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1INTRODUCTION

1.1 Background

In recent years, the Midwest States Pooled Fund has been developing@progtary
high-tension cable median barrier in conjunction with the Midwest Roadside Safety Facility
(MwWRSF). The barrier was to be dewgled for placementngwhere within a 6H:1V Mlitch as
well asto satisfy the Test Level 3 (FB) evaluation criterigoublished inthe Manual for
Assessing Safety Hardware (MASH). The most recent design prototypeas a four cable
system suppted by Midwest Weak Posts (MWP2], as shown irrigurel.

Figurel. Current Cable Median Barrier Prototype

Development of the cable median barrier has progressed througplencrash tests in
accordance wittMASH TL-3. Full-scale testing and evaluation with a 1500A sedan and 2270P
pickup trucks resulted in satisfactasystemperformance 3|. However, fullscalecrashtesting
with the 1100C small car resulted in the top of the post tearing the \@lioerpan and
penetrating into the occupant compartmeshthe vehicle overrode the system ppéits

Review of the test vehicles and higheed videos revealed that the tears were caused by
a combination oft h e p o s-axi8 Pendimgstekgth andcrosssectionalgeometry. The
strength 6the postspecifically the elastic restoration force of the MW¢Rused the top afach
overriddenpost to press up on the undercarriage of thecle Thecrosssectionalgeometry of
the MWP containedree, or exposededgesthat transmitted the posbwitact forces into the
floorpanover a very narrow area. Thus, the free edge created high stress concentrations in the
floorpan and ultimately resulted in scrapingouging,and teaing. These tears were deemed
penetrations into the vehidemccupant comgrtment and prevented the fsitalecrashtests



May 16, 2017
MWwRSF Report NoTRP-03-32417

from sdisfying the MASH safety criteriaTherefore, modifications to the MVgRvere reeded to
prevent tearing of the vehideoorpan

During the fultscale crash testing of the cabteedianbarrier protogpe, observations
were madeconcerning tears in the vehidles e xsheetrmietatlue tocontact with the cable
splicesduring redirectior{ 3-4]. Sheet metal tearing had beapservedn all three vehicle types
(1100C, 1500A, and 2270Rnhdwas common alongehicle fendersfront doors, and Apillars.
These tearsvere only to theexterior sheet metalayer and did not result in penetraticof the
occupant compartmenthus, they did not affect the MASH evaluation of the cable barrier.
However they do illustrate the ability of the current cable splice to actpasemtialsnag hazard
andcouldpotentially cause significant damage to the vehldtdization of different cable splice
hardware may reduce the propensity for snag and/or sheadttesing.Therefore, an evaluation
was desiredhto the strength and geometry of all available cable shhcdware

1.2 ResearchObjectives

The research and developmeeffort described herein contained two independent
objectives. The firstobjective was b mitigate the potential for vehicl#doorpan tearing by
modifying the MWP utilized in the current cable median barrier protofjpe second objective
was to investigate other cable splice hardware for the use in the cable median barrier that would
reducethe propensity for snag and sheet metal tearing.

1.3 Scope

Exploration into the mitigation ofloorpan tearing began with an analysis into the
mechanismdorming the tearsNext, various modifications tthe MWP were identified that
could reduce the propengifor floorpan tearing. The modifications thought to be the most
effective were then evaluatéicrough dynamic component testing with a bogie vehicle equipped
with a simulated small cdtoorpan Additional dynamic tests were conducted with a separate
bogie vehicle to evaluate the stromgxis bending strength of themodified MWP Finally,
conclusions andrecommedations were made concernirgptential post modificationgo
alleviatefloorpantearing.

Investigation into alternative splice hardware begé#h w literature review of currently
available splice connections for-i#h (19mm) diameter 3x7 wire rope After reviewing the
splice options with the project sponsors, a total of three dynamic component tests were
conducted on the current cable spliogl the selected alternative splice. Finally, conclusions and
recommendations were formulated based on the component tests.
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2 MITIGATION OF FLOORPAN TEARING

2.1 Exploration of Floorpan Tearing

Prior to the development of systemodifications to prevent tearing of the vehile
floorpan the physical mechanisms causing these tears to form had to be identified. Thus, the
high-speed videos, system posts, and the vehicles from test nos-6vBN& MWR7 [4] were
analyzed and inspecte@ihrough this effort, two post characteristics were identified as factors
resulting in the tearing of vehicféoorpars: (1) the weakaxis bendingstrength of thegost and
(2) thepresence of free edges

The weakaxis bendingstrength of the post, and specifically the elastic response, is
critical for the top of the post toontact, crease, ardar the vehicl@ foorpan When a vehicle
runs over a post, a plastic hinge forms in the post, and the post is bent over such that the top of
the pospassesinderneath the vehidebumper and undercarriage. Howearglastic response
in the post causes it to spring back andhap against the vehicte #oorpan The top of the post
thenapgies a vertical force to the vehicfloorpanproportionalto the elasticestoration strength
remaining in the hinged post. Since material failure is associated with the magnitude of the
applied force, the propensity fdloorpantearing is directly related to the elagtiendingstrength
of the posts utilized in the barrier system.

The presence of free edges within the pastosssection amplifies the effect of ith
restoration force. Feeedges are charadted as areas of the poéssrosssection verean end
of aflange or amother thh elementis exposedvithin the cross sectionfhe location of free
edges on common post shapes shown irFigure2. Thethin elementandsmall contact ares
of thesefree edgegesult in higher stress concentratiorduring impactevents Thus, under
equivalentrestoration forces, posts with free edges will impart higher stresses to the &ehicle
floorpanthan posts with continuodacesor closed cross sections.

e D N

o0 | /

MWP S3x5.7 Closed Tube Section

Figure2. Post Shape Free Edges

A review of previous fultscale testxonductedon barrier systems utilizing posts with
free edges waandertakemas part of the investigation into the mechanicsladrpan tearing.
This review included tests conducted accordingth® MASH or the National Cooperative
Research Program (NCHRmReport No. 35@riteria [1, 5]. An additional three fulscalecrash

3
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testsencounteredearing of the vehicl8oorpan while two othercrash testdiad tearing of the
gas tank or the underside of the trunk. Althoughtézeing of the gas tank or the underside of
the trunkdid not penetra&tinto the occupant compartmentetbheet metal forming the gas tank
and underside of the trunk was similar to that offtberpan Thus, thes¢ests demonstraiea
propensity foifloorpantearing. All seven crash teststh tearing of the vehicle undercarriage are
summarizedn Table 1. Numerousfull-scale testslso containedcraping and gouging of the
vehicle undercarriage (damage typically accompanying tears), but only the testewhiited
tearing werancluded inthe table.

Thereview of previous fullscale testsevealed thatearingof the pickuptruck floorpars
was not found This is due to he floorpan of a pickup truckbeing locatedabove the frame
elements of the truckl hus,the elaic spring backof a steel post would not be enough tbe
top of postto impact thefloorpan In contrastthefloorpars of small cars and sedans are located
flush with the rest of the vehicle undercarriage leaving tlilesepars susceptible to contact
with barrier components.

Tablel. Previous FulScale Tests Exhibiting Undercarriage Tearing

Test Ref. System Post Vehicle Tearl_ng

Location

MWP-6 [4] Cable Barrier MWP 2009 Kia Rio Floorpan

MWP-7 [4] Cable Barrier MWP 2009 Kia Rio Floorpan

ACMBLT-1 | [6] Cable Barrier S3x5.7 | 2006Ford Taurus|  Floorpan

CT-2 [7] | Cable End Terminal S3x5.7 | 1995 Geo Metro Floorpan
NYBBT-3 | [§] BoxBeam End | gq.57 | 2002kKiaRio | T oorPan&
Terminal Gas Tank

4CMB-4 [9] Cable Barier S3x5.7 2002 Kia Rio *Trunk

4737504 | [10] | WeakPost WBeam | S3x5.7 | 1997 Geo Metro| *Gas Tank

* Tears in vehicle undercarriage, but not into occupant compartment. Test passed.

All floorpantearing vas associated with impacts intweakpost barrier systemg.ests
with strongpost systems, such as the Midwest Guardrail System or the Gd{dS)pt show
evidence offloorpan tearing. Further investigation of these crash tests revealedeithated
system deflectionassociated witlkmall car tests intstrongpost guardrail systenascompared
to weakpostguardrailsystemamay reduce the propensity for the undercarriagenwdll carso
significantly pass over the top of posts during oblique impacts. Tdw& fsf small cars and the
front impactside tiresoften contact and/ooverride thestrongposts, but the vehicdeare often
redirected prior to théoorpanbeing contacted bthe poss. This behavior mayonly apply to
oblique impacts as erah impacts would allow the center otthehicle to overridseveral posts
wherethe floorpanmaybecontaced bybent or hinged, stegbosts.

Finally, the numerouspost sections and barrier types listedTaible 1 demonstrate that
floorpantearing maynot be exclusive toonespecific barrier system. Rather, this list supports the
theory that these teaese the result of the combinatiar (1) the elasticresponseand upward
contact between the undercage and the@verriddenposs and (2)the presence of free edges

4
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within the posbh srosssection. Further, thereview of previous crash testing suggests that
floorpantearing may be alleviated ®iminating one or botbf the notectharacteristics.

2.2 PostModifications to Mitigate Tearing

After the investigation into the history and mechanisms behind veffocigantearing,
multiple designmodifications were considerefdr use n the prototype cable median barrier
being developed by the Midwest States IBdd-undProgram The design modifications focused
on altering the MWP in order tminimize eitherthe elasticspringback in the post or the
exposure of the free edgeA. brief discussion on each of thepetential desigrretrofits is
provided in the folbwing sections.

2.2.1Breakaway Posts

Oneproposedmethod to eliminate the elastic spribgck of a guardrail postas to add
breakaway mechanism to the MWHodifying the post such that the top of the poalease
from the baseat designated loads and/or displacemente posts could still provide lateral
resistance to the cables duringpact events, bt would brealaway when directly impacted by
the vehicle. A breakaway posbuld potentially eliminate the elastic responsé the post and
preventthetop of the posts from contacting the bottom of the vebideorpan However, after
the post released fronts base, the top of the posbutd become debrisvith potential for
interaction with the redirecting vehiglecausng vehicle instabilities or speag of the
undercarriage of an overriding vehicle. Additionally, the top of the post may remain attached to
the system cables and affect thetoae/interlock of the cables witle vehicle. Due to these
possible negative outcomes associated with post debris, the concept of adding a breakaway
mechanism to the system posts was not selected for further develainiestime

2.2.2Hinged Posts

Hinged postdunctionsimilar to breakawgapostsin that the hinging mechanism activaite
at a prescribed load or displacement. Howetrez,top ofa hingedpost remains attached to the
basesothe risks associatasith post debris are mitigate@he development of hinged version
of the MWP would require significant time and resourcéglditionally, existing hingedpost
patents wold need to be reviewed to prevent infringing upon any proprietary technology.
Consequetly, a hinged posfor the cable system was not selected for further development.

2.2.3Post Weakening

The elasticspringback of a deformedguardrail post can be reduced Wwgakeningit.
Punching holes ocuttingthe postnear theplastic hingdocation reduces theeakaxis bending
strength of the post withoutsing a different post sectio A reduction inweakaxis bending
strengthwould decreaséhe elastic springpack force of a post. Further, discontinuitisgch as
holes and notchesreate stress concentrations when loaded, which could lead to tearing in the
post cross section andrfler reductions to the elastic response of a deformed Poxberly
designed bles andbr notcheswvould reducea  p oamgakaxis bendingstrength withat greatly
affecting the strongxis bendingstrength so that overall system performance is greatly
changed. Finally, weakening mechanisms carad@ed to thepunch pattern of an MWP at

5
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minimal additional cost. Thus, the effectiveness of weakening holes was selected for further
evaluation and component testing.

2.2.4Edge Rounding

One method tanitigate the cutting potential associated with #eosed edges of the
MWP is to round the edges. Edge roundmigommonly utilized during the fabrication of sheet
steel products to remove the sharp edges. After being cut to the desired shape, the stseet steel
fed through a roller which rounds the sides of the sheet and elisithatsharp edgess shown
in Figure3. There are various types of edge rounding, charaetkby the resulting shape of the
steel edgesNo. 4 edgerounding utilizes a small radius for each individual edge, while no. 1
edge rounding creates a continuous seingie joining the top and bottom surfaces. Due to the
low-cost associated with this monon manufacturing practice, edge rounding was selected for
further evaluation and component testing.

#1

Figure3. Sheet Steel Edge Rounding Process and Types

2.2.5Edge Hemming

Edge hemming is another common manufacturing techniqueedtito eliminate the
sharp edges of sheet steel products. Edge hemming involves folding the exposed edge of the
sheet steel 180 degrees so that the sharp edgdacang inward. Because edgeniming is
another common practice in sheet steel manufactuirian beperformed at a relatively low
cost. Howeverthe MWP is fabricated from fgauge (4.6nm thick) steel which would be
difficult to bend at such a tight radius. Therefore, edge hemming was not selected for further
evaluation.

Figure4. Sheet Steel Edge Hemming
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2.2.6Edge Protectors

Another method of mitigating the cutting potentidlthe free edges would be to prevent
direct contact to the exposed edges. Edge protemteattached to the post to shield the exposed
edges frondirect contact with vehicldloorpars. Edge protectors could be made from various
materials (e.g., steel, rubber, plastic, fiberglass) and applied atoexposed edge awrapped
over the top of the post. Due to the vast range of possible rieaigl the benefits associated
with preventing direct contact with tHeorpan edge protectors were explored and evaluated
through component testing.

2.2.7Closed CrossSection Post

The risk offloorpantearing due talirect contact with a free edgeould be ompletely
eliminated if the poshad nofree edgesClosedsection posts, such as circular and rectangular
tubes, provide much larger surface areas in which to distribute the contact load. The stress
concentrationgrom contactwith a free edge never fosnand the propensitfor sheet metal
tearing is reduced. Unfortunately, changing the post section from the current MWP would also
require alterations to the cable attachment brackets and top cable keeper rod. Therefore, the use
of aclosed crossection psat in lieu ofthe MWP was nofnitially selected fodevelopment and
evaluationdue to a desire to use the existing MWP and etbfmst attachments
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3 STATIC COUPON TESTING

3.1 Purpose

Dynamic component testing was desired to evaluate the effectivenegsosof
modi fications to reduce the pr opHoweyverlefore f or
testing could begina simulated small car vehicfloorpanwas required.Measurements taken
from the 2009 Kia Rio vehicles used in test nos. MBVBnd MWR7 indicated an average
floorpanthickness of 0.025 in. (0.64 mm). Thus;@4dige(0.61-mm) sheet steel was obtained to
simulate thefloorpanof an 1100C small car vehicle during the evaluatiofiadrpantearing.
Unfortunately, the chemical and mechanigabperties of the actualloorpan steel were
unknown. Therefore, static tensile tests were required to ensure that tbaugd (0.6imm)
sheet steel had similar mechanical properties to that of the actual Vetugban

3.2 Scope

A total of ®ven staticédnsile tests were performed coupon samplesFour coupons
were cut from24-gauge (0.61-mm) ASTM A653 sheet steaind evaluated in test nos. BFRC
through BFP&4. Threecoupons were cdtom an actuaKia Rio floorpanand evaluated in test
nos. KFPCL1 through KFPE3. All seven coupons were cuwccording to theASTM A370
standards J1] with a 0.50in. (12.7mm) width and 8n. (2000omm) total length, as shown in
Figureb.

2751 —~ | >2 1/4"[57] | —2"[51]

; ]

3/4"19] 1/2"[13]

f * /

R1/2” [13]

8"[203]

Figureb. Static TestingCoupon Dimensions

An MTS Landmark Test Systesquipped with a 22 kip (I0kN) load cellwas utilized
to conduct the static testinhe samples were clamped on each end with a grip pressiir® of
ksi (10 MPg andsubjected to a loading rate of2dn./in./sec until failure An LX Series 500
Laserextensometeandan MTS Model no. 634.2524 mechanical extensometetrere used to
recorddisplacementsn the specimenA standarespeed digital video and a digital camera were
used tadocumenthetests

3.3 Static TestingResults

All seven of the tensile coupons fracturedhivi the reduced crossection region of the
coupons. Further, the fracture locations were all within the gauge lewngthbe laser
extensometer, saccuratedisplacements and strains weeeordeduntil the time of fracture. A

8
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significant amount of neckg was observed around the fracture location for all tests, a
phenomenon typical of steel tensile failure.-Brgtand postest measurements were recorded to
calculate the reduction in cresectioral area at fracture.

The extensometer and load caditafor eachstatictest wereanalyzedto calculate peak
|l oads and di splacements at fracture, yield st
A summary ofthe analyzed dataesultsis shown inTable 2. Average results for both source
materials, the 2¢Jauge(0.61-mm) sheet steel and the Kia Rioorpan were also calculated and
included in the highlightedolumnsof Table2. Engineering stress vs. strain curves for each test
are shown inFigure 6 and true stresssv strain curves for each test are showrkigure 7.
Detailedresults foreach tesare providedndividually in Appendix A Although the individual
extensometerproduced similar results, the values described herein were calculated from the
laserextensometedatain order to provide resulthirough fracture
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Table2. Summary of Static Tensile Testing

Test No. BFPC-1 BFPC-2 BFPC-3 BFPC-4 Average KFPC-1 KFPC-2 KFPC-3 Average
Source Material 24-gauge | 24-gauge | 24-gauge | 24-gauge | 24-gauge | Kia Rio Kia Rio Kia Rio Kia Rio
A653 A653 A653 A653 A653 Floorpan | Floorpan | Floorpan | Floorpan
Thickness 0.025 0.026 0.025 0.026 0.026 0.025 0.026 0.026 0.026
in. (mm) (0.635) | (0.660) | (0.635) | (0.660) | (0.660) | (0.635) | (0.660) | (0.660) | (0.660)
Width 0.501 0.504 0.505 0.507 0.504 0.493 0.492 0.492 0.492
in. (mm) (12.7) (12.8) (12.8) (12.9) (12.8) (12.5) (12.5) (12.5) (12.5)
Y'F&kﬁ;&d 553(251) | 537(244) | 565(256) | 560(254) | 553(251) | 498(226) | 488(221) | 476(216) | 488(221)
Plet")’“(‘k;’ad 686(311) | 688(312) | 700(318) | 695(315) | 692(314) | 618(280) | 611(277) | 599(272) | 610(277)
Fa'l'é‘r(ig")oad 617(280) | 619(218) | 630(286) | 625(283) | 623(283) | 557(253) | 550(250) | 539(244) | 549(249)
Yield Strength2%
offset 43.8(302) | 41.4(285) | 44.1(304) | 42.3(292) | 42.9(296) | 44.3(305) | 42.2(291) | 41.9(289) | 42.8(295)
ksi (GPa)
Young's Moduls | 21,934 | 20,887 | 22,320 | 21,358 | 21,625 | 22,289 | 21,247 | 200998 | 21,511
ksi (GPa) (151,229) | (144,010) | (153,890)| (147,258) | (149,099)| (153,677)| (146,492)| (144,776)| (148,313)
Ultimate Tensile
Strength 54.4(375) | 53.0(365) | 54.8(378) | 52.5(362) | 53.7(370) | 54.9(379) | 52.9(365) | 52.7(363) | 53.5(369)
ksi (GPa)
Eng. Stress at
Failure 48.9(337) | 47.7(329) | 49.3(340) | 47.2(325) | 48.3(333) | 49.4(341) | 47.6(328) | 47.4(328) | 48.2(332)
ksi (GPa)
True Stress at 105.3
Failure 73.6(507) | 73.2(505) | 72.3(498) | 73.7(508) | 73.2(505) | 90.3(623) | (700 | 96.6(666) | 97.4(672)
ksi (GPa)
True Strain at
Failure 0.41 0.43 0.38 0.44 0.42 0.60 0.79 0.71 0.70
(in./in.)
Reduction in Area 33.6% 34.7% 31.8% 35.9% 34.0% 45.2% 54.8% 50.9% 50.3%
2-in. Elongation at | -, 0, 24.4% 25.8% 26.4% 25.3% 30.8% 32.5% 32.5% 31.9%

Fracture
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Engineering Stress vs Engineering Strain Curves for
Static Floorpan Testing
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Figure6. Engineering Stress vs. Straor Static Coupon Tests
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True Stress vs True Strain
Curves for Static Floor Pan Testing
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Figure7. True Stress vs. True Strain for Static Coupests
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3.4 Discussion

The tensile strength of the 2fuge(0.61-mm) ASTM A653 sheet steel was found to be
very similar to that of the steel used in the actual KiafRiorpan The 2percent offset yield
strengths, elastic moduli, and ultimate tensile strengths of the two source materials differed by
less than 1 percenthe average peak and failure loadfshe 24gauge(0.61-mm) sheet steel
were higherbut this can be attributed the sheet steel coupon samples having a slightly larger
width than the Kia Ridloorpancoupon samples.

The two materials differed in ductility and behavior at the onset of yielding. The Kia Rio
coupon samples demonstrated greater ducwiiiyh a 6.6 perent increase in elongation at
fracture and a 66 percent increase in true strain at failure compared todghaga{0.61-mm)
sheet steelAdditionally, the Kia Rio samplesxhibited smooth transitionsetween the elastic
and plastic loading portions ofdlcurves and nearly resembled an elgstidectly plastic steel,
as shown irFigure6. Alternatively, the 24auge(0.61-mm) sheet steel exhibited a stress drop at
the onset of yielding, which is characteristic of loarbon steels. Thus, the steel alloy utilized in
the actual Kia Ridloorpanlikely has a higher carbon content than the ASTM A653 sheet steel.

Overall, the 24gauge(0.61-mm) sheet steel compared favasato the steel utilized in
the Kia Riofloorpan Thethickness and ultimate stress of #ieet steel was nearly identical to
that ofthe floorpansteel. Thus, the onset of failure/tearing should occur at similar loads. The
reduced ductilityof the sheetsteel maycauseit to rupture or tear easier than the acfi@rpan
making any results observed from component testing with this sheet steel conservative in relation
to actual floorpars. Therefore, the 2dauge (0.6:-mm) ASTM A653 sheet steel was
recomnended for use as a surrogdteorpanduring component tests designed to evaluate the
potential forfloorpantearing.
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4 COMPONENT TESTING CONDITIONS 7 FLOORPAN TEARING

4.1 Purpose

Previous fullscale crash tests on a prototype cabédlianbarrier resulted in the top of
the MWP tearing through the vehidleorpan[4]. These tearareclassifed aspenetrations into
the occupantompartmentwhich is a violation ofthe MASH criteria. Dynamic component
testingwas desired to analyZorpantearingand evaluatéhe potentiabf variouspostretrofits
to mitigate the propensity for tearing.

4.2 Scope

A total of fifteen dynamicbogietests were conducted order to evaluate the propensity
for floorpan tearing associated with cable barrier posts. Each test involved two posts being
impacted and overrun bylmgievehicle equipped with a simulateohall carfloorpan The posts
were spaced 8 feet (2.4 m) apargitudinallyand were offset 4%, in. (108 mm) laterally so that
the posts contacted the simulatexrpanindependently. The posts meeinstalled in either an-8
in (203mm) diameter hole coremto the tarmac or an 1i8. (457mm) hole augured into a soll
test pit. Both hole types were backfilled with compacted soil to MASH specificatiRos.
orientationwasvariedbetween testto evaluate the effect of impacting and overriding the posts
from multiple anglesEight different post configurations were evaluated, but the posts within
each individual test were identical oth configuration and orientatioriThe bogie vehicle
impacted the posts at a height of 12 in. (305 mm) abovendlineat atargeted impact speed of
25 mph (40 km/h)The dynamic testing matrix is summarizedliable 3, while the test setup to
evaluatdloorpantearing is shown ifrigure8.

The first wo tests were catuctedon the MWP in an effortto replicate the tearing
observed during fulscale crash testingnd validate the test setuphe MWP used withintest
nos. MWPFPL and MWPFF2 were identical tahe prototype cable median barrigr crashtest
no. MWR7. The MWP had keyways and bolt holes cut irigoflanges where theable brackets
would be attached. Twtop corners of the postereradiused toe in. (16 mm), as shown in
Figure9. The other two corners were radiused to ¥ in. (6 n@nke the test setup demonstrated
the ability to replicate the tearing observed during-$akile testingthe testing and evaluation
efforts focused on modifications to tNBVP to mitigate tearing.

A total of nine tests were conducted thie MWP with various weakening holes or slots
cut into the upstream and downstream surfaces of the pogpoundline Five tests were
conducted othe MWP with ¥%in. (19-mm) diameter holes cunto both surfaces, two tests were
conducted orthe MWP  wi t h -int (hOmenghol&s cut into both surfaces, amb tests
were conducted othe MWP wi t A n E -ir. sldtsa(16mm x 29mm) slots cut into both
surfaces, as shown in Figure@throughl4, respectivhy.

One test, test no. MWPFE, was conducted to evaluate the effects of edge rounding on
the MWP. Edge rounding is typicalbnly performed orilat sheet steel. Since MWRSF already
hadthe MWPs on site, the edge rounding was simulated to save time anchizencost. Thus, a
31e-in. (5mm) steel rod was welded to the free edge of tie# fw simulateno. 1 edge rounding,
as shown irFigure12. The rod was only welded to the top 11% in. (292 mm) of the post which
may be in contact with the simulatéidorpan so the bending strength of the posts was not

14
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affected.If edge rounding was skvn to prevent tearingg new MWPwith actual rounded edges
would be fabricated for the next ftdtale crash test.

Onetest, test no. MWPFR3, was conducted to evaluate the effects of adding an edge
protector to the free edges of the posts. Each edge protectorfAas.g5-mm) thick steel plate
bent at 90 dgrees, as shown irigure 15. The longer sides of the plates were welded to the
strongaxis flanges of the MWP, and the shorter sides were cut to match the geohtleé&rywo
notch cut into the top of the MWP. This edge protector configuration was selected for, testing
because it would also represent the effects of extending the flanges at the top of the post and
folding then over at 90 degrees, effectively shielding tihee edges of the post from direct
contact. If this retrofit showed promisepnew MWP could be fabricated with extended flanges
that folded over to match the effect of this weldededge protector.

Finally, two tests were conducted on S3x5.7 (S76xBdsts, which are commonly used
as weak posts in other cable barrier systeissdiscussed in Chapt&; floorpantearing had
been observed in multiple crash test® ibarrier systems utilizing S3x5.7 (S76x8.5) posts. These
more traditional weak posts were evaluated as part of this study to compare the propensity for
tearing between S3x5.7 (S76x8.5) poatsd the MWP. The S3x5.7 (S76x8.5) posts were
evaluated at twadlifferent heights39% in (997 mm) matching the cxant MWP cable system
posts and3l in. (787 mm) matching the letension cable barrier system posts, as shown in
Figurell

Material specifications, mill certifications, and certificates of conformity forpistsare
shown inAppendix B A compacted, coarse, crushed limestone material that met AASHTO
standard soil designation M147 Grade B, as recommended by MASH, was utilized for all tests

[1].
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Table3. Dynamic Component Testing MatrikloorpanTearing Evaluation

Post _ Post Installed Targeted Impact Conditions

Test Type Abo&igmund Top RadiusMOdmcatloanoundIine T in , Speed _Height Angle

in. (mm) in. (mm) in. (mm) armac/Soil | mph(km/h) | in. (mm) | (deg)
MWPFR1 | MWP | 39%(997) e (16) - Tarmac 25(40) | 12(305) | O
MWPFR2 | MWP | 39%(997) e (16) - Tarmac 25(40) | 12(305) | O
MWPFR3 | MWP 39%4(997) e (16) @%(19) holes Tarmac 25(40) 12(305) 0
MWPFR4 | S3x5.7| 39Y4(997) - - Tarmac 25 (40) 12(305) | ©
MWPFR5 | S3x5.7|  31(787) - - Tarmac 25 (40) 12(305) | ©
MWPFR6 | MWP | 39v4(997) | € “?r"(‘)’it:j%n'zdge i Tarmac 25(40) | 12(305)| o0
MWPFR7 | MWP | 39%4(997) e (16) @¥,(19) holes Soil 25 (40) 12(305) | ©
MWPFR8 | MWP 39Y4(997) e (16) @%:(19) holes Soil 25 (40) 12(305) | -25
MWPFR11 | MWP 39Y4(997) e (16) ( 3) (1D)Boles Tarmac 25 (40) 12(305) 0
MWPFR12 | MWP | 39%(997) e (16) I E(los)léts 129) Tarmac 25 (40) 12(305) | ©
MWPFR13 | MWP 39%(997) Flange Ex¢nsion - Tarmac 25(40) 12(305) 0
MWPFR14 | MWP |  39%(997) e (16) ( 3) (1D)Eoles Soil 25(40) | 12(305) | 25
MWPFR15 | MWP |  39%4(997) e (16) I E(lc;)léts 123) Soil 25(40) | 12(305) | 25
MWPFR18 | MWP 39v4(997) e (16) @%(19) holes Soil 25 (40) 12(305) | 25
MWPFR21 | MWP | 39v4(997) e (16) @%.(19) holes Soil 25(40) | 12(305) | -25

0 degree orientation corresponds to impacts along the longitudinal axis of the post/barrier
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4.3 Equipment and Instrumentation

Equipment and instrumentatidhat wasutilized to collect and record data during the
dynamic bogie tests included bogievehicle an accelerometera retroreflective speed trap
high-speed and standaspeed digital videcand still cameras.

4.3.1BogieVehicle

A rigid-frame bogie vehicleequipped with a simulated small désorpan was used to
impact the postsThe simulatedloorpanconsisted of a 12th. x 23%4in. (3,048mm x 603mm)
sheet of 24gauge(0.61-mm) ASTM A653 steel. The sheet steel was mounted to the bottom of
an undercarriage frame at a heigh 8 in. (203mm), which matched the height of the Kia Rio
floorpars from the previos full-scale crash tests. Tlhadercarriage frame was constructed from
3Y=in. x 3% n . -inx(90&m x 90-mm x 10-mm) steel tubes and was bolted to the inside of
the bogie vehicle frame. The front beam of the undercarriage frame was positioned ihtfient o
simulatedfloorpanand shifted downward 1% in. (44 mm). Thistical offset prevented the top
of the post from snagging on the front edge of the sheet atebdcted as a stiff cross member
of the vehicle undercarriage (e.g., frame element, dakbgt)causedthe post tdbend down and
spring back upwartbward thefloorpanas the bogie overrode the top of the post. Aid3444
mm) square tube was bolted underneath and across the middle of the siffadapaato create
a second location where tip@st would be pushed down and allowed to spring back upward
Photarapls of the bogie vehicle are shownkigure 16, while details of the simulated vehicle
undercarliage are shown in Figurd§ through23.

The bogieimpact head consisted of a 22 x 2%zin. X ¥#in. (64mm x 64mm x 6mm)
square tube mounted to the front of the bogie at a height of 12 in. (305 mm), measured to the
center of the tube. A . (19mm) thick neopene pad was wrapped around the tube to prevent
local damage to the posts during impddte weight of the bogie with the addition of the impact
head and simulatetborpanwas approximately 2,400 (1,089 kg).

A pickup truck with a reverseable towsystem was used to propel the bogie to a target
impact speed of 25 mph (40 km/h). When the bogie approached the end of the guidance system,
it was released from the tow cable, allowing it to be free rolling when it impacted the post. A
remotecontrolled, braking system was installed on the bogieus allowing it to be brought
safely to rest after the test.
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4.3.2 Accelerometes

Oneenvironmental shock and vibration sensor/recorder systasused to measure the
accelerations in the longitudinal, lateral, and vertical directibhs.accelerometer was mounted
near the center of gravity dhe bogievehicle. The eldconic accelerometer data obtained in
dynamic testing was filtered using the SAE Class 60 and the SAE Class 180 Butterworth filters
conforming to the SAE J211/1 specificatiodg][

The SLICEZ2 accelerometer unit was a moduliata acquisition system manufactured by
Diversified Technical Systems Inof Seal Beach, California. The acceleration sensors were
mounted inside the body of a custom built SLICE 6DX ewveat& recorder and recordddta at
10,000 Hz to the onboard microprocessor. The SLICE 6DX was configured with 7 GB-of non
volatile flash memory, a range 0afl,690%HD(@CFCg o s, é
1000) antialiasing fiter. The A WardkdCE omput er s odnd aveust@nizepr ogr a
Microsoft Excel worksheet were used to analyze and plot the accelerometer data.

4.3.3Retroreflective Optic Speed Trap

The retroreflective optic speed trap was used to determine the speedogibeehicle
before impactFive retroreflective targefsspaced at approximatels-in. (457mm) intervals
were applied to the side of the vehicle. When the emitted beam of light was reflected by the
targets and returned to the Emitter/Receiver, a bigaa sent tdhe data acquisition compuias
well as the external LED boactivating the LED flashed'he speed was then calculated using
the spacing between thetroreflective targetand the time between the signdl&D lights and
high-speeddigital video analysis areisedonly as a backup in the event that vehicle speeds
cannot be determined from the electronic data.

4.3.4Digital Photography

A combination of @ae AOS high-speeddigital video camerafive GoProdigital video
camera, andone JVC digital canerawere used to document each tddte AOShigh-speed
camera had a frame rate of 500 frames per se¢badsoProvideocamera had a frame rate of
120 frames per secondnd the JVC digital video camera had a frame rate of 29.97 frames per
second Three camerasone AOS, one GoPro, and one J\Wleo camerawere placed laterally
from the post, with a view per p.eTha®enmaianga r t o
camerasvere placed at variousdations on and around the bogieo cameras with viewf the
bogi e 6s andlthe ;emaneden placed with view of the postaNikon D50 digital still
camera waslsoused to document prand postest conditiondor all tests

4.4 Data Processing

The electronic accelerometer datatained in dynamic testingas filtered using the SAE
Class 60 Butterworth filter conforming to the SAE J211/1 specificatj@@s The pertinent
acceleration signal was extracted from kthak of the data signal3he processed acceleration
data was then multiplied by the mass of the b
Law. Next, the acceleration trace was integratedno the change in velocity verstime Initial
velocity of the bogie, calculated from thmetroreflective optic speed trajata, was then used to
determine the bogie velocity, and the calcul a
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displacementThis displacement is also the displacemaithe post Combining the previous

results, a forces. deflection curve was plotted for each tésnhally, integration of the forces.
deflection curve provided the energy. deflectiorcurve for each test.
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5 TESTING RESULTS - FLOORPAN TEARING
5.1 Results

A total of fifteen dynamic component tests were conducted with the simulated vehicle
floorpanbogie. A summary of eadbogie testincluding sequential and petst photographs, is
provided in the following section3he accelerometer data for each test was processeddn or
to obtain force 8. deflection and energy vdeflection curvesDetailed accelerometeesultsfor
each tesare provided ilAppendix B

5.1.1Test No.MWPFP-1

Testno. MWPFR-1 wasconducted onwo MWPsinstalled in strong soil with a-8egree
orientation anglethuscreating an impacboutthep o sweéksxis ofbending This test wasn
attempt to replicate thitoorpantearing witnessed during full scale test nos. M&/&nd MWR7
and to validate the testing setup and proceddueing the test,lte bogie impacted tHest post
at a speed a25.0 mph (40.2 km/h)The bogie then went on to impact the second post at 0.220
seconds and caused similar deformation and sjd@oeg characteristics as observed in the first
post. The bogie overrode both post®wever the top corners of both posts left disticotases
or gouge markshat began near the front edge of the simdlftsrpanand extended the length
of the bogie undercarriage. Tearing was also observed withincbedlsesorrespondingo the
free edges of the postShesecreasse and tears are similar to the damage found in test nos.
MWP-6 and MWR7.

Unfortunately the crossbeamlocated at the front and m&pan of the simulatetborpan
hadnot beeninstalledfor test no. MWPFHL. Thus, the front edge of the sheet steel was exposed
to contact, andhe poss snagged orthe simulatedfloorpan The simulated floorpamas torn
from the front of the undercarriage franees shown irFigure 25. Thisresultalloweda broader
area ofthe simulatedloorpanto deformand reduced the gerity of the localized gouging and
tearing Therefore, modifications to the tesetupwere required toaccurately relicate the
floorpan of a Kia Ria Subsequentlycrossbheamm wereadded to eliminate this problefor
subsequent testénd to simulate undearriage support members.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data. Additionally, the higispeed video was analyzed to determine the times when the bogie
overrode each post, the posts contacted thelaied floorpan, and the posts lost contact with the
bogie vehicle. Results from the data and video analysis are shokigure 30. The recorded
impad loads were lower for the bogie impact with the second post.fiflging was likely due
to a combination of a reduced impact velocity and a higher impact point on the second post. The
reduced impact velocity resulted from the energy absorbed by thetinvhcthe first post,
while the higher impact point was caused by the bogie pitching upward as it overrode the first
post.
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Figure24. Time-Sequential an&ost Damage Photographs, Test No. MWRFP
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Figure25. SimulatedFloorpanDamage Test No.MWPFR-1
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Figure26. Force vs. Deflection and Energy vs. Deflection, Test No. MWPFP

39



May 16, 2017
MWwRSF Report NoTRP-03-32417

Table4. Floorpan Damage Measurements, Test No. MWPFP

MWPFP-1 Floorpan Damage
1st Post 2nd Post
Description Free Edge Continuous Free Edge Continuous
in. (mm) . Edge in. (mm) . Edge
in. (mm) in. (mm)
Tear Length 3% (89) - 25 (64) -
Max. Tear Width Y16 (2) - Y16 (2) -
Crease Length| 107%.(2,737) | 106%2 (2,705) 106Y2 (2,705) -

5.1.2Test No. MWPFP-2

Test . MWPFR2 was conducted on MWPs installed iAn8 (203mm) diameter
concrete sleeves with adggree orientation angléhus creating an impacaboutthep ost 6 s
weakaxis ofbending During the testthe bogie impaatdthefirst postwith a speed 025.8mph
(41.5km/h). Uponimpact, a plastic hinge formed in the pastarthe groundline and the post
bent over until the bogieverodeit. As thecrossbeammpassed over the posilasticrestoration
caused the top of the pastreboundupwardand contactthe simulatedfloorpan The first post
impactedthe frontand rearbays of thesimulatedfloorpars 0.158 seandsand 0.298 seonds
after impact, respectivelyThe bogie impacted the second past0224 seconds and caused
similar deformation and spridgack characteristicasobserved irthe first postThe second post
impactedthe frontand rear bay of thesimulatedfloorpars at 0.396 secondsand0.540 seconds,
respectively.The elastic sprindpack of the postand the contact with the simulatédorpan
werecaptured via digital video taken underneath the bogie vehicle, as shéguia27.

The posts were bent plastically near ¢ineundline and contact marks were found on the
top half of the post along the free edge and impact side face of the post, as skaoyuna@8.
Damage to thesimulatedfloorpanincluded creasing and tearing due to contact from the top
corners of both post@s shown irFigure 29. Two tears were found in both the front and rear
bays of the simulatedloorpan These tears corresponded to the location of initial contact
between the free edges of the posts andfltwepan as the posts gaed the crossbeam and
rebounded upward-he largest tear was 5 in. (127 mm) long and had a maximum width of ¥z in.
(13 mm). Creases in the simulatit@brpanwere found extending from the tears toward the rear
of the bogie Approximately 3 in. (76 mm) tthe right of the tears and creases caused by the free
edges, dditional creases caused by the continuous edges of the posts weret @neshe
floorpan All tears and creases observed on the simulftedpan were measured andre
summarized imableb5.

Forcevs. deflection and energys. deflection curves were crieal from the accelerometer
data. Additionally, the higispeed video was analyzed to determine the tiwigsn the bogie
overrode each post, the posts contacted the simdlategan and the postlost contact with the
bogie vehicle. Results from the datad video analysis are shown kingure 30. The recorded
impact loads were lower for the bogie impact with the second postfiritiisg was likely due
to a combination o& reduedimpact velocity and a higher impact poont the second posthe
reduced impact velocity resulted from the energy absorbed by the impact with the first post,
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while the higher impact point was caused by the bogie pitching rdpagit overrode the first
post.

Test no. MWPFR2 provided very similar resultascompared to fulscale crash testing
The elastic response of the overridden pagplieda vertical contact force to the simulated
floorpan Tears observed in the sim@dfloorpanwere all caused by the free edges of the posts
and were similar in length and opening widththose found in théest vehiclesof test nos.
MWP-6 and MWR7. Additionally, creases running the length of the simuldkedrpan were
formed from catact with both edges the posts. Therefore, the bogie testtngwas thought to
accuratelyreplicatethe floorpan damageobserved in fuliscale test nos. MWB and MWR7.
The same test setup was utilized in the remaining bogie tests to evaluate veaong
mitigation methods.
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0.151 sec 0.387 sec

0.159 sec 0.403 sec

0.193 sec 0.437 sec

0.294 sec 0.537 sec

0.302 sec 0.546 sec
Figure27. Time-Sequential Phographs Underneath Bogigest No. MWPFR2
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.25 sec

Figure28. Time-Sequential and PoBtamagePhotographs, Tedto. MWPFR2

43



144

Front Bay

Figure29. Simulated~loorpanDamage TestNo. MWPFR-2

Bt P PE R P FFLL FERT Y

Rear ay

LTYZE-€0dHION Hoday 4SHMA

2702 ‘9t Aey



May 16, 2017
MWwRSF Report NoTRP-03-32417

Figure30. Force vs. Deflection and Energy vs. Deflection, TestM/PFPR-2
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