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1 INTRODUCTION
1.1 Background
1.1.1Wood-Post, Trailing -End Anchorage System

Most statedepartments ofransportationuse adaptations of crashworthy guardrail end
terminals adrailing-end anchoragsystems which typically include breakaway posts and an
anchor cableBreakawayCable Terminal (BCT) anchorage systems and their derivatives have
often beenused as an economical means of providing tensile anchoragé/tbeam guardrail
system.In 2013, anonproprietary trailing-end anchorage systewith BCT wood posts was
developed by th#&lidwest Roadside Safety Facility (MWRSF) fose withthe Midwest Guardrail
System (MGS]1-3]. This trailing-end anchorage systemas been successfully crash tesiad
adequately met the TB safety requirements sébrth in the Manual for Assessm Safety
Hardware(MASH) [4-5]. This system consisted of the following componentstwb)breakaway
wood postgBCT posts); (2jwo steel foundation tubesith an attached steel soil plate; é33teel
compressiorgroundline strut between the two steel foundation tubasd(4) one steeanchor
cable connecting the Weam rail to the base of the end pastshown irFigurel.

Thetwo steel foundation tubesithin the trailingend anchorage systeenhance the post
soil resistance by distributing thensileloadfrom the railin a more homogenous manner, while
allowing for easiewoodpost replacement if fractured. The soil resistanoebegfurther increased
by attachingvertical steebearing plategsoil plates)}o the foundation tubes, which increases the
area of the tub¢hat isexposed to the soiA compressiorground linestrut between théwo
foundationtubes is usedo maximize the soil resistance by couplthgtwo foundation tubefg].

For common crashworthy guardrail end terminakselsanchor cables havedn used to develop

the tensile strength of the rail for impacts occurring beyondehgthof-need LON) of the

barrier For the downstream end of longitudinal guardrail systemesend of the LOMas been
previouslydefined as a downstreagritical impact point CIP) at which theend anchorage system
would no longer redirect an errant vehicle but instead gate and permit the vehicle to encroach
behind the systeifi-3]. In crashworthy guardrail end terminalsieoend of the cable is anchored

to thebase of the upstreaaemd post and foundation tube nearghaund line The otherend of the

cable is connected to the back of the mair the second post usiagteelmounting brackeand

is designedo quickly releaseaway from the raitluring endon impactevents.

A secondtrailing-end anchorage systemas developed for the Tex&epartment of
Transportation (TxDOT){]. The TXDOT end anchorage system also utilized two BCT wood posts
embedded into steel foundation tubes along with a cable anchor and two C3x5 channel sections
that connect the two foundatiombies to one another, as showirigure2. The Wbeam rail was
supported at the downstream end post with a steel;ahglé bracket. Texas A&M Transpation
Institute researchers conducted one-$athle, reversdirection, crash test using an 1100C small
car to evaluate the safety performance oftthding-end anchoragsystem. This end anchorage
system was successfully crash tested in combinatithar8in. (787-mm) tall, 8-in. (203 mm)
blocked MGS under MASH 2009][ modified test designation no-3 conditions, later defined
as test desigation no. 337b conditions in MASH 2016].
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Figure2. TXDOT Trailing-End Anchorage Systeni7]
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In both the MWRSF and TTwoodpost, trailing-end anchorage systenthe two BCT
wood posts were designed to break away in a controlled matioging an impacting vehicle to
pass through the barrier without a sudden deceleraticapat changen trajectory. This release
behavior minimized the risk of vehicle rollover and/or snag on the cable anchorage dystem
nearend impact events.

Wood has historically been selected for use in breakaway posts dueeiog readly
available, relativelylow cost,its brittle fracture behavior, anits ability to control load duration
and fracture energy with holes drilled through the post at the ground level. However, wood posts
alsohavenotabledrawbacks. First, the structural properties and performmahgraded wood posts
can still vary due to the presence of small knots, checks, and splits, thus often requiring enhanced
grading and inspection. Second, the breakaway holes drilled negiotined lineof BCT posts
exposethe interior of the wood posb tthe environment, which may accelerate deterioration.
Further, the chemical preservatives used to treat the breakaway wood posts have been deemed
harmful to the environment by some government agencies. Thus, treated wood posts may require
specialdisposalkonsideratioa

Due to these concerns, a critical need exifteé norwood trailing-end anchorage for
W-beam guardrail systesnand thismotivated the development afnew, steepost, trailingend
anchorage system for use with the MGS.

1.1.2Universal Steel Breakaway Post Development

In 2010, MWRSF developed the UBSP with fracturing bolts as a replacement for timber
controlledrelease terminal (CRT) postsedin the thrie beam bullnose syste8].[The UBSP
was designed to breawayunder lateral loadvhenappliedbendingmomentat the base plate
connectiorcausesensile fracture of the four vertical bolhe UBSP consisted of an ASTAB6
W6x8.5top section, and a-®1. X 8in. x ¥1e-in. (152mm x 203mm x 4.8mm) ASTM A500
Grade B steel tube bottom section, as showngare3. Thetwo post sections were welded to the
base plates and connected by fdlie-in. (11-mm) diameter, ASTM A325 hekead bolts.
Different strong and weakaxis capacities were generated by altering the spacing bafieeplate
connectiorbolts During the dgelopment of the UBSP, three successfuléaihle crash tests were
performed on the thrie beam bullnose barrier with UBSPs according to tBeciitieria provided
in NCHRP Report No. 35@{9]. Thesatisfactory crash performance of UBSfesonstratethat
the UBSP was a suitable alternative tbe wood CRT posts used in the original thrie beam
bullnose system.

In another research study involving component testing of UBSPs, the averageatng
weakaxis peak forces for the UBSP were found to #é kips and 7.9 kip&4.9 kN and 35.1
kN), respectively, comparable to the performance of the CRT [igjtsThus, it was concluded
that the use of the modifiddBSP could be expanded to other systantls CRT posts Although
the UBSP was designed to replace CRT posts, BCT postahalentical material, similar cross
section, and weakening holes placed at and/or negréloed line Thus, it was believed th#te
UBSP could be adapted for use in BCT post applications and offer similar performance.
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Figure3. UBSP Utilized in Thrie Beam Bullnose Syst¢&h

1.1.3SteetPost, Trailing-End Anchorage Concept Design Development

In 2016, an MWRSF research project was initiated by the Midwest Pooled Fund Program
to develop a prototype for a ngmoprietary, steepost, trailingendanchorage systefd1]. This
projectconsisted of a literature review of current end anchorage systems and a review of patents
associated with end terminal posts and guardrail anchorages. The literature review and initial
engineering analysis revealed that a modiftcabf the Universal Breakaway Steel Post (UBSP)

[8] could be a viable option to replicate the breakaway performance of the BCT wood posts.

Threedesign concepts werdeveloped for the stepbst,trailing-end anchorage system
[11], all of whichincorporated a modified UBSP and used the same cable anchorag®and
line struthardwareasthe existingtrailing-end anchoragsystem as shown ifrigure4.

Figure4. SteelPost, TrailingeEnd Anchorage SysteRrototype
4
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The three design concepts differed primarily in how the anchorage cable was secured to
the end post. Concept no. 1 passed the cable through the bottomtay Weéx8.5 steelpost,
concept no. 2 passed the cable through the top of the fountab®rand concept no. 3 passed
the cable through an angled plate welded to the foundattme as shown irFigure5. Several
dynamic bogie pull tests we conducted to evaluate the impact performance of thexisel
anchorage system conce@ssed on results from the initial bogie testing, concept hasd3
were modifiedfor improved anchorage capacioncept no. 4 was based on concept no. 1avith
raised bearing plate height. Concept no. 5 was based on concept no. 3 with a modified bearing
plate angle and the introduction of a brass keeperTiogl.results from the dynamic component
testing prograndemonstratedhat concept nos2, 4, and Sevelped sufficient tensile strength,
andwoul d perform adequately for i mpact stheat t
desired breakaway performance.

[
=

Ground
Line

Figure5. Candidate Design Concepta) Concept Ns. 1&4 1 Cable Through Upper Pggb)
ConceptNo. 21 Cable Through Foundation Tukend(c) ConceptNos. 3&5 i Anchor Cable
Through Foundation Tubsith Angled Bearing Plate

5

h e
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Design concept r® 1 and 4pass the cable through a welded base plateamdtical slot
at the bottom of the steel W6x8.5 pastshown inFigure5a, allowing the cable to relse when
the post disengages from tiieundation tube Design concept no. 2 included a slot in the
foundation tube that forms the lower post and an opening in the bottom plate to facilitate the cable
release, as shown kigure5b. Design concept 03 and 5weresimilar to design concept no. 2,
but used an angled bearing plate welded tddbadation tubdo restrain the cables shownn
Figure5c. Design concept no. 5 addadrass keeper rod to better anchor the bearing plate. The
peak tensile force, energy, and overall behavior of breakaway @os¢m nos2, 4, and5, as
documented irthe component tests, were compared with the component test resultthérom
wood-post,trailing-end anchorage systeas presented ifiablel. Design concept n@.generated
25%more peak forcand design concept n@sand5 developed 40% more peak force as compared
to the woodpost trailingend anchorage systerAll of the steelpost anchor design concepts
showed the ability to cleanly breakaway and release the cable during the component testing.

Tablel. Performance Comparison of Stéabst Trailing-End Design Concepts and WeBodst
Trailing-End Anchoragé&ystem[11]

Perfor@mincer | St ePenl®ESi gn Co Wood Pralsg-
No2 N o4 N o5 EndAnchor i
Pedlkndgiolnkiep s 440 495 494 3.
( kK N) (195.7 (220.2 (219.7 (155.7)
EneiDgy siapta tPeeda i 49.6 506 812 16. 8
Ki-ipn (kN (5.6) (5.7) (9.2) (1.9)
Breakaway Be Yes Yes N/ *A Yes
Anchor Caeb | e Yes Yes N/ *A Yes

* Anchor cable broke at load exceedirgsile strength

1.1.4SteetPost, Trailing -End AnchorageFinal Design Development

The design and performance detadlf conceptnos. 2, 4, and Svere presented tthe
Midwest Pooled Fund Programember statedMember states gave input on a preferred final
concept for full scale crash testifgased orthis input, a modified version of concept n.as
shown inFigure 6, was glected as the final design for use in &dhle vehicle crash testing.
Modifications tothe systenincluded the addition ad T-shapegdbreaker baassembly attached to
theendanchor posto facilitate the release and rotation of #rpostas well aghe subsequent
release of the cable anchor for impacts occumipstream from the anchor po$te T-shaped,
breaker baassemblyvas bolted to the web of the upper end post stub to easargrolled release
of the anchoas well ageducethe potentiad for vehicleinstability andbr unacceptable ridedown
decelerations
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Figure6. Final Design Concept for Stebst, MGS TrailingEnd Anchorage Syste(a) Design
Concept No4 and(b) T-Shaped Breaker Bar Design
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Anothermodification involvedreconfiguringthe ground linestrut that connected the two
foundation tubes. Fdield installatiors of the MGSwood-post,trailing-endanchorage systerthe
groundline strutcan benstalledbefore or aftethe installation of théwo breakaway woogosts.
For the current prototypes of the stpekt,trailing-endanchorage systerthesteel baselates are
welded to the top and bottom ends of the adjoining sex;trnakingnstallation of theground line
strut difficult. Therefore, modifications were necessary to facilitate gheund line strut
installation proceduré total of fourground linestrut design concepts were developesishown
in Figure?, including:

(1) Bolted yoke placed outside strut, in which tweiti7x 3-in. X ¥zin. (4322mmx 76-mm
X 6-mm) ASTM A36, bent steel plates were placed outside of a-86% 11%in. x
10-gauge(1,683mm x 298mm x 3.4mm) ASTM A36 steel Cchannel (C6x8.2) and
bolted to the strut using one 78 diameter, 8%4n. long hexhead bolt at each ends
shown inFigure7a. At the location of the anchor and second posts,-g.1X 2%zin.
X ¥~in. (432mm x 76 mm x 6mm) steelbent plate was placed oigs of the strut and
bolted to the strut using one 7if@ diameter, 8%4n. long hex head bolt. The stdmdnt
plate was bolted to the-¥. thick, 7in. x 2%in. steel plate and the foundation tube
using two %in. diameter, An. long hexhead bolts. Toecure the connection between
the steel plate and foundation tube, the heads of the bolts were designed to be welded
inside the foundation tube usind/g-in. (5-mm) weld.

(2) Bolted yoke placed inside strwthich was similar to the ground lingrut design
concept no. 1, except the twokSEin. x 3-in. x ¥+in (392-mm x 76mm x 6mm) steel
bentplates were placed inside thecGannel ground line struas shown irrigure7b.

(3) Welded yoke placed outside strut, in whialo 17in. X 3-in. X ¥#in. (432mm x 76
mm x 6mm) steebentplates placed outside thedbannel strut and bolted to the strut
using one 7/8n. diameter, 8¥4n. long hexheadbolt at each end. Two-ih. X 2¥%in.
X ¥2in. (178 mm x 70mm x 13mm) steel plates welded to the steehtplate and the
foundation tube with a 3/t®. (5>mm) weld at the location of the anchor and second
posts as shown ifrigure7c.

(4) Welded yoke placed inside strut, which was similar togitweind linestrut design
concept no. 3 except the@o 15/g-in. X 3-in. X ¥#in. (39mm x 76mm x 6mm) ste!
bentplatesplaced inside th€-channelstrutand bolted to the strut using one -8
diameter, 8%n. long hexhead bolt at each ends shown irFigure7d. Two 7-in. X
2¥xin. X ¥2in. (178mm x 76mm x 13mm) steel plates welded to the steehtplate
and the foundation tube with®ae-in. (5-mm) weld at the location of the anchor and
second posts.

The ground linestrut design conceptsvere discussed with the Midwest Pooled Fund
Program member states. Using a survey, a majority of the member states giesiretlinestrut
concept nol, where theboltedyokewasplaced outsidéhe ground linestrut asshown inFigure
7a, due to its increased ease of installation over the other concepts
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(© (d)

Figure7. GroundLine Strut Design Concept&) No. 1i Bolted Yoke Outside Strufb) No. 2i
Bolted Yoke Inside Strufc) No. 3i Welded Yoke Outside Struand (d) No. 4 Welded Yoke
Inside Strut

1.2 Objective

The objective of thisesearctstudywasto evaluate therashworthinesef the steetpost
trailing-end anchoragsystemdevelopedluring theresearch and developmaattort. This system
was to be evaluateatcording tahe MASH 2016TL-3 safetyperformare criteria

1.3 Scope

Earlier researchdeveloped concepts, conductédgnamic component testingnd made
recommendations for a future fidtale vehicle crash testing prograkfinal design concept was
selected based dheresultsfrom the dynamic componeétesting program anitheinput from the
Midwest Pooled Fund Programember statesin the current research, that final anchorage
configuration was evaluatethrough full-scale vehicle crash testing under the-Jlsafety
performance criteria outlined in M8H 2016.

MwRSF constructedthe new steejpost trailing-end anchorags y st em at MwR S
Outdoor Testing FacilityTwo full-scale crash testsereconducted, documentednd evaluated
by MWRSF personnel in accordance with MASBIL6 TL-3 guidelines. Following the fulicale
crashtesting programa summary report was compiled, which detailed thestew+post trailing-
end anchorage systerthe fullscale crashests andrecommendations for the implementation of
the newtrailing-end anchorage system.
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2 TEST REQUIREMENTS AND EVALUATION CRITERIA
2.1 Test Requirements

Guardrail end terminals, such as traikagdanchorage systesnmust satisfy impact safety
stardards to be declared eligible for federal reimbursement by Rederal Highway
Administrationfor use on the National Highway System. For new hardware, these safety standards
consist of the guidelines and procedures published in MASH 2016. According3®iTMASH
2016, Wbeam guardrail terminals must be subjected to uertéull-scale vehicle crash tests
summarized iMable2.

Table2. MASH 2016 TL-3 Crash Test Conditions for Gating End Terminals

Test Vehicle Impact Conditions .
Test Desianation Test Weight Evaluation
Article I\? Vehicle Ib kg Speed Angle Criterial
. (kg) Mph (km/h) deg.
3-30 1100C 2,420(1,100) 62(100) 0 C,D,F,H,I,N
3-31 2270P 5,000(2,270) 62(100) 0 C,D,F,H,I,N
3-32 1100C 2,420(1,100) 62(100) 5-15 C,D,F,H,I,N
3-33 2270P 5,000(2,270) 62 (100) 5-15 C,D,F,H,I,N
Gating 3-34 1100C | 2,420(1,100)| 62(100) 15 C,D,F,H,I,N
End
Terminal 3-35 2270P 5,000(2,270) 62 (100) 25 A,D,F.H,I
3-36 2270P 5,000(2,270) 62 (100) 25 A,D,F.H,I
3-37a 2270P 5,000(2,270) 62(100) 25 C,D,F,H,I,N
3-37b 1100C 2,420(1,100) 62(100) 25 C,D,F,H,I,N
3-38 1500A 3,300(1,500) 62(100) 0 C,D,F,H,I,N

! Evaluation criteria explained ifable4.

The steepost trailingend anchorage system is to be used only in locations where vehicles
impacting the arttorage head on are not a concern (e.g.sveaeroadways or outside the clear
zone ofopposingtraffic heaedd toward the middle of the MGQSAs such, the trailingnd
anchorage system would only be impacted by vehicles exiting the guardrail install&iicin ave
traditionally described as reverse direction impacts. Within the gaiting end terminal test matrix
end terminals, only MASH test designation nos37& and 3B7b involve reverséirection
impacts, and would be necessary in evaluating the tragtidganchorage system. All of the other
tests within the matrix involve heawh or normal direction impacts, and therefore, were not
applicable in the evaluation of the traillegd anchorage system. The reduced test matrix selected
for the evaluation athetrailing-end anchorage system is showable3.

10
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MASH 2016 test designation no.-37a with a 2270P vehicle is normally required to
evaluate vehicle snag on crasiskions. Howevern this researchthis test was conducted to
evaluate the downstream LON with tteetpost, trailingendanchorage system connected to the
MGS. MASH 2016test designation no.-37b with an 1100C vehicleasrequired to evaluate
vehiclesnag, vehicle instabilities, and occupant risk criteria resulting from the interaction with the
trailing-end anchorage.

Table3. MASH 2016 TL-3 Crashrless for TrailingEnd Anchorage Systems

Test Vehicle Impact Conditions
Test Desianation Test Weight, Speed Evaluation
Article l\?o Vehicle Ib mph dAngIe Criterial
' (kg) (km/h) egees
5,000 62
Gating End 3-37a 2270P (2.270) (100) 25 C,D,F,H,I,N
Terminal 2,420 62
3-37b 1100C (1.100) (100) 25 C,D,F,H,I,N

! Evaluation criteria explained ifable4.

The research teadiscussedvhether fultscale crash testing was required to evaluate the
tensile load capatyi of the steepost trailing-endanchorage systeduring redirective impacts on
the MGS(i.e., conducting a MASH-31 test on the MGS with the new stpelst anchorage system
at both ends of the installatiohe steepost trailing-end anchoragsystemwasderived from
the BCT end anchorage that has been used in a wide variety-stdigl crash testing programs
for decadesAs such, the steglost trailing-end anchoragsystem woulde expected to possess
a similar load bearing capacity in $ucrash testing programs. Additionally, dynamic component
testingof the steepost design concepts indicated greater tensile load capacitynpared to the
woodpost trailing-end anchorage systejhl]. Thus, it was not believed that a separate anchor
capacity crash test would be required for the gtest trailing-endanchorage system

The steepost, trailingendanchorage systemvas developed to mimic the cajigt and

performance of the original BCT, wogmbst, trailingendanchorage systefi-3]. Thus, the CIPs

for each fullscale crash test were selected to be the same as those used during the MASH TL
evaluation of the BCT, trailingndanchorage systefii]. For test no. SPTA (test designation

no. 3-37a), the CIP was determined to be at the center of post nor gsixth post upstream
from the downstream end tife barrierFor test no. SPTAR (test designation n@-37b), the CIP

was determined to be the midspan between post nos. 27 aodn2i@lspan betweethe second

and third posts upstream from tthewnstream end of the barrier.

It should be noted that amgsts deemed nexritical for evaluation may eventually need to
be evaluated based on additional knowledge gained over time or additional FHWA eligibility letter
requirements.

2.2 Evaluation Criteria

Evaluationcriteria for fulkscale vehicle crash testing are based on three appraisal areas:
(1) structural adequacy; (2) occupant risk; and (3) vehicle trajectory after collision. Criteria for

11
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structural adequacy are intended to evaluate the ability of the ermtagelio contain and redirect
impacting vehicles. In addition, controlled lateral deflection of the test article is acceptable.
Occupant risk evaluates the degree of hazard to occupants in the impacting vehiétap&cst
vehicle trajectory is a measwéthe potential of the vehicle to result in a secondary collision with
other vehicles and/or fixed objects, thereby increasing the risk of injury to the occupants of the
impacting vehicle and/or other vehicles. These evaluation criteria are summarladded and
defined in greater detail in MASH 2016

In addition to the standard occupant risk measures, theliRpatt Head Deceleration
(PHD), the Theoretical Head fpract Velocity (THIV), and the Acceleration Severity Index (ASI)
were determined and reported. Additional discussion on PHD, Taitd ASI is provided in
MASH 2016

Table4. MASH 2016Evaluation Criteria for Gating End Terminals

Structural C.
Adequacy

Acceptable test article performance may be redirection, contr
penetration, or controlled stopping of the vehicle.

D. Detached elements, fragments or other debris from the test &
should not penetrate or shgwtential for penetrating the occupg
compartment, or present an undue hazard to other traffic, pedes
or personnel in a work zone. Deformations of, or intrusions into
occupant compartment should not exceed limits set forth in Seg
5.3 and Apendix E of MASH.

F. The vehicle should remain upright during and after collision.
maximum roll and pitch angles are not to exceed 75 degrees.

H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3
MASH for calculationprocedure) should satisfy the following limif

Occupant
Risk Occupant Impact Velocity Limits
Component Preferred Maximum
o 30 ft/s 40 ft/s
Longitudinal and Lateral (9.1 m/s) (12.2 mis)

l. The Occupant Ridedown Acceleration (ORA) (see Appendix
SectionA5.3 of MASH for calculation procedure) should satisfy
following limits:

Occupant Ridedown Acceleration Limits
Component Preferred Maximum
Longitudinal and Lateral 15.0 ¢ 20. 49
Vehicle : : : .
Trajectory N. Vehicle trajectory behind thest article is acceptable.

12
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2.3 Soil Strength Requirements

In accordance with Chapter 3 and Appendix B of MASH 2016, foundation soil strength
must be verified before any fedlcale crash testing can occur. During the installation of a soil
dependent system, W6x16 posts are installed near the impact regiongdtiliesame installation
procedures aghe full-scalesystem. Prior to fulkcale testing, a dynamic impact test must be
conducted to verify a minimum dynamic soil resistance of 7.5 kips (33.4 kN) at post deflections
between 5 and 20 in. (127 and 508 mmaswed at a height of 25 in. (635 mm). If dynamic
testing near the system is not desired, MASH 2016 permits a static test to be conducted instead
and compared against the results pfeviously establisheolaseline test. In this situation, the soil
must povide a resistance of at least @€rcentof the static baseline test at deflections of 5, 10,
and 15 in. (127, 254, and 381 mm). Further details can be found in Appendix B of MASH 2016.

13
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3 TEST CONDITIONS
3.1 Test Facility

The Outdoor Test Sités located at the Lincoln Air Park on the northwest side of the
Lincoln Municipal Airport and is approximatey miles(8.0 km) northwest of the University of
NebraskalLincoln.

3.2Vehicle Tow and Guidance System

A reversecable tow system with a 1:2 mechanical advantage was used to propel the test
vehicle. The distancsdraveled and the speed of the tow vehicle weretaliethat of the test
vehicles. The test vehickewerereleased from the tosable before imgact with the barrier system.

A digital speedometer on the tow vehicle incredbe accuracy of the test vehisl@npact speed.

A vehicle guidance system developed by Hifit]] was used to steer the test velscke
guide flag that wasattached tdhe leftfront whee| and the guide cablas sheared off before
impact with the barrier system. THg-in. (9.5mm) diameter guide cable was tensioned to
approximately3,500 Ib(15.6 kN and supported both laterally and vertically evEd ft(305 m)
by hinged stanchions. The hinged stanchions stood upright while holding up the guide ¢able, bu
the guideflag struck andnocked each stanchion to the groasdthe vehicles were towed down
the line

3.3 Test Vehicles

For testno. SPTA1, a2011Dodge Ram 1500rewcab pickup truckvas used as the test
vehicle Thecurb,test inertial and gross statieehicleweights weres,1211b (2,323kg), 5,0741b
(2,302kg), and5,2361b (2,375kg), respectivelyThe2270Ptest vehicle is shown iRigures8 and
9, and vehicle dimensions are showrFigure10.

For testno. SPTA2, a2011HyundaiAccentwasused as the test vehicle. The curb, test
inertial, and goss static vehicle weights we2é051b (1,136kg), 2,4291b (1,102kg), and2,590
Ib (1,175Kkg), respectively. Thet100Ctest vehicle is shown in Figwsd1l and12, and vehicle
dimensions are shown kigure13. Note that both test vehicles were within six model years of the
2017 research project contralztte.

The longitudinal component of theenter of gravity €.g) was determined using the
measured axle weightsThe Suspension Methodld was used to determine the vertical
component of the c.g. for the pickup truck. This method is based on the principle that the c.g. of
any freely suspended body is in the vertical plane tiirdbe point of suspension. The vehicle
was suspended successively in three positions, and the respective planes containing the c.g. were
established. The intersection of these planes pinpointed the final c.g. location for the test inertial
condition. Thevertical component of the c.g. for the 1100C vehicle was determined utilizing a
procedure published by SAE4]. The location of the final c.g. i9'ewn in Figured0and14 for
test no. SPTAL and Figured3and15for test noSPTA2. Data used to calculate the location of
the c.g. and ballast information are showppendix A

14
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Square, blackand whitecheckered targets weregpkd on the vehicles for reference to be
viewed from the higtspeed digital video cameras and aid in the video analysis, as shown in
Figuresl4and15. Round, checkered targets were placed at the c.g. on ts&defioor, the right
side door, and the roof of the vehicles.

The front wheels of the test vehicles were aligteedehicle standards except the-tne
value was adjusted to zesachthat the vehicles would track properly along the guide cable. A 5B
flash bulb was mounted on thee h i c | eide@indshielyl lwipers and was signaled by a
presure tape switch mounted at the impact corner of the bumper. The flash bulb was fired upon
initial impact with the test article to create a visual indicator of the precise time of impact on the
high-speed digital videos. Radaontrolled brake systems wenstalled in the test vehicles so the
vehicles could be brought safely to a stop after the tests.

15
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T

Figure8. Test Vehicle, Test NGPTA1
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Date: 7/31/12018 Test Name: SPTA-1 VIN No: 1D7RB1CT2BS582287
Year: 2011 Make: Dodge Model: Ram 1500
Tire Size: 265/70 R17 Tire Inflation Pressure: 40 Psi Odometer: 152215

Vehicle Geometry - in. (mm)
Target Ranges listed below

A: 7612 (1943) B: 74 (1880)
78+2 (1950£50)
C: 2291/8 (5820) D: 371/2 (953)
237£13 (6020£325) 3923 (1000£75)
E: 1403/8 (3566) F: 467/8 (1191)
14812 (3760£300)

G: 28 1/2 (724) H: 61 3/4 (1568)
min: 28 (710) 6324 (1575£100)

I 11172 (292) J: 24 3/4 (629)

Test Inertial CG

l K: 20172 (521) L: 291/4 (743)

M: 671/2 (1715) N: _671/12 (1715)
I 6715 (170038) 67+1.5 (1700£38)
?: L O: 44 (1118) P: § (127)
it 43t4 (1100£75)
H Q 3 (787) R: 181/2 (470)
—D>D E F—
c S: 15 (381) T: 76 (1930)
U (impact width): 77 7/8  (1978)
Mass Distribution Ib (kg)
Wheel Center
Gross Static LF_ 1440 (653) RF_ 1494 (678) Height (Front): 14 3/4 (375)
Wheel Center
LR 1146 (5200 RR 1156 (524) Height (Rear): 15 (381)
Wheel Well
Clearance (Front): 34 1/2 (876)
Weights Wheel Well
Ib (kg) Curb Test Inertial Gross Static Clearance (Rear): 37 3/4 (959)
Bottom Frame
W-front 2898 (1315) 2842 (1289) 2934 (1331) Height (Front): 9 3/4 (248)
Bottom Frame
W-rear 2223 (1008) 2232 (1012) 2302 (1044) Height (Rear): 20 (508)
W-total 5121 (2323) 5074 (2302) 5236 (2375) Engine Type: Gasoline
5000110 (2270+50) 5165¢110 (2343+50)
Engine Size: 5.7L V8
GVWR Ratings Ib Surrogate Occupant Data Transmission Type: Automatic
Front 3700 Type: Hybrid 1l Drive Type: RWD
Rear 3900 Mass: 162 Ib Cab Style: Crew Cab
Total 6700 Seat Position: Right/Passenger Bed Length: 67"
Note any damage prior to test: right rear fender is scraped and dented behind rear tire.

Figurel0. Vehicle Dimensions, Testo. SPTA1
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Figurell Test Vehicle, Test NGPTA2
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Date: 9/12/2018 Test Name: SPTA-2 VIN No: kmhcndac2bu618362
Year: 2011 Make: Hyundai Model: Accent
Tire Size: 185/65p14 Tire Inflation Pressure: 32 Psi Odometer: 157090
Vehicle Geometry - in. (mm)
Target Ranges listed below
A: 655/8 (1667) B: 571/2 (1461)
. 6543 (1650£75)
C: 1681/2 (4280) D: 331/2 (851)
169+8 (4300+200) 35+4 (900+100)
E: 98 (2489) F: 36 (914)
9815 (2500£125)
G: 2211116 (576) H: 35 5/16 (897)
Test Inertial CG 39+4 (990+100)
Q I 77i8 (200) Jr 23172 (597)
R
P __‘ |..; K: 11172 (292) L: 255/8 (651)
= =
g pa— 4 — B
o i AT G ‘ D { M: 573/4 (1467) N: 573/4 (1467)
+ J # \/ <) /52 K |; 5612 (1425+50) 5612 (1425+50)
! ? ? 1 ? O: 271/4 (692) P: 1 (25)
H 2414 (600100)
~—D E F— Q: 223/4 (578) R: 151/2 (394)
C
S: 11318 (289) T: 633/18 (1610)
U (impact width): 28 5/8 (727)
Mass Distribution Ib (kg)
Top of radiator core
Gross Static LF 827 (375) RF__ 810 (367) support: 28 (711)
Wheel Center
LR 454 (206) RR 499 (226) Height (Front): 10 5/8 (270)
Wheel Center
Height (Rear): 10 7/8 (276)
Weights Wheel Well
Ib (kg) Curb Test Inertial Gross Static Clearance (Front): 26 (660)
Wheel Well
W-front 1597 (724) 1554 (705) 1637 (743) Clearance (Rear): 26 1/2 (673)
Bottom Frame
W-rear 908 (412) 875 (397) 953 (432) Height (Front): 5 7/8 (149)
Bottom Frame
W-total 2505 (1136) 2429 (1102) 2590 (1175) Height (Rear): 7 3/8 (187)
242055 (110025) 2685+55 (1175+50)
Engine Type: Gasoline
GVWR Ratings Ib Surrogate Occupant Data Engine Size: 1.4L 4 cyl
Front 1918 Type: Hybrid Il Transmission Type: Automatic
Rear 1874 Mass: 161 1b Drive Type: FWD
Total 3638 Seat Position: Right/Passenger
Note any damage prior to test:

Figurel3. Vehicle Dimensions, Test NEPTA2
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Date: 7/31/2018 Test Name: SPTA-1 VIN: 1D7RB1CT2BS582287
Year: 2011 Make: Dodge Model: Ram 1500
A B C
=i | el il o | .|
| eme ] |
| E |
G "l "u
——o—
[Peewee
= = = s il ]
—r—
Test Inertial CG
A = =
ay J
M ‘
J @g L
o) K
H |
TARGET GEOMETRY-- in. (mm)
A: 67 1/8 (1705) E: 54 5/8 (1387) J: 38 1/4 (972)
B: 37 1/8 (943) F: 54 5/8 (1387) K: 28 1/2 (724)
C: 67 (1702) G: 32 1/8 (816) L: 42 1/8 (1070)
D: 43 5/8 (1108) H: 61 7/8 (1572) M: 52 1/2 (1334)
I: 79 (2007)

Figurel4. Target Geometry, Test NSPTA1
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Date: 9/12/2018 Test Name: SPTA-2 VIN: kmhend4ac2bu618362
Year: 2011 Make: Hyundai Model: Accent
B C D E (~—F —
== =
i "
' "
Test Inertial CG
T T == =
L ( _{é ( N
|1 @D @)—
G I
TARGET GEOMETRY-- in. (mm)
A: 19 1/2 (495) F: 22 5/8 (575) K: 46 3/4 (1187)
Windshield Target
B: 42 (1067) G: 35 1/8 (892) L: 51 1/4 (1302)
Front round CG target
c: 17 (432) H: 22 3/4 (578) M: 29 (737)
D: 28 1/8 (714) | 62 7/8 (1597) N: 52 1/8 (1324)
Rear Round target
E: 19 3/4 (502) J: 28 3/4 (730)

Figurel5. Target Geometry, Test NBPTA2
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3.4 Simulated Occupant

For test nosSPTA1 andSPTA-2, a Hybrid Il 50"-Percentile, Adult Male Dummthat
wasequipped with footweamwas placed ithe iight-front seat ofeachtest vehicle with theseat
beltfastened. Theimulated occuparttada final weightof 162 Ib (73.5 kgand 161 Ib (73.0 kg)
for test nosSPTA-1 andSPTA-2, respectivelyAs recommended by MASH 2016, thenulated
occupantvas not included in calculatirthe c.g. locations.

3.5 Data Acquisition Systems
3.5.1Accelerometers

Two environmental shock and vibration sensor/recorder systegne used to measure the
accelerations in the longitudinal, da&l, and vertical directionBoth accelerometesystemswvere
mountednear thec.g. of the testvehicles.Theelectronic accelerometer data obtained in dynamic
testing was filtered using the SAE Class 60 and the SAE Class 180 Butterworth filter conforming
to the SAE J211/1 specificationsy.

The two systems, the SLICEand SLICE2 units, were modular data acquisition systems
manufactured byDiversified Technical Systems, Inc. (DT®j Seal Beach, Californialhe
SLICE-2 unit was designated as the primary system for tesBR®A-1, and theSLICE-1 unit
was designated as the primagstenfor test no.SPTA-2. The acceleration sensors were mounted
insidethe bodies of custonbuilt, SLICE 6DX event dataecorders andecorded data at 10,000
Hz to the onboard mroprocessorEachSLICE 6DX was configured with 7 GB of nalatile
flash memory, a range of N5 0,65 Bs(CFCA008) anip| e r
aliasingfiterThe ASLI CEWaredo computer software progr e
worksheet were used to analyze and plot the accelerometer data.

3.5.2Rate Transducers

Two identicalangular rate sensor systesmounted inside the bodies of the SLKIE&Nd
SLICE-2 event data recorders were used to measure the rates of rotation of the test vehicle. Each
SLICE MICRO Triax ARShadarange of 1,500 degrees/sec in each of the three directions (roll,
pitch, and yaw)and recorded data at 10,000 Hz to the onboard microprocesEoe raw data
measurements were then downloaded, converted to the proper Euler angles for analysis, and
pl otted. The ASLI CEWared computer software p
worksheéwere used to analyze and plot the angular rate sensor data.

3.5.3Retroreflective Optic Speed Trap

The retroreflective optic speed trap was used to determine the speedext tlehicles
before impactFive retroreflective targetsspaed at approximatel¢8-in. (457mm) intervals
were applied to the sidef the vehicle. When the emitted beam of light wesflected by the
targets andeturned to the Emitter/Receiver, a signal was sent to the data acquisition computer
recordingat 19000 Hz,as well as thexternal LED boxactivating the LED flashesThe speed
was then calculated using the spacing between the retroreflestpetsand the time between the
signals.LED lights and higkspeed digital video analysis are only used as a backup in the event
that vehicle speeds cannot be determined from the electronic data.
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3.5.4Load Cells

A load cellwasinstalledon the upstream anchorage calaetest no.SPTA1 to obtain
peak tensile forces during a dynamic imp&eta from the fullscale crash test was compared to
data frompreviouscomponent testsl 1] andwood post testslf3]. The loal cel wasTransducer
Techniques model no. TLBOK with a load range up to 50 kips (222 kRuring testing, output
voltage signals were sent from the transducers to a National Instrumen80PE data
acquisition board, acquired with LabView softwaned atored on a personal computer at a sample
rate of 10,000 Hz.

3.5.5Digital Photography

Six AOS high-speedligital video camergd2 GoPro digital video camerasyo Panasonic
digital video camerasnd one Soloshot digital video camesereutilizedto film test noSPTA-L.
Note that GoPro no. 7 experienced technical difficulteis. AOS highspeed digital video
cameras, nin&oPro digital video camerasyo Panasonidigital video camergsand one Soloshot
digital video cameravere utilized to film test noOSPTA2. Camera detailscamera operating
speedslens information, an@ schematic of the camera locatioretative to the systerfor test
nos. SPTAL andSPTA-2 areshown inFiguresl6 and17, respectively.

The high-speedvideos were analyzed usingEMA Motion and Rethke MotionScope
softwareprograms Actual amera speed and camera divergence factors were considered in the
analysis of the higispeed videosA digital still camera wasisoused to document @rand post
testconditions forall tess.
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No. Type Or(’f? ;ﬂgg/sse%w Lens Lens Setting
AOS-1 AOS Vitcam 500 Sigma 2870 #1 70
AOS5 AOS X-PRI 500 100mm Fixed -
AOS-6 AOS X-PRI 500 Cosmicar 50mm Fixed -
AOS7 AOS X-PRI 500 Fujinon 75mmFixed -
AOS-8 AOS SVIT 1531 500 Fujinon 50mm Fixed -
AOS-9 AQOS TRIVIT 2236 1000 KOWA 12mm Fixed -

GP-7 GoPro Hero 4 30
GP-8 GoPro Hero 4 120
GP-9 GoPro Hero 4 120
GP-10 GoProHero 4 120
GP-13 GoPro Hero 4 120
GP-14 GoPro Hero 4 240
GP-15 GoPro Hero 4 240
GP-16 GoPro Hero 4 240
GP-17 GoPro Hero 4 120
GP-18 GoPro Hero 6 120
GP-20 GoPro Hero 6 240
GP-21 GoPro Hero 6 120
PAN-1 Panasonic 60
PAN-2 Panasonic 60
SoloShot SoloShot 120

Figurel6. Camerd.ocations, Speedand LensSettings Test NOSPTA1
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AOS-7 AOS X-PRI Gigabit 500 Fujinon 50mm -
AOS-8 AOS SVIT 1531 500 Sigma 2870 # 50
AOS-9 AOS TRIVIT 1000 KOWA 12mm -

GP-7 GoProHero 4 120
GP-8 GoPro Hero 4 120
GP-9 GoPro Hero 4 240
GP-10 GoPro Hero 4 240
GP-13 GoPro Hero 4 240
GP-15 GoPro Hero 4 240
GP-17 GoPro Hero 4 240
GP-20 GoPro Herd®b 120
GP21 GoPro Her®b 120
PAN-1 Panasonic H&/770 60
PAN-2 Panasonic H&/770 60
SoloShot SoloShot 120

Figurel7. Camera Locations, Speeds, and Lens Settings, TeSANG-2
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4 DESIGN DETAILS 7 TEST NO. SPTA-1

In test n0.SPTAL, the test installation consisted of-jauge AASHTO M180 standard
W-beam guardrail, W6x8.5teel posts with timber blockoutstangentnon-proprietary, wood
post, trailingend anchorage systeat the upstream endnd a stegbost, trailingendanchorage
systemat the downstream enas shown irFigures18 through47. The total system lggth was
182 fti 3%z in. (55.6 m). Photpapts of the test installation are shown in Figué8shrough51.
Materid specifications, mill certifications, and certificates of conformity for the system materials
are shown irAppendix B

Post nos. 3 through 27 were standardn/Z1,829mm) long, W6x8.5 ASTM A992 steel
posts, embedded to a depth of 40 incfie616 mm) Post nos. 1 and 2 were wood BCT posts
inserted into steel foundation tubes embedded to a depth of (978 mm) while post nos. 28
and 29, comprising the steebst,trailing-end anchoragsystem, were embedded to a depth of 69
in. (1,753 mm)All posts were embedded @oarse, crushed limestone, alternatively classified as
well-graded gravel according to the Unified Soil Classification Systemspackd 75 in(1,905
mm) on centerTimber blockouts, measuring 6 in. X 12 in. X 14% in. (152 mm x 305 mm x 362
mm), were used to block the rail away from the front face of each steel line post.-baarV
guardrail was mounted with a top rail height of 31 in. (787 pam)measured from the surface of
the roadway. Splice joints located between posts were oriented with the leading edge of the
downstream \Abeam rail covered by the trailing edge of the upstream rail to provide a proper
overlap for normatlirection trafficand reduce vehicle snag concerns.

The downstream end of the guardrail installation was configured with thproprietary,
steelpost,trailing-end anchorage systetimat was designed in the Phase | research prdjékt [
The end anchor post(post n@. 28 and29) weretwo-partbreakawaysteelposts. The topportion
of thepostconsisted of 7%z in. (699 mm) long, W6x8.5 ASTM A992 steel post welded to-a 5%
in. X 5%2in. X ¥#in. (140mm- x 140mm x 19mm), ASTM 36 steel base plate. The botfoontion
of thepostwas aHSS 6in. x &in. x %16 -in. (152mm x 203mm x 5mm) ASTM A500 Grade B
steel tube welded to a 48. x 7-in. x € -in. (330mm- x 178&mm x 16mm), ASTM 36 steel base
plate.The top and bottom base plateg@veonnected using foliie-in. (11-mm) diameter, ASTM
A325 bolts.

The two foundation tubes were connecteith a 66%zin. (1,683mm) long, modified
ground linestrut (i.e., boltedyoke placedutside strut)as shown in Figure33 through35. At
the location of the anchor and second posts, twim ¥ 2%xin. x ¥2in. (432mm x 76mm x 13
mm) bent steel plates were placed outside of the strut and bolted to the strut usiWno(e2-
mm) diameter, 8%4n. (216-mm)long hexheadASTM A307 bolt. The steebentplate was bolted
to the %&in. (13-mm)thick, 7in. x 2%in. (178 mm x 70mm) steel plate and the foundation tubes
using two %in. ¥>in. (13-mm) diameter, 2n. (51-mm) long hexheadASTM A307 bolts. To
secure the connection between the steel plate and foundation tube, the heads of the bolts were
designed to baelded inside the foundation tube usint:ain. (5-mm) weld.

The anchor cable assembly consisted of an anchor bearing plate, an anchor bracket
mounted on the rail, an end plate, and a steel cable which was secured against the end anchor post
on one endThe other end of the cable was connected to the back of the rail through a steel
mounting bracket, which would quickly release away from the rail duringpandhpact event.

More details on the system design are provided in referéhcdhe bearing plate assembly
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consisted of a vertical,-®. X 6¥in. x € -in. (203mm x 159mm x 16mm) steel bearing plate

was welded to an-B. x 1%zin. x L-in. (203mm x 38mm x 25mm) compression block. The

bearing plate assembly was secured against the end anchor post through anchor cable, as shown in
Figure23.

The upstream end of the guardrail installation was configured with gnopnietary,
tensile end anchorage system utilizing BCT posts and harddsdje The upstream guardrail
anchorage system consisted of tBG@T timber posts, foundation tubes, an anchor cable and
connection hardware, a bearing plate, a rail bracket, and a channel strut.

A T-shapedbreaker bar was attached to the end anchor post (i.e., post no. 29 with
mounting height of 15% ifd00 mm) The T-shapedbreaker bar consistexd a horizontal 40in.
(2,016mm) long,2¥zin. x 2¥%zin X ¥#in. (64-mm x 64mm x 6mm) ASTM A500 Grade B steel
squargube welded to &ertical 3in. (2293mm) long,3-in. X 3-in. X ¥#in. (76-mm x 76mm X &

mm) steekquare tubeTheattachment to post no. 28shown inFigure50, consisted of 40-in.

X 4%2in. X Y#in. (254mm x 114mm x 6mm) ASTM A36 steel platealong withtwo 6-in. X ¥#in.

X ¥#in. (1522mm x 19mm x 6mm) and two 6in. X 1¥#in. X ¥#in. ASTM (1522mm X 32mm x

6-mm) A36 steel gusset plates to facilitate cable anchor disengagement and mitigate vehicle snag
under the anchor cable.
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Figure26. DownstreanmAnchor Post Assembly Detajl$est No. SPTAL

0240.£-€0dHION Hodoy 4SHMA

020z ‘/maquadad



























































































































































































































































































































































































































































































































































































































































































































































































































