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1 INTRODUCTION
1.1 Background

Threecable guardrail systems asemmonly used tgrotect motorists from roadside
slopes. However, concesrarise when the barrier must be placed in close proximity to a steep
slope. Previoudy, the Midwest States Pooled Fund Program funded a research project to
investigate the performance afow-tenson cable barrier adjacent to slopes as steep as 1.5H:1V.
Researchers at the Midwest Roadside Safety Facility (MWRSF) conducted testhavitbSa
threequarterton pickup truck on a standard, threable guardraibffset12 in.(305 mm)from the
slope beak point(SBP)of a 1.51:1V slope[1]. The sptem consisted of 6. (1,608mm) long,
S3x5.7 posts spaced 16 ft (4.9 m) on center. Durin@@@@P crash test nducted according to
The National Cooperative Highway Research Program (NCHRP) Repofie3bQevel 3 (TE3)
safety performance criteri&]| the posts rotated viibut much soil resistance, resulting in the
vehicle becoming completely airborne and encroaching onto the steep slope. This caused the
vehicle to roll over the cables and come to reshatbottom of the embankmefithe standard,
threecable guardrail syesmoffset12 in. (305 mm) from the slope break point of aHL 1/ slope
performed unsatisfactorily according to tREHRP Report 350L-3 safety performance criteria

A second fullscalecrashtest test no. C€, was conducted using a reduced post spaci
of 4 ft. (1.2 m)and an increased barrier offset from the slope breakpdidtft (1.2 m)[3].
Implemenation ofthese changes resultedtire safe redirection of a 2000P vehicle according to
TL-3 of NCHRP Report 35 but was not without drawbackBhe closely spaced posts used i th
modified system can be difficult to instadind the cost of the system made it4aost effective as
compared to available Weam guardrail systems adjacent to steep sldpess, a need exedto
reconsider the design of letension cable barrier adjant tosteep slopes to alleviate these issues.
Additionally, the design needed to consider the updated roadside hardware evaluation criteria for
cable barriers for Ti3 of theManual for Assessing Safety HardwaBecond EditioMASH) [4-
5].

1.2 Objective

The objective of this studyas to review the design of tHew-tension cable barrier
adjacent to steep slopand determia improved desigeonfigurationsthat @uld increase post
spacing and reduce the offset of the barrier from the sibyjle meeting MASH TE3. If design
modifications for improving the cable barrier adjacent to slopes were deveitofies research
full-scale crash testing according to the-3evaluationcriteria publishedin MASH would be
used to evaluate the systama subsequent effort

1.3 Scope

Theresearch effort was split into two phases. The Phase | effort detailed herein consisted
of thereview of design modifications, design and analysis of improvements to thé&etwsion,
threecable barrier system adjacent to steep slopes, dynamigoc@nt testing of posts adjacent
to slopes, and completion of design details for later use in-adalé crash testing program.
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2 LITERATURE REVIEW
2.1 Evaluation Criteria

Testingand evaluation criteria for cable barriere set forth inMASH [4]. For cable
barrier systems meetinf_-3, full-scale crash tests are required involvibaih an 1100C small
passenger car an@a70Ppickup truck Additionally, ths most recent update to tRASH criteria
specified standardized test conditions for cable bainemsded a 1500A sedan test for barriers

2.2 Relevant LowTension Cable Barrier Research

In 2001, MWRSF conducted a fulicale crash test of a standdhdeecable guardrail
system installed at the slope break point of a 1.5H:1V slbjpender NCHRP Report 350 T&
criteria The system consisted of four major composefit) wire rope; (2) posts; (3) spring
compensating cable end assemblies; and (4) end anchorage assemiaes/Zinh (19-mm)
diameteBx7 wire ropes wersupportedy S3x5.7 posts, spaced ft§4.9 m)apart on center with
an embedment depth of 30 (762 mm)anda welded soil plateThe cable barrier wasffset 1 ft
(305mm)from the slope break poimtf a 20t (6.1-m) wide 1.5H:1V slope. During test €8 the
4,4841b (2,034kg) 2000P pickup truck impacted the thhesble guardrail system at a sgesf
61 mph (98.1 km/h) and at an angle of 26.2 degrees. During impact, the S3x5.7 posts rotated
through the SBP, protruding through the slope, and the top cable slid beneath the rear tires causing
rollover. Therefore, test no. €Bwas determined to be acceptable according to the -BLsafety
performance criteria in NCHRReport 350

Thebarriersystem was redesigned after test no:103]. The posspacing waseduced to
4 ft (1,291 mm)on center anthe posts were shiftéddrward to an offset of ft (1,291 mm)from
theslope break poirmf the 1.5H:1V slope. A second ftdtale crash test, test no.-2Sconsisted
of a 4,487 Ib (2,035 kg) 2000P pickup truckpacing the barrier system at a velocity and angle
of 61.1 mph (100 km/h) and 23.6 degrees, respectively. The barrier captured and redirected the
test vehicle, and results were determined to be satisfactory according to {Besafkety
performance criterim NCHRPReport 350Although the modified systeperformedacceptably
the redesigned barrier increased the complexity and cost of installation and was no lorger cost
competitive with other systems such asb@amguardrailinstalledadjacent to steep gles

Low-tension cable barrier systems have also been shown to sa¢isgfety performance
requirements of MASHest no. 311. The New York State DOT generic, leinsion, threeable
barrier system was tested to evaluate the safety performancebartie system installed on a
curve. The barrier was subjected to three-dalile crash tests and evaluated according t@ TL
impact safety standards from MASH using a modified test designatiorlrio.The impact angle
was 20 degrees instead of 25 degreand the impact point was targeted asft7(21.3 m)
downstream from the anchor. The top cable height was 27 in. (686 mm) with 6.2 mm)
cable spacing, and the curve radius was 360 ft (11@&]m) [

For test no. NYCEL, the 2270P vehicle impacted the system at an angle of 19.9 degrees
relative to the tangent of the curve and at a speed of 61.6 mph (99.1 8nit)d vehicle was
satisfactorily contained and redirected. No excessive deformations or penetrations to the occupant
compartment occurred, and the recorded Velaccelerations did not violate the OIV or ORA
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limits established in MASH. Therefore, test no. NYAL@as deemed a successful test according
to the modified MASH test designation nelB safety evaluation criteria.

The radius of the barrier system fest no. NYCG2 was increased to 440 ft (134 m), but
all other components and dimensions remained the same. In test no-AYI@C2270P vehicle
impacted the system at an angle of 22.1 degrees relative to the tangent of the curve and at a speed
of 61.7 mph(99.3 km/h) f]. The vehicle overrode the barrier system as the top cable did not
release quick enough to capture the bumper of the vehicle. The vehiglenatatedbehind the
system for approximately 150 ft (45 m) before striking an embankment, which caused it to roll
over. Test no. NYC& was deemed unsuccessful according to the modified MASH test
designation no.-31 safety evaluation criteria because thaalehwvas not contained by the barrier.
Following the results of test no. NYGZ; it was thought that theablemounting heiglg weretoo
low to capture taller vehicles (e.g., 2270P vehicle). Thus, it was decided to raise the entire system
2 in. (51 mm) taachieve a top cable height of 29 in. (737 mm).

In test no. NYCG3, the 2270P vehicle impacted the systenth revised cable heights
an angle of 21.6 degrees relative to the tangent of the curve and at a speed of 63.1 mph (101.6
km/h). The vehicle wasasisfactorily contained and redirected].[No excessive deformations or
penetrations to the occupant compartment occurred, and the recorded vehicle accelatatains
violate the OIV or ORA limits established in MASH. Therefore, test no. N\3G&s deemed a
successful test according to the modified MASH test designation -tt. safety evaluation
criteria, and a top mounting height of at least 29 in. was recochede

2.3 Relevant Cable Barrier Post Research

In 2007, MWRSRused dynamic component testingetlore \arious costontrol methods
to reduce the need for expensive post assemitiiesng soil plates for cable barriera total of
ten bogie tests were cameted on S3x5.7 posts, with lengths fromt@®0 in. (1,778to 2,286
mm) and an embedment from 36 to 54 in. (944,372 mm). A steel frame surrogate vehicle
impacted the posts at a height2gfin. (683 mm) and at approximately 13 mph (20.9 km/h) at an
angle of 90 degrees to the strong axip The objectives of the research project were to (1)
determine the postoil behavior for steel posts used in cable nedarier systems; (2) determine
post length and embedment depth for which the post does not need soil plate such that it bends at
the groundline; and (3) investigate the strength and energy dissipation capabilities of S3x5.7 posts
embedded in compactedils@\fter analyzing and comparing the results, it was recommended to
use an S3x5.7 post with a length of 78 i1 mm) and a 4. (1,067-mm) embedment depth

MwRSF researchis also conducted eesearch study to develop a new post sectiom for
nonproprietaryhigh-tension cable median barrier that improved the safety and performance of the
barrier systenp8]. The design of theaonproprietaryhigh-tension cable median barrier system had
progressed through a series of crash tests that identified flaws in the system related to vehicle
capture during testing in\&-ditch and deformations of the occupant gamiment during sedan
testing on level terrain. These concerns led the researchers to revisit performance of the basic
design elements of the barrier system. Three design problems stood out that needed to be addressed
to improve the system and meet the-Jltest requirements for cable median barrier found in
MASH. First, fulkscale testing had shown that the current design of the cable median barrier had
difficultly capturing vehicles when the barrier was placed down the slope. Seconrstdiell
testing irdicated that the current cable barrier system design could cap#larAcrush in small
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cars and sedanBinally, review of the behavior of the cakitepost attachments in the current design
found that the current attachment behavior was not optimRRedew of the fullscale test results
suggested that two factors contributing to thepikar crush were the lateral, or streagis,
strength of the post and the release forces of the cable to post attachment.

In order toimprove the Apillar crush, a research effort was undertakdower the lateral,
or strongaxis, strength of the support post. It was believed that a post with lower-attisncapacity
would result in lower forces imparted to thepflar and reduced-pillar damage. Lowering the lateral
capacity of the post would also allow for yielding and deflection of the post at lower loads, which was
hoped to improve energy absorption as compared to the current post design.

The desigranddynamic component testnn that study led to the development afeav
steel post section formed from folded or rolled steel sheet, dubbktidivest Weak PostWP).
This posthadadvantages over standard post sections in that it was tuned to provide desired strong
and weak ais capacities while using less material than the standaegt®n post it was replacing.
In addition, the new post sectiaould be rolled from sheet steel, which makes it economical to
fabricate.

Full-scale testing of a nonproprietary, fazable media barrier design using the MWP
postindicated some additional problems, including unexpected bucéfitige postat cableto-
post attachments and fldmrardtearing of small car vehicle®-{L0]. Floorboardtearingviolates
MASH requirements to maintain the integrity of the occupant compartignamiccomponent
testingwas conductedith a bogie vehicle equipped with a simulatiebrboard 11]. The testing
evaluated a series of two posts spaced 8 ft (2.4 m) apart and offset by 4%, in. (108 mm) &. using
floorboardequipped bogie impacting 25 mph (40 km/h). The baseline testing conducted on the
MWPs resulted in tearing and creasing of the simulédedooard Two tests weralsoconducted
on S3x5.7 posts, which is the standard-tewsion cable guardrail post. TB&x5.7post caused
twice as many tears the MWP, and the tears seemed to be larger than those observed from the
MWP. This testing confirmed that this problem was not specific for the MWP and can occur with
other deformable posts with free/exposed edges.

In order to improve the p®rmance of the nonproprietary, feoable median barrier,
MwRSF researchers undertook a research effort to develop a new closed section weak post design
[12]. Several post design criteria were identified and included (1) reduction of the longitudinal
(weakaxis) capacity in order to mitigate the potential for snag concerns and vehicle floor pan
tearing, (2) maintain the lateral (streagis) capacitysimilar to the MWP post in order to provide
sufficient strength and energy dissipation during vehicle redirection, (3) provide a geometry
without free edges to mitigate vehicle floor pan tearing and allow attachment of the¢ocpbst
attachment bracketdeveloped previously, and (4) utilize an alternative section that could reduce
the costs of post fabrication. After a review of currently available, closed, structural steel sections,
variations of closes ect i on posts i ncl ud-gauge and #MP 3x2x24 a , MT
gauge were selected for further investigation. Post weakening was accomplished by adding holes
of different sizes and patterns at the ground line. In order to evaluate the new post section, a total
of 20 dynamic component tests were coneédcon the strong and weak axes of the p@&ssed
on these componenttestg, iS S 3 x 2 x a p o sin. (1%mm) diametey boleslwas chosen
for the post section as it met the design criteria for strong and weak axis post strength, as shown
in Figure 1. Additional dynamic component testing w;
two ¥xin. (19mm) diameter holes to evaluate potenflabrboardtearing, and the new post
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section showed no patial for floorboardtearing. This tubular post section developed for the
nonproprietary, foucable median barrievasincluded herein as it was eventually used as part of
this research effort.

Figurel. Tubular Post for Nonpropetary, FourCable Median Barrier
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3 DESIGN CRITERIA AND INITIAL DESIGN CONCEPT

At the onset of the research effort, the MWRSF researchers met with Nebraska Department

of Transportation (NDOT) representatives to discuss the design caieriatial design concepts
for the revised lowension cable barrier adjacent to steep slopes. The following design criteria
wereestablishedor the revised system.

1.

2.

The system must meet MASH I3_safety requirements.

The barrier system was to be developed && adjacent to a 1.8H:1V slope. Preliminary
discussions on the barrier design and review of the previousciik crash testing under
NCHRP Report 350 suggested that the barrier deflections might increase significantly
under MASH TL-3. As such it was sggsted to potentially consider slopes of 2H:1V or
flatter. However, NDOT noted that they needed to consider steeper slopes than 2H:1V and
compromised on the use of a 1.8H:1V slope for the development of the revised cable
barrier.

It was desired that thevised design utilize wider post spacing and reduced lateral barrier
offset from the slope to improve the overall cost of the systdma.preferred offset was
2 ft (610 mm) or less

It was desired that the system utilize the same basic componentsxistimg gdow-tension
cable barrier system used by NDOT. Modifications were allowed if needed to improve
performance.

Development othe revised systewas tobegin with the basic setup and layout of the

original NDOT lowtension cabléarrierdesignshownin Figure2. The systenwould then be
modified to improve performances necessaryPotential modifications that could improve
performance included, increasing the cable mounting heights, modificatiotheofpost

type/section, lateral post offset from the slope, post spacing, increased number of cables, and
increased cable tension. The useadtlitionalcables and increased cable tension were not as
desired Increasing the number of cables was expectedidocomplexity and cost to the system,

and increased cable tension has shown minimal benefit in terms of reducing barrier deflection.
Additionally, these modificationsoul d r equi re modi fi c atensilmmn o f
cable barrier anchorage and @adninal design. Thus, design modifications focused primarily on
post spacing, barrier offset, and cable mounting heights.

The initial design proposed for the system consisted of a modified version of the original

NDOT low-tension cable barrier, as shownFigure3. The original barrier design was modified
to increase the cable mounting heights to 34 in. (864 mm), ZBlih.mm), and 22 in(559 mm).
This increased #top cable height by 4 1102 mm)over the original design and increased the
vertical cable spacing from 3 in. (76 mm) to 6 in. (152 mimjreased cable heights and vertical
spacing have been previously applied to cable median lsanr&oped ditche to improve vehicle

capture and stability. Small car capture cable heights have been shown to be effective in ranges of
20 in. to 34 in(508 mm to 864 mmabove grade, while pickup truck capture cable heights have

been shown to be effective in the 22tm.38 in.(559 mm to 965 mmjange. The cable height

rangechosenfor the revised lowension cable barrier was selected to maintain vehicle capture
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within those ranges while improving vehicle capture and stability as the vehicle was redirected
and partidly traversing the slope.

The S3x5.7 post section with the soil plate was retained for the proposéshisian cable
barrier. It was hoped that retention of the soil plate on the post would aid in development of the
post at reduced offsets to a steegpsldhe initial post spacing was increased to 8 ft (2,438 mm)
and the lateral barrier offset to the slope was proposed tdtde 2 ft (305 mm to 610 mm) in
order to reduce the cost of the system. The researchers believed that proper performance of the
cable barriewvould require that theombination ofpost offset and embedmere capable diully
developng the flexural capacity of the post section to limit barrier deflection over the slope and
maintain vehicle capture during redirectitmorder to galuate the potential for the reduced lateral
offset, dynamic component testing of the posts adjacent to a steep slope was proposed to evaluate
potential minimum offsets for the posts adjacent to a steep slope. The data was also utilized to aid
in developnent of LSDYNA computer simulation models for analysis of the proposed barrier
system performance. Additional details on the dynamic component testing of theaposts
provided in subsequent sections.
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Figure3. Initial Proposed Design for Lowension Cable Barrier Design Adjacent to Slope
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4 COMPONENT TESTING CONDITIONS
4.1 Purpose

The first step in deveping the design maodifications falow-tension cable barrier system
adjacent to steep slopes was to conduct bogiengesh thesystempoststo determine their
performance at reduced offséb steep slopes ambtermine a minimum offset for adequate post
performanceThe testgeported hereinvere conductetb determineproperties of posten level
terrain anchear steep slopes of up t&H:1V. Additionally, one test was conducted to investigate
the potentialfor the posts to lacerate and penetrate the floorboard of small car vehitles.
dynamic tests were conducted at the MWRSF Proving Grounds in Lincoln, Nebraska.

4.2 Equipment and Instrumentation

Equipment and instrumentation utilized to collect and recordiaing the dynamic bogie
tests included a bogieehicle an accelerometera retroreflective speed tramigh-speed and
standarespeed digital videcamerasand still cameras.

4.2.1BogieVehicles

Two rigid-frame bogiswereused to impact the posBoth bogiesisedfor testingutilized
a variable height, detachie impact headThe bogie head was constructed8eah. (203mm)
diameter}¥2in. (13-mm) thick standard steel pipe, wiin. (19mm) neoprene belting wrapped
arownd the pipe to prevent local damage to the post from the impdest nos. LTCBL through
LTCB-6 and test nos. CTRE and CTP£, the impact head was bolted to the bogie vehicle,
creating a rigid frame with an impact height2# in. (559 mm). The bogieused in test nos.
LTCB-1 through LTCB5, CTPS1, and CTP& with the impact head is shown kigure4, and
the bogiewith impact headised in tesho.LTCB-6 is shown inFigure5. The weight of the bogie
used in test nos. LTGR through LTCB5 with the addition of the mountable impact heal
accelerometensasl,868lb (847kg), the weight of the bogie used in test no. LF6®&as 2548Ib
(1,156 kg) and the weight of the bogie used in test nos. GTR8d CTPS wasl,8721b (849kgQ).

Figure4. Rigid-FrameBogieNo. 3 Test Nos. LTCBL through LTCB5, CTPS1, and CTP
9
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Figure5. Rigid-Frame Boge No. 4 Test No. LTCB6

In test nosLTCB-1through LTCB5, CTPS1, and CTP£, apickup truck with a reverse
cable tow system was used to propel the bogie to a target impact speed of 20 mph (3 km/h)
testno.LTCB-6, a pickuptruck with a reversecable tow system was used to propel the bogie to a
target impact speed of 25 mph (40 kmMj)hen the bogie approached tived of the guidance
systemjt wasreleasedrom the tow cable, allowing to be free rolling when impacted the p&t
A radio-controlledbraking system was installed on the bagjliewing it to be brought safely to
rest after the test.

4.2.2 Accelerometes

One SLICE 6DXaccelerometer syste(8B8LICE-2) was mounted on the bogie vehiokear
thecenter of gravity to measure theceleration in the longitudinal, lateral, and vertical directions
However, only the longitudinal acceleration was processed and reported.

The SLICE 6DX (SLICE-2) was amodular data acquisition system manufactured by
Diversified Technical $stens, Inc. of Seal Beach, California. The acceleration sensor was
mounted inside the body of a custtimilt SLICE 6DX event dateecorderand recorded data 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%HDd(@CFCg o s,
1000) antialiasing fiterr Th e A SL |1 CE Wa r dtware pmgrgmuand a cussomized
Microsoft Excel worksheet were used to analyze and plot the accelerometer data.

4.2.3Retroreflective Optic Speed Trap

The retroreflective optic speed trap was used to determine the speed of the bogie vehicle
before impactFour retroreflective targetsspaced at approximatelys-in. (457#mm) intervals
were applied to the side of the vehifde test nos. LTCBL throwgh LTCB-5. For test no. LTCB
and test nos. CTRS and CTPL, five retroreflective targts, spaced at approximately -1i8.
(457-mm) intervals were applied to the side of the vehidlben the emitted beam of light was
reflected by the targets and returned to the Emitter/Receiver, a signal was sent to the data

10



April 27, 221
MWwRSF Report NoTRP-03-334-21

acquisition computer, recording 1,000 Hz as well as the external LED bagtivating the LED
flashes.The speed was then calculated using the spacing betweestrthreflective targetand

the time between the signal€D 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.

4.2.4Digital Photography

OneAOS high-speedligital video camerandtwo GoProdigital video camerswere used
to document test nos. LTGB through LTCB5, CTPS1, andCTPS2, and one AOS high speed
digital video camera and seven GoPro digital video cameras were used to document test no. LTCB
6. The AOShigh-speedcamera had a frame rate of 500 frames per seandthe GoProvideo
camera had frame rates of 120 and Z¥ines per seconth test nos. LTCBL through LTCRBS5,
CTPS1, and CTP&, thecameras were placed laterally from the post, with a view perpendicular
to the bogi e 6 aswdlliasdiagonallydrom thefpobttastane. ETICB6 the GoPro
digital cameras were placed in the same locations as test nos-1Ti@Bugh LTCB5 with an
additionalthree GoPro cameras onboard the bogie vehicle and two lcadjeegbnt to each post
to provide detailed views dhe postsvhile the test was being conductédNikon D3100digital
still camera was also used to document prel postest conditions foall tests

4.3 End of Test Determination

Whentheimpacthead initiallycontactshetest article the force exerted by the surrogate
test vehicle is directly perpendiculaiowever, a the post rotae s |, the surrogate
orientation and path moves further fragrarpendicularThis introduces two sources of error: (1)
the contact forcbetween the impact head and the post has a vertical component thredrff)act
headslides upward along théest article Therefore only the initial portion of the accelerometer
traceshouldbe used since variations in the data become significant aystem rotates and the
surrogate test vehicle overrides the syst#dditionally, guidelines were established to define the
end of test time usinghé highspeed videf the impact Thefirst occurrence ogitherof the
following eventswas used to deterine the end of the tegtl) the test article fracturesr (2) the
surrogate vehicle overrides losescontact with the test article

4.4 Data Processing

The electronic accelerometer datatained in dynamic testingas filtered using the SAE
Class 60 Buttevorth filter conforming to the SAE J211/1 specificatidds)]. The pertinent
acceleration signal was extracted from the bulk of the data sigiha@lgrocessed eeleration data
was then multiplied by the mass of the bogie °
Next, the acceleration trace was integratedirtd the change in velocity versuime Initial
velocity of the bogie, calculated from the pragtapeswitch data, was then usea determine
the bogie velocity.Next,t he cal cul ated velocity trace was
displacementThis displacement is also the displacemainthe post Combining the previous
results, a forces. deflection curve was plotted for each té3snhally, integration of the forces.
deflection curve provided the energy. deflectiorcurve for each test.
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5 COMPONENT TESTING OF S3x5.7POSTS
5.1 Scope

A series of dynamic component tests or bogie tests were conduc®8x5.7 steel posts
to determine the potential minimum offset for the revised;tlemsion cable barrier adjacent to
steep slopes. Two tests were conducted on posts installed on level terrain in order to serve as a
baseline for the force vs. deflectiand energy dissipation of the standard-tewsion cable barrier
post. Three additional tests were conducted at reduced lateral offset8itbla/1slope. Lateral
offsets of 24 in. (610 mm), 12 305 mm), and 6 in(152 mm), were evaluated and compared
with the level terrain tests. It was desired that the posts installed at the reduced offsets perform
similarly to the level terrain posts.

Five bogie tests were conducted oni3(1,608mm) long, S3x5.7 steel postdth an
embedment depth of 30 in. (762 mamd a 24in. long by 8in. wide x ¥4in. thick (618mm. long
by 203mm wide x 6.4mm thick) soil platdocated4 in. (102 mm) from the base of the post. This
was the same post section, embedment, and soil platénuse original lonwtension cable barrier
adjacent to slope desigim. test nos. LTCBL through LTCBS5, the target impact conditions were
an impact speed of 20 mph (32.2 km/h) and anand@@ofd e gr ees, creadnadmg a
impact and strongxés bending. The posts were impacted 22 in. (559 mm) above the groundline
The test matrix is shown ihable 1, and the test setups are shown in Figérésough8. Note
that for test nos. LTCHB and LTCBZ2, the sd plate was oriented on the back side of the post
similar to a standard cable barrier installation. For test nos. E3@Bough LTCBS, the soil
plate location was flipped to the front face of the post to provide slightly more soil between the
plate andhe slope break point and increase soil resistdviaterial specifications and certificates
of conformity for the S3x5.7 steel posts are showAppendix A

Table 1. Test Matrix for Test Nos. LTCRB through LTCB5

Offset Target Impact Conditions
Distance | SCil Plate Dimensior)  Impact Impact Impact
Test No. : in. Velocity Height P
in. : Angle
(mm) (mm) mph n. degrees
(km/h) (mm)
8 X 24 XYa 20.0 22
LTCB-1 N/A (203 x 610 X 6) (32.2) (559) 90
8 X 24 X Y4 20.0 22
LTCB-2 N/A (203 x 610 X 6) (32.2) (559) 90
24 8X24 XY 20.0 22
LTCB-3 (610) (203 x 610 X 6) (32.2) (559) 90
12 8X24 XY, 20.0 22
LTCB-4 (305) (203 x 610 X 6) (32.2) (559) 90
6 8 X 24 X Ya 20.0 22

12



€T

Soil Plate Dimensions Offset Distance . Impact. Speed
Test Nos. in. x in. x in. fmm x mm x mm] in. [mm Bogie No. mgh %kmp/h]
1-2 8x24x1/4 [203x610x6] (Part a1) NA 3 20 [32]
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Figure6. Bogie Tests 1 and 2 Matrix and Setdjest Nos. LTCBL and LTCB2
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Soil Plate Dimensions Offset Distance, D . Impact Speed

Test Nos. in. x in. x in. [mm x mm x mm)] in. [mm Bogie No. mgh ikrr?/h]
8x24x1/4 [203x610x6] (Part a1) 24 [610] 3 20 [32]
4 8x24x1/4 [203x610x6] (Part a1) 12 [305] 3 20 [32]
8x24x1/4 [203x610x6] (Part a1) 6 [152] 3 20 [32]
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Figure7. Bogie Tests 3 through 58t Nos. LTCRE3 through LTCB5
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5.2 Results

The accelerometer data for each test was processed in cobé&itoacceleration, velocity,
and ceeflection curves as well as force s/ deflection and energy vsleflection curvesPost
deformation and soil displacement was compared for all of the tests aJegtlkesultgor all
transducersare provided ilAppendix A A summary othebogie testingesultsis shownin Table
2.

5.2.1Test No.LTCB-1

Test no. LTCB1 was conducted on a 3. (1,606mm) long S3x5.7 steel post with an
embedment depth of 30 in. (762 mamd a 24in. long by 8in. wide x ¥in. thick (618mm. long
by 203mm wide x 6.4mm thick) soil plate installed on the batkce of the post and 4 in.
(102mm) from the base of the podthe post was installed on level terraiburing test no.
LTCB-1, thebogie impaactdthe S3x5.7post at a speed dB.9mph (2.0 km/h) causing strong
axis loading ofthe post The postexperiered significantrotaion through the soil angielded.
The bogie overrode the top of the post at a displaceofi@®8in. (1,011 mm).

Forcedeflectionand energydeflectioncurves were created from the accelerometer,data
asshown inFigure 9. The force rose to a peak of 7.0 kips (31.1 kN) at 3.0 in. (76.2 mm) of
deflection. A total of 142.9 kiin. (16.1 kJ) of energy was absorbed by plostbefore the bogie
overrode the post at 39.8 in.,@11 mm) of deflection Time-sequential and poshpact
photographs are shown kigure 10.
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Figure9. Force vs. Deflection and Energy Beflection Test NoLTCB-1
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1 0.250 sec
Figurel0. Time-Sequential and PosinpactPhotographs, Tedto. LTCB-1
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5.2.2Test No.LTCB -2

Test no. LTCB2 was conducted oa 63in. (1,600mm) long S3x5.7 steel post with an
embedment depth of 30 in. (762 mamd a 24in. long by 8in. wide x ¥4in. thick (618mm. long
by 203mm wide x 6.4mm thick) soil plate installed on the back face of the post and 4 in.
(102mm) from the base of the posthe pos$ was installed on level terraiuring test no.
LTCB-2, the bogie impacted th83x5.7steel post at a speed 1.9 mph (%.2 km/h) causing
strong axidoading ofthe post The post rotated through the soil aielded. The bogie overrode
the top of theost at a displacemeat 39.4in. (1,001 mm).

Forcedeflectionand energydeflectioncurves were created from the accelerometer data,
asshown inFigure 11. The force rose to a peak of 7.6 kips (33.8 kN) at 2.0 in. (50.8 mm) of
deflection. A total of 163.8 kimn. (185 kJ) of energy was absorbed by tiestbefore thebogie
overrode the post at 39/ (1,001 mm). Time-sequential and posinpact photographare shown
in Figurel2.
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Figurell. Force vs. Deflection and Energy vs. Deflection, Test No. L-BCB
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Figurel2 Time Sequential and Pelshpact Photographs, Test No. LTEB
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5.2.3Test No. LTCB-3

Test no. LTCB3 was conducted on a 3. (1,600mm) long S3x5.7 steel post with an
embedment depth of 30 in. (762 mm). The posteiset24-in. (610mm) from a 1.8H:1V slope
breakpoint During st no. LTCRB3, the bogie impaed theS3x5.7 steel postat a speed of
20.9mph @3.6 km/h) causingstrong axisloading of the postUpon impact the postyielded
deflected backward, and underwent torsional bucklihg. Joshadexperienced minimabtaion
through the soilThe bogie overrode the top of the post at a displaceai@®.4in. (1,001 mm).
Thepost contacted t hausinghg bogidodbheconeaimmeandandona g e ,
the cementdownstream ofhe slope.

Forcedeflectionand energydeflectioncurves were created from the accelerometer data
and are shown iffigure 13. The force rose to a peak of 7.6 kips §3d\) at1.8in. (46 mm) of
deflection. A total ofL31.6kip-in. (14.9kJ) of energy was absorbed by tiwstbefore the bogie
overrode the post at 39.4 in,@01 mm). Timesequential and pogmnpact photographs are shown
in Figurel4.
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Figure 13. Force vs. Deflection and Energy vs. Deflection, TestIN'CB-3
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0.250 sec

Figurel4. Time-Sequential and Pesinpact Photographs, Test No. LTEB
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5.2.4Test No. LTCB-4

Test no. LTCB4 was conducted on@8-in. (1,600-mm) long S3x5.7 steel post with an
embedment depth of 30 in. (762 mm). The posteiset12-in. (305mm) from a 1.8H:1V slope
breakpointDuringtest no. LTCB4, the bogie impacted tH&3x5.7steel posalongits strong axis
at a speed d?0.4mph 32.8km/h). Upon impactthe post rotated through the sgilelded and
experienced torsional bucklireg the bogie began to override the pbke bogie overrode the top
of the post at a displacemenft36.5in. (927 mm). The post contactettheb o g iuredércarriage,
causing the bogie to becoragborneand landon the oncretedownstream of the slope

Forcedeflectionand energydeflectioncurves were created from the accelerometer data,
asshown inFigure 15. The force rose to a peak ofZkips 32.0 kN) at 1.5in. (38.1 mm) of
deflection. A total ofL27.4kip-in. (14.4 kJ) of energy was absorbed by tiestbefore the bogie
overrode the post ab® in. (927 mm). Timesequential and pogsinpact photographs are®hin
in Figurel6.
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Figurel5. Force vs. Deflection and Energy vs. Deflection, Test No. L-ACB
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e

0.050sec

0.29 sec

Figurel6. Time-Sequential and Pesinpact Photographs, Test No. LTEB
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5.2.5Test No. LTCB-5

Test 0. LTCB-5 was conducted on a 3. (1,600mm) long S3x5.7 steel post with an
embedment depth of 30 in. (762 mm). The post efset6-in. (152mm) from a 1.8H:1V slope
breakpointDuring test no. LTCBS the bogie impacted tH&3x5.7steel posalongits strong axis
at a speed 0206 mph 33.2 km/h). The post rotated through the soil axperienced minor
bending and deformation prior the bogie overding the top of the post at a displacement
42.2in. (1,072mm). Thebogie continued downstream after overriding the postardtdon the
concretedownstream of the slope

Forcedeflectionand energydeflectioncurves were created from the accelerometer data,
asare shown irFigure17. The force rose to a peak of3kips (325 kN) at1.6 in. (40.6 mm) of
deflection. A total ofL27.4kip-in. (14.4 kJ) of energy was absorbed by tiestbefore the bogie
overrode the post 42.2in. (1,072mm). Timesequential and pogsinpact photographs are shown
in Figurel8.
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Figurel7. Force vs. Deflection and Energy vs. DeflentiTest No. LTCB5
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Figurel8. Time-Sequential and Poestnhpact Photographs, Test NolCB-5
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5.3 Discussion

Five tests were conducted on®3 (1,608mm) long, S3x5.7 steel posts with varyswl
conditionsranging fromlevel terrainto poss embeddedjacent ta 1.8H:1V slopavith offsets
of 24in. (610 mm), 12in. (305 mm), and6 in. (152 mm). All five pos used for testing were
impacted through the strong axis of the post at a height of 22 in. (559 mm) above the groundline.
The test results are summarized able2. Comparison graphs of force vs. deflection and energy
vs. deflection are shown in Figuré8and20, respectively.

The posts exhibited varying amounts of bending and rotation through thensbil
developed different force and energy levélksst nos. LTCBL and LTCB2 on level terrain served
as the baseline for comparisdrhese two tests exhibited a combination of post rotation through
the soil and post deformation and bending near growmed Test nos. LTCBL and LTCB2
displayed average forces of 5.33 kips (23.7 kN) and 5.50 kips (24.5 kN), respectively, at 15 in.
(381 mm) of post deflection and average forces of 5.39 kips (24.0 kN) and 5.60 kips (24.9 kN),
respectively, at 20 in. (508 mm) of post deflectinergy through 15 in. (381 mm) and 20 in.
(508 mm) of post deflection levels followed a similar trend.

Test nosLTCB-3 and LTCB4 performed very similarlyo one anothewhen evaluated at
offsets of 24 in. (610 mm) and 12 in. (305 mm) from a 1.8H:1V slope, respectively. The posts in
both testsvent through limited displacementtine soil, bending of the post seati near ground
line, and torsional buckling of the po3est nos. LTCB3 and LTCB3 displayed average foes
of 565kips 25.1kN) and 580kips 25.8kN), respectively, at 15 in. (381 mm) of post deflection
and average forces ofZB kips (23.1kN) and 531 kips (23.6kN), respectively, at 20 in. (508 mm)
of post deflectionThese average forces (and corresponding energy dissipation) were slightly
higher than the baseline posts tested on level terrain at 15 in. (381 mm) of post deflection, but
average forces werglightly lower than the baseline posts at 20 in. (508 mm) of post deflection.
Because rotation of the post in soil for these tests was limited, it was believed that the reduction of
post resistivdorceat larger deflectiomas largely da to the torsional buckling of the post section.
These resultsvould indicate that the offsets of 24 in. (610 mm) and 12 in. (305 mm) from a
1.8H:1V slope evaluated in these tests were capable of fully developing the capacity of the S3x5.7
steel post sean and could be considered as a potential option for thedogion cable barrier
adjacent to steep slopes.

Finally, test no. LTCBb evaluated the S3x5.7 post when installed 6 in. (152 mm) from the
slope break point of a 1.8H:1V slope. In this test, t& potated through the soil and disengaged
a large section of the slope behind the post. Minor deformation and bending of the post were
observed near groundline. Test no. LTF&Hlisplayed an average force of 5.05 kips (22.5 kN) at
15 in. (381 mm) of posteflection and an average of 4.73 kips (21.0 kN) at 20 in. (508 mm) of
post deflectionThese average force levels were lower than the level terrain post tests and the two
tests with larger post offsets from the 1.8H:1V slope. Energy dissipation of theagest no.
LTCB-5 was lower as well. While the post and slope offset configuration evaluated in test no.
LTCB-5 still exhibited sufficient load to induce bending of the post, the proximity of the post to
the steep slope produced increased soil displaneand reduced the force and energy developed
by the post as compared to the other tested configurations. This suggested that a 6 in. (152 mm)
offset from the 1.8H:1V slope may be at or past the limit for acceptable performance when applied

26



April 27, 221
MWwRSF Report NoTRP-03-334-21

to the lowtersion cable barrier adjacent to slope as it may lead increased barrier deflections and
loss of vehicle capture.

As noted previously, theesearchers believed that adequate safety performance of the low
tension cable barrier adjacent to steep slopes welyjdbndeveloping the full plastic strengdf
the posts in the system to maintain vehicle capture and limit barrier deflections over the slope.
After reviewing these post component teite researchers recommended a minimum post offset
of 12 in. (305 mmfrom a 1.8H:1V slope for the analysis of potential {®msion cable barrier
adjacent configurations in order to maintainonsistenpost response.
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Table2. Dynamic Component Testing Results, Test Nos. LTIGBroughLTCB-5

Embedment Peak Average Force Energy Maximum
Test No. Post Dgpth Force kips (KN) kip-in. (kJ) Defl.ectlon
Description in. kips : : : : ) : ) ) in.
(mm) (kN) @5 @ 10 @ 15 @ 20 @5 @ 10 @ 15 @ 20 Total (mm)
LTCB-1 S3x5.7 30 7.0 4.66 5.08 5.33 5.39 23.3 50.8 79.9 107.9 | 1429 39.8
' (762) (31.1) | (20.7) | (22.6) | (23.7) | (24.0) | (2.63)| (5.74) | (9.03) | (12.2) | (16.1) (1,011)
LTCB-2 S3x5.7 30 7.6 4.53 5.14 5.50 5.60 22.7 514 82.4 112.0 163.6 394
' (762) (33.8) | (20.2) | (22.9) | (24.5) | (24.9) | (256)| (5.81) | (9.31) | (12.7) | (18.5) (1,001)
LTCB-3 S3x5.7 30 7.6 4,91 5.50 5.65 5.20 24.6 55.0 84.7 104.1 | 131.6 39.4
' (762) (33.8) | (21.8)| (24.5) | (25.1) | (23.1) | (2.78)| (6.21) | (9.57) | (11.8) | (14.9) (1,001)
LTCB-4 S3x5.7 30 7.2 5.07 5.69 5.80 5.31 25.4 56.9 87.0 106.1 | 127.4 36.5
' (762) (32.0) | (22.6) | (25.3) | (25.8) | (23.6) | (2.87)| (6.43) | (9.83) | (12.0) | (14.4) (927)
LTCB-5 S3x5.7 30 7.3 4.67 5.04 5.05 4.73 23.3 50.4 75.8 94.5 127.4 42.2
' (762) (32.5)| (20.8) | (22.4) | (22.5) | (21.0) | (2.63)| (5.69) | (8.56) | (10.7) | (14.4) (1,072)
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6 EVALUATION OF FLOOR BOARD TEARING BY S3x5.7 POSTS

After completing the dynamic coropent testing of the S3x5.7 pagsthe researchers
reviewed fultscale crash testing ofrnproprietaryhightension cable median barrier developed
through the Midwest Pooled Fund Progra1.0]. Thenonproprietaryhigh-tension cable median
barrier was being tested and evaluated with thelyndeveloped Midwest Weak Post (MWP)
section. The fulscale crash testing of the system with the 1100C small car vehicle indicated that
the flanges of the MWP post could lacerate and penetrate the floorboard of the vehicle as it
overrode theweak axis ofthe posts, as shown ikigure 21. This floorboard penetration was
deemed a failure of the fedicale crash test under MASH safety requirements. Based on the
performane of the MWP post in the higiension cablenedian barrier testing, there was concern
that the flanges of the S3x5.7 post proposed for use in théelsion cable barrier adjacent to
steep slopes could produce similar floorboard laceration and pénetiatorder to evaluate the
potential for the S3x5.7 post to lacerate and penetrate the floorboard of the small car, dynamic
component testing was undertaken that overrode the S3x5.7 posts with a specialized bogie vehicle
with a simulated floorboard.

Figure 21. Floorboard Laceration and Penetration, Test No. MIVP

To perform this testingg specializedhogie vehiclevith a simulated flodyoarddeveloped
in a parallel study wassed[11]. A rigid-frame bogie vehicle, equipped with a simulated small car
floorboard was used to impact the posts. The simulfitedtboardconsisted of a 12h. x 23%in.
(3,048mm x 603mm) sheet of 24auge (0.6dnm) ASTM A653 steel. The sheet steel was
mounted to the bottom of an undercarriage frame at a height of 8 in. (203 mm), which matched the
height of the Kia Ridloorboard from previous fulscale crash test3he undercarriage frame
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was constructed frorB%zin. x 3% n . -inx(90#EMmM 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 in front of the simulatédorboand and shifted downward 1%z in. (44 mm). This vertical

offset prevented the top of the post from snagging on the front edge of the sheet steel, and acted
as a stiff cross member of the vehicle undercarriage (e.g., frame element, axle) that caused the post
to bend down and spring back upward towardftberboardas the bogie overrode the top of the

post. A 1%in. (44mm) square tube was bolted underneath and across the middle of the simulated
floorboardto create a second location where the post would beegukiwn and allowed to spring

back upward.

In test no LTCB6 two S3x5.7 postsimilar to those evaluated in test nos. LTCBrough
LTCB-5 werespaced 8 ft (2,438 mm) apairnpacted on their weak axiand overridden by the
modified bogie in order to dermine if the S3x5.7 pospsoposed for use in the letgnsion cable
barrier adjacent to steep slopesed a potential for floorboard tearimgetails of the bogie testing
setupfor test no. LTCBG6 are proviegdin Table3 and Figure®2 through24 Photographs of the
test setumre shown irFigure25. Other detail®f the tesdocumentation and setwereprovided
in Chapte#.

Table3. Test Matrix for Test No. LTCH

Offset Target Impact Conditions
Distance Soil Plate Dimensior, Impact Impact Impact
Test No. . in. Velocity Height Anpgle
(mrﬁ) mm M in. degrees
(km/h) (mm)
8X 24 XYa 25.0 22 Weak Axis
LTCBE | NA (203 X610 x 6) (40.2) (559) 0
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Safety Facility

Test Name Impact Height Bogie No. Estimated (IBbcigie Weight Bog(«'empip)eed Pos(’ge(;rien)gc.t(ion Post Specimen
LTCB—6 22" [558] 4 with floorpan 2400 25 0 SISL LR B35 115900, Leng Sost with
*0* = weak axis, 90° = strong axis
- - . ¢
X X:
’*96”[2438] —22"[558]
33"[838] 4
Ground
T T T Line
i i |
i | |
30"[762 ] |
[/se] | \—18" [457] diameter | !
| augered hole filled | !
i with standard soil. i !
_____ RS |
Low Tension Cable
Barrier
Notes: (1) Posts centered in holes.
. 3 Bogie Test 6
Midwest Roadside| —°
DWG. NAME. SCALE: 1:40

LTCB_Bogie_Tests 6-7_Ré

UNITS: in.[mm] [RWB/KAL

Figure22. Test Setup, Test NaBCT-6
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3"[76]—‘W
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LIl |

—{8"[203]

-

L 4"[102]

ELEVATION VIEW

Part a1
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[SHEET:
Low Tension Cable 2 of 3
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DWG. NAME.
LTCB_Bogie_Tests 6—7_R4
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Figure23. Test Setup, Test NaBCT-6
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Iltem No. QTY. Description Material Spec Hardware Guide
S3x3. S76x8.5] by 63" [1575] Long Steel Post with ASTM AQ92, ASTM AS72-Grade 50, ASTM A709-—
a’ 2 5%«241&/4§ Ezo%xgw 0x6) 57 arens Grade 50 PSEO1
ISHEET:
Low Tension Cable 3of 3
Barrier AT
1/4/2018
Bill of Mat o
. . ill o aterials
Midwest Roadside e
Sofety Focility DWG. NAME. SCALE: 1:12 REV. BY:
LTCB_Bogie_Tests 6—7_R4 LNITS: in.[mm] |RWE /KAL

Figure24. Bill of Materials Test NoLBCT-6
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Figure25. Bogie Test Setuplest No. LTCB6
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6.1 Test No. LTCB-6

Test no. LTCB6 was conducted on two 68. (1,600mm) long S3x5.7 steel posspaced
8 ft (2,438 mm) apamwith an embdment depth of 30 in. (762 mnThe two postswereimpacted
through their weak axis to investigate ffrepensity ofloorboardtearing due to the free edge on
the S3x5.7 posDuring test no. LTCBS6, the bogie impacted tHest S3x5.7steel post at a speed
of 25.8 mph @1.5km/h). the impact of the bogie vehicle caused the post to yield and bend about
its weak axis near the ground lides the bogie overrode tHst post the post flanges and upper
corners contacted and scraped across the simulated floorbbaréromt of the bogie was lifted
from the ground and remained airborne untpactng the secon&3x5.7steel posapproximately
0.220 sec after the impact with the first post with a speed dfraph @0.9km/h). The bogie
vehicle impact caused the second post to yield and benditsheatk axis as well, and the flanges
and corners offte second post contacted and scraped across the simulated floorboard as it was
overridden by the bogie vehicle.

Forcedeflectionand energydeflectioncurves were created from the accelerometer data
and are shown iRigure26. The face rose to a peak 6f9kips (30.7 kN) at 2.0 in. (50.8 mm) of
deflectionafter impacting the first posA total of192.1kip-in. (21.7 kJ) of energy was absorbed
from both postsTime-sequential and postpact photographs are shownFigure27.
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Figure26. Force vs. Deflection and Energy vs. Deflection, Test No. L'BCB

The condition of the simulated floorboard was reviewed following the bogidtastthe
front and rear sections of the simulated floorboard displayed tearing and heavy gouging due to
contact with the post flanges, as shoimnFigure 28. In the front section of the simulated
floorboard, the contact with the first post produced a tear due to the right flange of the post and a
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deep groove in the simulatéidorboard due to the left flange of the post. Beeond impacted

post produced more tearing and gouging in the first section of the simulated floorboard with both
post flanges creating tears upon initial contact. As the post continued to contact utatesim
floorboard, deep grooves were observed in the simulated floorboard, and the right flange of the
second post formed a long tear near the back of the first section of floorboard. The rear section of
the simulated floorboard had four tears at the fadrthe simulated floorboard sections due to
contact with both flanges of both poddeep grooves from all four post flanges were also observed
down the entire length of the second section of the simulated floorboard.
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IMPACT

P

0.1 sec

—_—

0.5 sec

Figure27. Time-Sequential and Poesthpact Photographs, Test No. LT&B
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Figure28. FloorboardTearingPhotographsTest No. LTCB6
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