
unssecured occupant impacts the vehicles -interior surface after which the resista nce is

inc=reased to safely stop the vehicle at a reslatively constant g-force.

86. The crash attenuator recited ir claim 85, wherein the cylinder inclucles a
plumrality of orifices for transferring hydraulic fiuid from a first compartment of™ the
cyEinder to a second compartment of the ecylinder as the piston rod is extended «out of
the= cylinder by the cable to thereby exert the varying force to resist the first structure
tramslating away when impacted by the veechicle.

87. The crash attenuator as recitecd in claim 3, wherein the piston rod is
extendable from the cylinder, and wherei n the second plurality of sheaves positioned
at sthe end of the piston rod is movably m_ounted at the bottom of the crash atteruator,
so as to be movable with the piston rod a=s the piston rod is extended from the cylinder
by the cable. i

88. The crash attepuator recited ir claim 1 further comprising a transitieon
structure connecting the at least one secomd structure to a fixed obstacle positiconed
alongside a roadway, wherein the fixed osbstacle is a concrete barrier, and wher-ein the
tra_nsition structure is a pair of transition gpanels extending between the at least «one

seccond structure and the concrete barrier,, each of the transition panels includin_g a pair
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of corrugations that extend the flat ridges , flat grooves, and flat slanted middtle
sections of the side panels and that provicle additional structural strength.

89. The crash attenuator recited ira claim 23, wherein the cylinder includes a
plurahty of orifices for transferring hydrzaulic fluid from a first compartment to 2
second companment of the cylinder as thme piston rod is extended out of the <ylinder
by the cable as the impact structure trans-lates away from the impacting vehi<le, the
cable and cylinder exerting a varying forsce to resist the impact structure traraslating
away as the piston rod is extended out of® the cylinder.

90. The crash attenuator recited i-n claim 28, wherein the cable slidess around
the first and second plurality of sheaves =and thereby extends the piston rod out of the

cylinder and causes friction between the cable and the sheaves.

91. The crash attenuator recited i n claim 43, wherein the mechanicall advantage
ratiois 6 to 1.

92. The crash attenuator recited £.n claim 51, wherein each of the seczond
structures further comprises a plurality of first gussets mounted on the supp ort
members so as to be positioned under th_e plurality of flat ridges.

_93. The crash attenuator recited imn claim 92, wherein each of the second
structures further comprises a plurality ©f second gussets mounted on the support
members, each of the second gussets beiing attached to a corresponding first gusset to
reinforce the first gusset.
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94. The crash attenuator recited in claim 92, wixerein there is & gap between
each of thes first ridges and a corresponding one of the= first gussets positioned
underneatlh the first ridge.

95_ The crash attenuator recited in claim 51, wherein each of the second
structures further comprises a pair of first gussets mo-unted on each side of the second
structure'ss support members so as to be positioned umder the top and bottom flat ridges

of each ofF the side panels mounted on the second striacture's support members.

96. The crash attenuator recited in claim 64, =wherein each of the second
structuress farther comprises a plurality of first gusse™ts mounted on the support
memberss $o as to be positioned under the plurality o-f flat ridges.

977.The crasix attenuator recited in claim 96, wwherein each of the second
structure=s further comprises a plurality of second gumssets mounted on the support
memberss, each of the second gussets being attachedz to a corresponding first gusset to
reinforce the first gusset.

9 8. The crash attennator recited in claim 96, wherein there is a gap between
each of wthe first ridges and a corresponding one of t-he first gussets positioned

underne- ath the first ridge.

©9. The crash attenuator recited in claim 64-, wherein each of the second
structur-es further comprises a pair of first gussets rnounted on each side of the second
structur-e’s support members $o as to be positioned under the top and bottom flat ridges

of each of the side panels mounted on the second s tructure's support members.
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100. The side panel recited in claim 71, whe=rein each of the side panels further
comprisees a plurality of first gussets mounted a strumctural member supporting th.e side
panel sos as to be positioned under the plurality of fllat ridges.

1 O1. The side panel recited in claim 100, whaerein each of the side panels
further comprises a plurality of second gussets motranted on the structural memb er,
each of the second gussets being attached to a corre=sponding first gusset to rein—force
the first gusset.

1L.02. The side panel recited in claim 100, wixerein there is a gap between each
of the first ridges and a corresponding one of the fi—rst gussets positioned undermeath
the first ridge.

X.03. The side panel recited in claim 71, wheerein each of the side panels further
comprisses a pair of first gussets mounted on a structural member supporting thes side
panel sO as to be positioned under the top and bottom flat ridges of each of the side
panels rounted on the structural member.

1.04. The crash attenuator recited in claim 1 , wherein the cable is a steel rope
cable.

R 05. The crash attenuator recited in claim 1, wherein the cable is a metallic
cable having a tensile strength of at least 27,500 1b. s.

106. The crash attenuator recited in claim 1_, wherein the cable is a non-
metallic cable having a tensile strength of at least 27,500 Ibs.

N 07. The crash attenuator recited in claim 1_, wherein the cable is a chair.



WO 2005/01968(» PCT"/US2004/025874

108. T he crash attenuator recited in claim 1, wherein the cab#e is a nylon rope
cable.

109. The crash attenuator recited in claim 1, further comprisi_ng a plurality of
cylinders for zapplying to the first structure the varying force.

110. The crash attenuator recited in claim 1, further comprising a plurality of
cables rannin_g between the cylinder and the first structure.

111. The crash attenuator recited in claim 1, further comprisfing a plurality of
cylinders andl a plurality of corresponding cables running between the cylinders and
the first struc-ture.

112. The crash attenuator recited in claim 7, wherein the cabwsle is formed from
a non-metalli ¢ material and wherein the cylinder has orifices that aree sized to decrease
the amount o hydraulic fluid that can move from a first compartmemt of the cylinder
to a second c .ompartment of the cylinder to compensate for a reduce=d amount of

friction resul ting from the cable sliding around the sheaves.

113. "The crash attenuator recited in claim 111, wherein eaclm of the cylinders
has a piston r-od that is extendable out of the cylinder.

114. “The crash attenuator recited in claim 111, wherein eacln of the cylinders
has a piston r-od that is compressible within the cylinder.
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115. Thue crash attenuator recited in claim 3, further comprising multiple '
cylinders posigioned in tandem and corresponding rultiple, compressible piston rods
attached to a rnovable plate on which the second plurality of sheaves are mounted

116. The crash attenuator recited in claim 3, further comprising multiple
cylinders posiitioned in tandem, corresponding muRtiple, extendable piston rods, and
correspondingx multiple cables terminated at the en_d of the multiple, extendable pistoOn
rods after beimng looped around the first and seconq pluralities of sheaves. '

117. Ehe crash attenuator recited in claim 23, wherein the cable is a steel rope

cable.

118. "The crash attenuator recited in claim 23, wherein the cable is a metallicc
cable having atensile strength of at least 27,500 I¥bs.

~ 119. “The crash attenuator recited in claim 23, wherein the cable is a non-
metallic cabMe having a tensile strength of at least 27,500 Ibs.

120. 'The crash attenuator recited in claim_ 23, wherein the cable is a chain.

121. ‘The crash attenuator recited in claiom 23, wherein the cable is a nylon —ope

cable.

122. ‘The crash attenuator recited in claimm 23, further comprising a pluralitsy of
cylinders fosr applying to the first structure the varying force.

123. The crash attenuator recited in clainn 23, further comprising a pluralit=y of
cables runn-ing between the cylinder and the firs€ structure. ' )
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124. The crash attenua_tor recited in claim 23, further comprising a plurality of
cylinders and a plurality of cozxresponding cables running between the cywlinders and
the first structure.

125. The crash attenuator recited in claim 30, wherein the cable Hs formed from
a non-metallic material and w~herein the cylinder has orifices that are sizzed to decrease
the amount of hydraulic fluid that can move from a first compartment offf the cylinder
to a second compartment of thhe cylinder to compensate for a reduced armsaount of
friction resulting from the cabole sliding around the sheaves.

126. The crash attenu ator recited in claim 125, wherein each of - the cylinders
has a piston rod that is extenciable out of the cylinder.

127. The crash attemmator recited in claim 125, wherein each of the cylinders
has a piston rod that is compcressible within the cylinder.

128. The crash attentator recited in claim 23, further comprisin_g multiple
cylinders positioned in tande=m and corresponding multiple, compressitole piston rods
attached to a movable plate ©n which the second plurality of sheaves amre mounted

129. The crash attentaator reéited in claim 23, further comprisirmg multiple
cylinders positioned in tandem, corresponding multiple, extendable pisston rods, and
corresponding multiple cabl es terminated at the end of the multiple, exxtendable piston
rods after being looped arou_nd the first and second pluralities of sheaves.
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130. The crash attenuator recited in claim 1 further comprising a transition
structure conpecting the at least one second structure (0 a fixed obstacle position-ed

alongside a roadway.

131. The crash attenuator recited in claim 23 further comprising a transit-ion
structure connecting the at least one secomd structure to a fixed obstacle positiormed

alongside a roadway.

132. The crash attenuator recited in claim 1, wherein the at least one seceond
structure is capable of stacking within the first structure upon a vehicle impactirag the
first structure.

133. The crash attenuator recited in claim 1, further comprising a plurali ty of
second structures, and wherein the plurality of second structures are capable of
stacking within the first structure upon a vehicle impacting the first structure.

134. The crash attenuator recited in claim 1, further comprising a plurala ty of
second structures, and wherein the last second structure trailing the first structumre is
capable of stacking within it the first stracture and the remaining second structumres
upon a vehicle impacting the first structure.

135. The crash attenuator recited in claim 23, wherein the at least one mmobile
structure is capable of stacking within the impact structure upon a vehicle impa-cting
the impact structure.

136. The crash attenuator recited in claim 23, further comprising a pluramlity of

mobile structures, and wherein the plurallity of mobile structures are capable of .
stacking within the impact structure upom a vehicle impacting the impact structware.
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137. The crash attenuator recited in clemim 23, further comprising a plurality of
mobile structures, and wherein the last mobile- structure trailing the impact structure is
capable of stacking within it the impact structtare and the remaining mobile structures
upon a vehicle impacting the impact structure~

138. The crash attenuator recited in claim 3, wherein the crash attenuator is
further comprised of a tube mounted at the frosnt of the crash attenuator through which
the cable runs from the first structure to the first and second pluralities of sheaves.

139. The crash attenuator recited in claaim 138, wherein the tube has an open
back.

140. The crash attenuator recited in claim 138, wherein the tube is closed.

141. The crash attenvator recited in claim 2, wherein the cylinder includes a
plurality of orifices for transferring pneumatics fluid from a first compartment of the
cylinder to a second compartment of the cylin-der as the piston rod is compressed into
the cylinder by the cable to thereby exert the warying force to resist the first structure
translating away when impacted by the vehicl-e.

142. The crash attenuator recited in claim 23, wherein the cylinder inciudes a
plurality of orifices for transferring pneumatic fluid from a first compartment to a
second compartment of the cylinder as the pis—ton rod is compressed into the cylinder
by the cable as the impact structure translates away from the impacting vehicle, the
cable and cylinder exerting a varying force to -resist the impact structure translating
away as the piston rod is compressed into the «cylinder.

49



WO 2005/019680 PCT/U S2004/025874

143. The crash attesnuator recited in claim 85, wherein the cylincler includes a
plurality of orifices for transferring pneumatic fluid from a first éompar?tment of the
cylinder to a second compartment of the cylinder as the piston rod is exstended out of
the cylinder by the cable to thereby exert the varying force to resist the #rst structure
ﬁ'anslaﬁng away when impacted by the vehicle.

144. The crash atteenuator recited in claim 23, wherein the cylincHer includes a
plurality of orifices for transferring pneumatic fluid from a first comparstment to a
second compartment of th.e cylinder as the piston rod is extended out of the cylinder
by the cable as the impact structure translates away from the impacting ~vehicle, the
cable and cylinder exerting a varying force to resist the impact structure translating
away as the piston rod is extended out of the cylinder.

145. An apparatus for exerfing aresisting force in response to anm object
impacting a movable struc ture, the apparatus comprising:

a cylinder, and

a cable running betwveen the cylinder and the movable structure,

the cylinder and cable applying to the movable structure a varyinge force to
resist the structure translatiing away when impacted by the object to theresby decelerate

the object at or below a predetermined rate of deceleration.

146. The apparatus recited in claim 145, wherein the movable str—ucture has a
predefined mass and the cy/linder has a piston rod that is compressible into the
cylinder at a predefined rate so as to initially limit the resistance applied to the
impacting object, after whi ch the resistance is increased to safely stop thee object at a

relatively constant g-force.
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147. The apparatus recited in claim 145, wherein the apparatus is further
comprised of a first plurality of sheaves positi~oned at a first end of the cylinderand a
second plurality of sheaves positioned at an erad of a piston rod extending from a
second end of the cylinder, and wherein the cable is looped around the first and

second pluralities of sheaves.

148. The apparatus recited in claim 14-7, wherein the apparatus is further
comprised of a third sheave mounted in front of the movable structure through which
the cable runs from the structure to the first ard second pluralities of sheaves.

149. The apparatus recited in claim 1486, wherein the cylinder includes a
plurality of orifices for transferring hydraulic fluid from a first compartment of the
cylinder to a second compartment of the cylirader as the piston rod is compressed into
the cylinder by the cable to thereby exert the -varying force to resist the movable
structure translating away when impacted by the object.

© 150, The apparatus recited in claim 1436, wherein the cylinder includes a
plurality of orifices for transferring pneumatiac fluid from a first compartment of the
cylinder to a second compartment of the cylirder as the piston rod is compressed into
the cylinder by the cable to thereby exert the —varying force to resist the movable
structure translating away when impacted by the object.

151. The apparatus recited in claim 14346, wherein the cylinder includes a
plurality of orifices for transferring hydraulic fluid from a first compartment of the
cylinder to a second éompartment of the cyii::xder as the piston rod is extended out of
the cylinder by the cable to thereby exert the varying force to resist the movable
structure translating away when impacted by the object.
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152. The apparatus recited in claion 146, wherein the cylinder includes a
plurality of orifices for transferring pneumnatic fluid from a first compartment of the
cylinder to a second compartment of the cylinder as the piston rod is extended out of
the cylinder by the cable to thereby exert the varying force to resist the movable
structure translating away when impacted by the object.

153. The apparatus recited in clairn 148, wherein the cable slides around the
third sheave and the first and second pluralities of sheaves so as to cause friction
between the cable and the sheaves that contributes to the deceleration of the object.

154. The apparatus recited in claism 153, wherein the first and second
pluralities of sheaves are pinned to prevemt them from rotating as the cable slides

around them.

155. The apparatus as recited in claim 147, wherein the piston rod is
compressible into the cylinder, and wherein the second plurality of sheaves positionedl
at the end of the piston rod is movably m ounted at the bottom of the crash attenuator,
so as to be movable with the piston rod as the piston rod is compressed into the
cylinder by the cable.

156. The apparatus as recited in claim 147, wherein the piston rod is
extendable from the cylinder, and wherein the second plurality of sheaves positioned
at the end of the piston rod is movably maounted at the bottom of the crash attenuator,
so as to be movable with the piston rod as the piston rod is extended out of the
cylinder by the cable. |

157. The apparatus recited in clai m 145, wherein the cable is a steel rope
cable.
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158. The a-pparatus recited in claim 145, wherein the cabE e is a metallic cable
having a tensile st-rength of at least 27,500 Ibs.

159. The ampparatus recited in claim 145, wherein the cabTle is a non-metallic
cable having a temsile strength of at least 27 ,500 1bs.

160. The sapparatus recited in claim 145, wherein the cabwele is a chain.

161. The =apparatus recited in claim 145, wherein the cabdle is a nylon rope

cable.

162. The apparatus recited in claim 160, wherein the ch=ain has a tensile
strength of at leasst 27,500 lbs.

163. The apparatué recited in claim 145, further comprissing a plurality of
cylinders for appelying to the first structure the varying force.

164. The apparatus recited in claim 145, further compri_sing a plurality of
cables running beetween the cylinder and the first structure.

165. The= apparatus recited in claim 145, further compra sing a plurality of
cylinders and a gplurality of corresponding cables running betw een the cylinders and
the first structur-e.

166. The= apparatus recited in claim 149, wherein the ceable is formed from a

non-metallic meaterial and wherein the cylinder has orifices thamt are sized to decrease

the amount of h-ydranlic fiuid that can move from a first compzartment of the cylinder
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to a second compartment of the cylinder to compensate for a reduced amount of
friction resulting from the cable sliding around the sheamves.

L 67. The apparatus recited in claim 150, wherein the cable is formed from a
non-mextallic material and wherein the cylinder has orif7ices that are sized to decrease
the amosunt of pneumatic ﬁuid that can move from a f‘u:ét compartment of the cylinder
to a seceond compartment of the cylinder to compensate= for a reduced amount of
friction resulting from the cable sliding around the sheaves.

R.68. The apparatus recited in claim 165, wheredin each of the cylinders hasa’
piston r-od that is extendable out of the cylinder.

169. The apparatus recited in claim 165, where in each of the cylinders has a
piston r~od that is compressible within the cylinder.

7170. The apparatus recited in claim 147, further comprising multiple cylinders
positiox1ed in tandem and corresponding multiple, cormpressible piston rods attached to

a mova_ble plate on which the second plurality of sheawes are mounted

171. The apparatus recited in claim 147, furthesr comprising multiple cylinders
positiomned in tandem, corresponding multiple, extendamble piston rods, and
correspaonding multiple cables terminated at the end off the multiple, extendable piston
rods af=ter being looped around the first and second plaralities of sheaves.

172. An apparatus for exerting a resisting force in response to an object
impact3ing a movable structure, the apparatus comprisi ng:
-Aacylinder,

-Acable running between the cylinder and the m_ovable structure,
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a first plurality of sheavess positioned at a first end of the cylinder, ard

a second plurality of sheasves positioned at an end of a piston rod ext=ending
from a second end of the cylindezr, the cable being looped around the first a-nd second
pluralities of sheaves, .

the cylinder and cable apgplying to the movable structure a varying feorce to
resist the movable structure tran_slating away when impacted by the object o thereby

decelerate the object at or below= a predetermined rate of deceleration.

173. The apparatus recite=d in claim 172, wherein the apparatus is fuarther
comprised of a third sheave mouvanted in front of the movable structure thro-ugh which
the cable runs from the structures to the first and second pluralities of sheav-es.

174. The apparatus reciteed in claim 172, wherein the cylinder inclu des a
plurality of orifices for transferr-ing hydraulic fluid from a first compartmemnt of the
cylinder to a second compartme=nt of the cylinder as the piston rod is comp-ressed into
the cylinder by the cable to thereeby exert the varying force to resist the mo-vable
structure translating away when_ impacted by the object.

175. The apparatus recit-ed in claim 172, wherein the cylinder inclu_des a
plurality of orifices for transferring pneumatic fluid from a first compartme=nt of the
cylinder to a second compartme=nt of the cylinder as the piston rod is comperessed into
the cylinder by the cable to ther-eby exert the varying force to resist the mo=vable
structure translating away when_ impacted by the object.

176. The apparatus recitezd in claim i72, wherein the cylinder inclucies a

plurality of orifices for transferr-ing hydraulic fluid from a first compartmemnt of the
cylinder to a second compartme=nt of the cylinder as the piston rod is exten-ded out of
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the cylimder by the cable to thereby exert the varying for-ce to resist the movable
structures translating away when impacted by the object.

1 77. The apparatus recited in claim 172, wherein the cylinder includes a
plurality of orifices for transferring pneumatic fluid frorm a first compartment of the
cylinder to a second compartment of the cylinder as the piston rod is extended the
cylinder by the cable to thereby exert the varying force to resist the movable structure
translating away when impacted by the object.

178. The apparatus recited in claim 173, whereim the cable slides around the

third sh eave and the first and second pluralities of sheawves so as to cause friction
betweem the cable and the sheaves that contributes to thae deceleration of the vehicle.
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