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1INTRODUCTION

1.1 Background and Problem Statement

The lowa Department of Transportatidowa DOT) typically builds separation barriers
between vehicle and pedestrian/bicycle faesitwhen sidewalks or trails are present on vehicular
bridges. In order to meet American Association of State Highway and Transportation Officials
(AASHTO) specificationg 1], steel railingsare oftenattached to crashworthyaffic barriers to
achieve a minimum total system height above the trail surface of 42 in. (1,067 mm) for bicyclists.
Public demand has encouraged lowa DOT to also install railing separators when only a pedestrian
sidewalk is present. Recently constructegasation barriers have incled the bicycle railing
hardware sincé is assumed that bicyclists will use sidewalks that do not meet minimum criteria
required in the design of Aofficial d bike fac

Separation barriemsed by lowa DOT historically osisted of 84-in. (864mm) tall safety
shape concrete barrier with a steel railing attached to its top surface, as shbigoral.
However, a literature review of published fattale crash testing and simulation resultsrehd
produce evidence that tidgembination raihad previouslylemonstrated crashworthy performance
according to guidelines presented\ational Cooperative Highway Research Prog(liGHRP)
Report No. 35@r the Manual for Assessing Safdtardware (MASH) [2-4], nor did thesystem
appear in NCHRHMReport No. 350 collection of crashworthy barriers

Figurel. lowa DOT Standard Separation Barrier (in service)
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Since 1999, low DOT has preferred the use wérticalface concrete barriers for lew
speed (45mphor less) roadway bridges as separation barriers between vehicles and pedestrian
facilities. The 34in. (864 mm) tall, 18in. (254mm) wide verticalface concrete barrier shapsed
on these projects, as showrFigure?2, is based on a 32. (813 mm) tall barrier approved under
NCHRP ReporiNo. 350for Test Level 4 (TE4) conditionsThe extra 2 in. (51 mnogf height are
included to accommodate potettfuture bridge roadway grade raise. Vertitade barriers are
often used bytransportation agencieshen the total system height is 32 (813 mm)or less
because of performance benefits like decreased vetultterer and reduced vehicle climbing
potential. However, verticalace barriers above 32 inches in height raise concerns over head
ejection, the potential for vehicle occupant head contact with barrier components during vehicle
contact with the barrier. Additionally, in urban areas, separataniebs frequently become
obstructions to sight distance, which encourages designers to seek shorter height barriers for these
cases.

Figure2. lowa DOT Alternate Separation Barrier (in service)

The minimum safe heighior vertical parapets under MASBIO16 criteria have not been
fully evaluated and defined. Previous testing ofZ low-height, vertical barriers under NCHRP
Report No. 350ndicated that vertical parapets as low as 20 in. (508 mm) have been acceptable.
However, theincreased center of gravity (CG) height of the 2270P vehicle makes the parapet
height unlikely to perform as well under MASM)16criteria. Thus, heights greater than 20 in.
(508 mm) may be necessary to meet the MABHI6G TL-2 impact safety standards. faration
of a TL-2, low-height, verticalface, traffic barrier with matached bicycle railing would provide

2
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a barrier option for projects where only a pedestrian railing is necessary and could help alleviate
sight distance concerns in urban areas.

In order to meetAASHTO bicycle safetyspecifications,pedestrianrailings must be
attached to crashworthy traffic barrieasd must have a minimum total height4¥ in. (1,067
mm) above the pedestrian walkwtoy bicyclists[1]. Becauset is assumed that bicyclistall use
sidewalks that do not meet minimutasigncriteriarequiredori o f f i ci al Qredemtik e f aci
constructed roadside barriers adjacent to pedestrian walkways have had-dooypl@nt
combinatiorrailingsattached taghem to meet the pedestrian/bicycle facility requirements without
requiring excessively tall parapets

Current lowa DOTpolicy for bicycle rail attachments is based on the 1989 AASHTO
Guide Specifications for Bridge Railinfg. In section G2.7.1.2.2, the guide states,

AWhen a traffic railing is | ocated betweer
minimum height of the railing above the surface of the sidewalk or bikeway should be 24
inches and the railing shild have a smooth surface to avoid snag points for pedestrians
and cyclists. o

Thus, the separation bridge rail must have a minimum height of 281i&.mm)relative
to the sidewalk or bikeway. In addition, recent guidance from the 2014 AASHRIKD Bridge
Design Specificationg™" Edition, states that any additional pedestrian or bike combination railing
mounted on the bridge rail must have a minimum height of 42,067 mmYelative to the surface
of the sidewalk or bikeway. The AASHTO specificatioaso provide structural loading
requirements and define that the maximum allowable clear opening size for these types of railings
must be small enough to prevent pass through eina(@52 mm)diameter sphere below 27 in.
(686 mm)and small enough to prent pass through of aniB. diameter sphere above 27 (686
mm). However, the opening size recommendations for bike railings are only specified for railings
on the outer edge of a bikeway when highway traffic is separated from the bikeway by a traffic
railing. For the project described herelawa DOT is concerned with the bike railing on the
separator barrier only. Thus, the combination bicycle railing would not be subject to the pass
through specifications, but it would need to meet the 421067 mm) height relative to the
surface of the sidewalk or bikeway and the structural loading requirement.

The location and design tiie combinationrailing attachments play a crucial role in the
safety performance of the total barrier system. Poorly placétrdesigned railing attachments
could lead to vehicle snag, which could lead to excessive vehicle roll or occupant risk.
Additionally, railings placed incorrectly could lea® an occurrence of head slay/hile
crashworthy traffic barriers are being dselowa DOT currently has no complete
vehicle/pedestrian separation barrier system that is documented as fully crashworthy in accordance
with NCHRPReportNo.350[2] o r A A S NIASBI®R®16[4]. Note hat there is no difference
between MASH 20093] and MASH 20164 criteria for longitudinal barriers such as the systems
described in this project, except that additional occupanpagdmenteformation measurements
are required by MASH 202%hen conducting fulkcale crash testing
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1.2 Objective

The objective of the research project was to develop a M2@Bl8 @] TL-2 crashworthy,
low-height, verticalface, tréfic barrier with an attached crashworthy bicycle railihgvas desired
that the barrier be usabie standard applications as well as allow for the crashworthy bicycle
railing to be added as needed. The design was to minimize the height of the dzarciatportion
of the system while providing improved visibility and sightlines. In addition, the new railing
system was to comply with current AASHTO LRFD guidance for bicycle railings with respect to
the parapet and combination railirig.|

1.3 Scope

The research objective was achieved by performing several tasks. First, a literature review
was conducted on previous crash tests involving bicycle/pedestrian rails, systems utilizing a
verticatface and/or lowheight barrier, and Ze of Intrusion (ZOI) studies. All the systems were
reviewed and details were compiled to help aid in the design process. Next, a sinandtion
analysiseffort was performed to determine the minimum parapet height that could be used in order
to safely redrect the impacting vehiclewith 24 in. (610 mm) being the minimuacceptable
height. Once the minimum height was determined, rail conassigrs were generated and
evaluated. Simulations of the preferred parapet height with the added bicycle rapevemnmed
in order to help determine which design would provide the minimum amount of negative vehicle
interaction, such as vehicle snagging and head slap, while still being cosveffadinal design
was chosenand recommended for fedicale crash tésg according to MASH2016 test
designationno. 211, which involves a 5,00 (2,270kg) pickup truck impacting the
combination rail at 44 mph (70 km/h) amith a 25-degree impact angle.
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2 LITERATURE REVIEW
2.1 Pedestrian/Bicycle Railings

Historically, limited research has been performed on the development and crash testing of
pedestrian/bicycle railings. Specifically, eight pedestrian/bicycle railings have been evaluated
through fultscale crash testing and are listed ablesl and2.

The first of the previouslyested pedestrian/bicycle railings was the C411 bridge rail, as
shown inFigure 3. The C411 barrier was 42-in. (1067-mm) tall by 12-in. (305mm) thick
reinforced concrete barrier withifi. (152mm) wide by 28n. (711:mm) high openings &t8-in.
(457-mm) centetto-center longitudinal spacing{6]. After two full-scale crash tests, the system
was deterrimed to be acceptable according to the Performance Level-1)(Biiteria established
in the 1989 AASHTGOGuide Specifications for Bridgeailings [7]. A couple of items should be
noted relative to this system. First, while tieght of this system meets th&-in. (1,067mm)
minimum height for pedestrians noted in th@89 AASHTO Guide Specifications for Bridge
Railings, it does not have a railing attachment which could be easily grasped by@rcouatrol
cyclist as notedlsewhere in the guide commentary. Additionally, 4i2an. (1,06 7mm) vertical
height would have increased potential for occupant head slap due to its vertical face.

|

] ‘ u R T e e - |

Figure3. C411 Combination Raib}6]



Tablel. PreviouslyTested Combination Rails

System . Test Parapet Details Railing Details Pass/ Failure
Test No. | Vehicle . . i . ;
[ref #] Level Shape | Height | Width Post Rail Fail | Mechanism
Small
C411 oo Car AASHTO | Vertical 42 in 12in None None rass None
[5-6] PL-1 Aesthetic ' '
11856 Sedan Pass
Small Vertical
706922 Car mounted 4" X 4" Xy Pass
. on 4" % 4" x A500 Grade
[8-10] Small PL-1 . overall
706930 Vertical Grade B | pheight, Two | Pass
car on bridge elem,ents
706931 | Pickup deck Pass
706924 Sén ?” Vertical Pass
a mounted 4% % A" XY
706925 | Pickup on X4 X4 Pass
BR27C 706926 | SUT | aasuTo | Sidewalk 4" x 4" x A5§ 0 fzr-?de Pass
24in. | 10in. | 3/1¢" A500 ’ None
[9,11] 706932 Small PL-2 Grade B overall Pass
Car Vertical rade height, One
706933 | Pickup ondbmlige element Pass
ec
706934 SUT Pass
2" x3"x
2" x3"x
o Tubular 37 . 3/16" Tubular
III|n0|[sl§]399-1 4720705 Scr?ﬁ” AAPSLE'IO Steelon | 25in. | 10.375n. T /é6| steel, Two | Pass None
6" curb ubuiar - olements, 54"
steel .
overall height

6T26E-€0dHION Loday 4SHMN
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Table 2. PreviouslyTested Combination Railsc ont 6 d)

System . Test Parapet Details Railing Details Pass/ Failure
Test No. | Vehicle : : - i -
[ref #] Level Shape | Height [ Width Post | Rail Fail | Mechanism
Small Beam ;
541 . Pass
Type 80SW Car NCHRP | and Post 32in f)ggemﬂ@% Tubular steel rail, 42" None
[13] 542 Pickup | 350 TL-4 on ' in @ top’ overall height Pass
543 SUT sidewalk ' Pass
. 4" x 2" X 3"x2"xa"
comDOL | MNPDL] Pickup | e 18in.@ | a"A500 | A500 Grade | Pass
Bridge Rail 350 TL-4 Jersey 32in. | base,9in.| Grade B, B, Two None
[14] MNPD-2 sSuUT @ top 120" post | elements, 54| pass
spacing | overall height
3" x 2" x V4!
A500 Grade
MOBR-1 | Pickup B, Three Fail .
4" x 2" X ' Vehicle
MoDOT L elements, 54" .
Combination NCHRP Single . Sta_mdard 74" AS00 overall height snagge_d rail
. . 32in. Single Grade B, PP ——— causing
Bridge Rail 350 T4 Slope " 3" x 2" xV4 :
Slope 120" post vehicle
[15 . spacing A500 Grade . rollover
MOBR-2 | Pickup B, Four Fail
elements, 54"
overall height
130MAS
H3P13 Pickup Pass None
01 MASH
732SW 130MAS Small 2?.?_?[33] 9in. @ Tubular steel pedestrian rgﬁc\;ﬁsgts
H3C13 Vertical | 32in. base, 12 | handrail, 43" overall height Fail
[16] Car . : exceeded
02 in. @ top above bridge deck limits
110MAS Small MASH
H2C14 Car 2009 B] Pass None
01 TL-2

6T-26E-€0dHION Loday 4SHMN
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The second system, the BR27D, as showkigare4, consisted of twdorizontal, tubular
steel rails supported by vertical, tubular steel posts attached to a rectangular concretBbarrie
10]. The BR27D employed an 18. (457mm) tall, verticalfaced concrete papet with an
attached steel railing creating an overall height of 42 in. (1,067 mm). The system was constructed
in two configurations, one with a raised concrete sidewalk and one without. Tvazdidl crash
tests were utilized to evaluate each configaratThe system was deemed acceptable according
to AASHTO PL-1 criteria[7].

Figure4. BR27D Bridge Railing on Bridge DecB][

The third pedestrian/bicyelrailing, the BR27C, as shownkigure5, consisted of a single
horizontal, tubular steel rail supported by vertical, tubular steel posts and was attachedrto a 24
(610-mm) tall rectangular concrete barri€d,J1]. The system was also constructed with and
without a raised sidewalk. The BR27C was determined to be acceptable according to the AASHTO
PL-2 criteria based on a total of six figitale tests, three for each figaration [7].
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Figure5. BR27C Bridge Railing on Bridge Decf][

The fourth design, as shownHhigure6, consisted of two horizontalylhular seel rails and
verticaltubular steel posts attached to the lllinois 239@affic railing system12]. The system
was determined to be acceptable according to AASHTQ Biiteria based on one ftgtale crash

test [7].

Figure®. lllinois 23991 with Added Pedestrian/Bicycle Railingd]
9
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The fifth system, the Type 80SW, as showrFigure 7, consisted of a single tubular
pedestrian handrail mounted atop an aesthgpenconcrete bridge rail with a 8i8. (225mm)
tall by 59.%in. (1,500-mm) wide sidewalk13]. A total of four crash tests were performedtiois
system under NCHRB50 TL-4 criteria, two with a small car, one with a pickpck, and one
with a singleunit truck. After testing, the system was recommended fe2 Tike due to the railing
being a snagging hazard at higher speeds as well asvidg@better protection for pedestrians.

Figure7. Type 80 SW Bridge RailindLp]

The sixth pedestrian/bicycle railing, the Minnesota Combination Traffic/Bicycle Rail, as
shown inFigure 8, was designed for use with the standard New Jersey safety shape bridge rail
[14]. The system utilized two longitudinal, tubular steel rails with tubular, breakaway steel posts
as vertical supports. One wire ropeble was strung through each longitudinal tube to prevent the
railing from falling below the concrete barrier after impact. In addition, solid vertical spindles ran
between the upper and lower longitudinal rails. The system successfully met the NCHRR 350
4 criteria by passing fukcale crash tests with both a pickup truck and a sungletruck.

Figure8. Minnesota Combination Traffic/Bicycle Rail4]
10
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The seventh system, the Missouri Combinatail, as shown irfrigure9, was desiged
to be used on a single slopancrete barrierd5]. Originally, the system consisted of a top mounted
pedestrian rail that utilized three longitudinal membEnss system was tested under NCHRP 350
TL-4 criteria but did notpassas the vehicle did not remain upright during the test. The véhgle
hood engagethe horizontal members of the rastricting vehiclelimb, and causing the vehicle
to pivot aroundthe horizontal rails The climb restriction caused the vehicle to encounter
significant roll as it exited the system, ath@ vehiclesubsequently rolled over. The system was
redesigned with a fourth longitudinal member and retested. During testingygheting vehicle
experienced snagging, and the vehicle rolled once again.

Figure9. Missouri Combination Rail with Four Rail Elementg]

The eighth and final traffic/pedestrian railing, the 732S¥\steown irFigurel0, consisted
of a 32in. (813mm) tall vertical, concrete barrier with a tapurted pedestrian handrail and a
8-in. (203mm) tall by 98in. (2,489mm) wide sidewalk]6]. After a btal ofthreecrash tests, two
at TL-3 and one at T2, the system was determined to be acceptable fe& anditions under
MASH 2009[3]. Although the 8in. tall curb with approximately 4:1 front batter did not constitute
a low-height parapet, it was believed that the curb would contribute teafmle vehicle
redirection at shallow encroachment angles.

11
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Figurel10. 732SW Bridge Rail16]

For the reviewed systems, onlget 732SW, designed by CALTRANS, was tested to
MASH 2009TL-2 criteria. The systems that were considered to be the most relevant to this project
were the BR27C and BR27D as they both usedHewght, vertical parapets. However, these
systems are outdated @y were tested to PL and PL2 testcriteria Based on the literature
review, limited guidance was gained as none of the systkrsslymatched the desired system.

12
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2.2 Vertical/Low -Height Parapets

There existed a desire to determine the minimum parajggttlggeater than or equal to 24
in. (610 mm) that was capable of meeting the MAZH6TL-2 criteria. Thus, it was deemed
necessary to also review the results frpraviously crashtested systems that utilize vertical
parapets. Systems utilizing a heigtwer than the standard 32 in. (813 mm) were given special
attention. This review was performed to aid in determining parapet geometries that would contain
the vehicle without causing rollover or override of the barrier, while producing an acceptable level
of occupant risk.

Unlike safety shape barriers, which more easily allow for impacting vehicles to climb up
the face of the parapet, vertical parapets do not allow for the same degree of vehicle climb.
Reduced vehicle climbcan result in largervehicle déormations, higher lateral vehicle
accelerationsandincreased occupant risk under the same impact conditions. When using a low
height, vertical parapet, the propensity for the vehicle to roll toward the barrier increases as height
decreases due thifference betweethe CG of the vehiclandthe barriertop height For some
impacts, a CG height above the top surface of the barrier could resxi¢cessive roll angles,
complete rollover of the impacting vehiclar vaultingover the barrier.

From the 94 dll-scale crash tests found and reviewed, a totdldadystems utilized a
verticatfaced parapet with an overall height lower than 32 in. (813 mm). From these systems,
none were testedccording toMASH 2009 orMASH 2016 TL-2 criteria, and only seven were
successfully evaluated at comparable test levels (NCHRP 350 AASHTO PL:-1). All 14
systems were able to contain and redirect impacting vehicles without exceeding roll limit or
occupant risk criteria, except for the T202 barriehich had some failusin certain test
configurations. Thesk4 systems areummarizedn Tables3 and4.

The number of successfultgsted, lowheight systems suggests ttta parapet height
between 24 in. (610 mm) and 32 in. (813 mm) could provide adequate rEaditer analysis
wasneeded to select an appropriate barrier height.

2.3 Vehicle Intrusion

Previous crash tests of concrete barriers revealed a potential for pickkpto extend
over the top of the parapet and contstctictures above or behind the barrier; this lateral and
vertical encroachment of the vehicle behind the top front edge of the barrier is referred to as the
AZone of | n Previogsiyteseddsyserdsahd) ZOl studies were reviewed to provide
guidance ottheproper set back of pedestrian/bicycle rails to reduce chances of negative interaction
between the vehicle and railing.

Starting in 1999, researchers at MWRSF performed a comprehensew tf\numerous
systems to establish guidelines for placing attachments on bridge rails and median Ba}riers [
was desired to determine the ZOI of impacting vehicles on different parapet geometries so that an
attachment auld be placed either outside of the ZOI envelope or placed such that the negative
interaction between the vehicle and attachment could be reduced to a minimum.

13
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Table3. Vertical/LowHeight Parapet Review Relevant System Details

Impact Conditions . . Dynamic
System . Pass/| Height Failure X
[ref. #] Test No. Vehicle Test Level Speed | Angle Eail (in.) Mechanism Deflection
(mph) (deg.) (in.)
11793 Sedan NCHRP 230 59.2 26 Pass None N/A
Occupant
4180484 | Small Car 62.6 20.3 Fail Compartment| 0
57 Crush
[172_%] 4180485 | SmallCar| NCHRP350 | 62.2 | 20.6 | Pass None 0
4180486 Pickup TL-3 61.8 25.3 Pass None 0
4413821 | Pickup 62.8 26.1 Fail Vehicle 0
Rollover
4413822 Pickup 62.6 25 Pass 30 None 0
1818%5'3' Small Car 61.2 20.2 Pass None N/A
Stone Masonry Guardwall A
[20] 181575 4 Sedan | NCHRP230 | gpg 25.3 Pass| 27 None N/A
18185-88 Sedan 61 24 Pass None N/A
Modified Kansas Corral KM-1 Small Car AASHTO PL-1 51.0 20.5 Pass 27 None 0
[21] KM -2 Pickup 46.6 20.0 0
Artificial Stone Concrete
Median Barrier 18187-88 | Small Car NCHRP 230 61.3 210 Pass 27 None N/A
[20] 181812-88 Sedan 61.5 25.0 3
lowa Steel Temporary
Barrier Rail 15-1 Pickup | AASHTO PL-2 | 60.6 22.5 Pass 29 None 17.6
[22

6T26E-€0dHION Hoday 4SHMA
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Table4. Vertical/LowHeight Parapet Review Relevant System Details (cah)

Impact Conditions . . Dynamic
[Srﬁtir]n Test No. Vehicle TestLevel | Speed| Angle IT%S”S ! H(eizlgg)ht MeF;f;;?sm Deflection
' (mph) (deg.) ' (in.)
NEOCR1 Pickup AASHTO PL1 47.7 20 0
NEOCR2 Pickup 45.9 20 0
Nebraska Open NEOCR3 SUT 48.5 17.1 0.4
Concrete Bridge Rail NEOCR4 $UT AASHTO PL-2 °1.9 16.8 Pass 29 None 11
[23-25] NEOCRS5 Pickup 59.8 21.7 0
NEOCR®6 Pickup 61 20 0
. NCHRP 350
NIT-1 Pickup TL-4 62 26.6 1
TTI Low -Profile PCB 9901F1 Pickup 44.4 26.1 5
[26] 9901F2 | SmallCar| CHRP 230 5o ——>153 | Pass| 20 None 0
BR27D 706930 Small Car 51.2 20.5 0
- AASHTO PL-1 Pass 18 None
[8] 706931 Pickup 45.6 18.8 0.5
BR27C 706932 Small Car 60.3 19.8 0
[11] 706933 pickup | "ASHTOPL2 o073 196 | ass| 24 None 0
Tennessee Posind 7199:1 | Small Car 61.1 21.3 N/A
Beam - NCHRP 230 Pass 27 None
[27] 71994 Pickup 61.9 25.6 N/A
Masonry wall 4051811 | Pickup | NCHRP3S0 | 616 | 249 | pass| 27 None 0.6
[19] TL-3
Low-Profile Concrete
Bridge Rail LPBR-1 Pickup NCHRP 350 43.5 27.1 Pass 20 None N/A
128 TL-2
FDOT Low Profile TCB | 26-6094001 Pickup NCHRP 350 42.3 25 Pass 18 None 7.5
[29] 26-6094002 | Small Car TL-2 44 20 2.5
Rough Stone Masonry RSMG-1 Pickup NCHRP 350 44.4 24.2 22 0.25
Guardwall TL-2 Pass None
[30-31] RSMG-2 Pickup ) 44.4 24.2 20 4.4

6T26E-€0dHION Hoday 4SHMA
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From tre systems reviewed by MWRSF researchers, six systems were determined to be
relevant to this review. These systems all used a parapet height lower than the standard of 32 in.
(813 mm) and were tested at -PLor higher tests level®etails such as barrierelght and
maximum significant intrusion for each system are liste@lahle5. Values of vehicle intrusion
were found using a combination of film and photographic analysis.

Table5. Guidelines forAttachmers-Relevant Systemsg]

. Max
Barrier L i
Barrier Class | Barrier Name Height Test Level Vehicle Slgmﬂg:ant Vehicle
. Equivalence Intrusion Component
(in.) (in.)
Low Profile small car 12 hood/fender
Portable Concret¢ 20 TL-2 _
Concrete Barrier pickup 28 hood/fender
with Federal Lands small car 2 car side
Sloped Face| Modified Kansas 27 TL-2
Corral I_3r|dge pickup 5 hood/fender
Rail
Nebraska Open pickup 16 leading box
: corner
Concrete Bridge 29 TL-4 fender/leadin
Concrete Railing pickup 14 g
with box corner
Vertical Face| Nebraska Open pickup 12 hood/fender
Concrete Bridge 29 TL-2
Rail pickup 12 hood/fender
BR27C Bridge small car 0 none
. 42 TL-4
Concrete/Stee| Railing on Deck pickup 10 hood
Combination : small car 0 none
Bridge Rails BR27D B”dge 42 TL-2
Railing on Deck pickup 7 hood

For these systems, the LéWvofile, Portable Concrete Barrier had the highest intrusion at
a value of 28 in. (711 mm) for the pickup truck daarierheight of20in. (508 mm). Thisarrier
also had significant lateral deflectigribus the resultsay notdirectly reflect the intrusion foa
rigid barrier of the same height. The Federal Lands Modified Kansas Corral Bridge Rail provided
the lowest intrusion witla railing height of 27 in. (686 mm). The two combination rails, BR27C
and BR27D, provided a maximum significant intrusion ofirkq254 mm) and 7 in. (178 mm),
respectively. These two systems haweattachegbedestriarbicycle rail, so the intrusion call
have been limited bthat interactionandboth provided successful results with no snagging of the
vehicle on the pedestrian/bicycle rail.

After reviewing all of the systems, MWRSF provided general guidelines for attachments
for each test leveB3P]. MWRSF showed that the intrusion zone extended 12 in. (305 mm) behind
the front face of the barrier and a total of 78 in. (1981 mm) above the ground line 2dvartiers
with a height greater than 26 in. (660 mm), as shoviaigare11. Similarly, for TL-2 barriers that

16
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had a height lower than 27 in. (686 mm), the intrusion zone extended a total of 28 in. (711 mm)
behind the front face and 78 in. (1,981 mm) above the ground line. Due to the lackroEstiste
intrusion zone for the lowereight TL-2 barriers was generated from the review of the 1L.ow
Profile, Portable Concrete Barrier, which had much lower height than 27 in. (686 mm) at an overall

railing height of 20 in. (508 mm).

305mm 711Tmm
[127] (28"]

1981Tmm
(787]

1981 mm
(787]

<27

* Reviewed TL—2 concrete barrier heights fell in a
range of 508 mm (20 in.) to 1067 mm (42 in.)

Figurell Intrusion Zones for Tall T2 Bar r i e r s (686 mm)dnd forrShort TE2 Barriers
< 27 in (686 mm)[32

Due to the lack of ZOI data for lotveight systems, an appropriate rail setbamkld not
be established without further investigation. The guidelmesgided by MwRSF for systemth
top parapet heights @f7 in. (686 mm) otesswould require an unreasorglarge rail setback if
no vehiclerail interaction was desired.

Review of previous combination railsnd the ZOI guidelines provided by MwRSF
swggesedthat vehiclenteractionwith the combination bicycle railing would be difficult eliminate
for the lowheight parapet envisioned in this researthe two reviewed combination rails
experienced some interaction with the rail but did not act aaggsry hazardr become a debris
hazard to the impacting vehicle or othéfeerefore, a successful bicycle railing design for lowa
DOT would likewise require thahe upper railing withstand vehicle contact without becoming a
hazard to occupants or neaidestrians and bicyclists.

17



August B, 2019
MwRSF Report NoTRP-03-397-19

3 LS-DYNA MODEL CALIBRATION
3.1 Introduction

A study was performed using nonlinear, finite element analysis (FEA) to help determine a
recommended height for the vertical parapet as well as help determine thet@xtaith the
vehicle extenatd over the front face of the barrier to help aid in bicycle/pedestrian rail placement
and design. L®YNA was the software used for the simulation eff@g][

3.2 Validation Effort
3.2.1Introduction

No previouslyperformedsimulation efforts were found of vertieidced parapets using
MASH 2009 otMASH 2016criteria. Thus, it was determined that a validation effort was necessary
in order to build confidence in any conclusions or recommendations that would be made using the
results from the FEA study.

3.2.2Background

To validate the model that was used for this research project3avétticatface parapet
was simulated using fuicale crash test no. 490024l [34]. The system, referred to as theZp2
bridge rail, was developed by researchers at Texas A&M Transportation Institute (TTI). The
system utilized a 3ih. (813mm) tall parapet that was attached to the roadway using steel anchor
plates, which produced an overall system height of 32% in. {882 The T222 system was
considered the most relevant system for the validation effort on the grounds that it employed a
verticatfaced parapet, was tested under MABM9criteria, and used the 2270P vehicle.

During test no. 490022-1, the truck impaed the T222 barrier and was redirected safely.
No wheel or suspension disengagement occurred, and all four tires remained inflated during the
test.The barriehada dynamic deflection of 2.1 in. (53 mu)ring the test, but fully restoredth
no permanerset. Damage to barrier was minor and consisted of spalling, contact marks, and minor
cracking.

3.2.3Vehicle Modeks

The vehicle model used for the simulation effort was based off the National Crash Analysis
Center (NCAC) 2270P Chevy Silverado model that haenbpreviously modified by MwRSF
personnel for roadside safety applications. The model used for this effort was the Vérsion 3
Reduced Silverado model (V3r). During the validation processcleto-barrierfriction, steering
damping, barrier propertieand vehicle tire models were all varied in order to create a model that
would accurately recreate what was observed in physical testing.

1 The first simulatiorseries utilizedan unmodified (default) version of the Silverado
V3r model. This model is refead to as theNCAC-Unmodified model The tire
model used within the NCAC model is considered a stable option but provides less
accuracy as the tire modelssffer than measured realorld tire properties35-

36]. The vehicle model approximated wheel steering effects by modeling rotational
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joints at the spindle and tie rods to allow the tire to turn and applying a damping
function to movements of the steering rack and tie rods.

1 The second model of thelBrado utilizeda modified version of theefined tire
model previously de v3§ withgimgifiecageometiNadnd s MwR.
was denoted as th#NL tire model The UNL tire modeis less stiff than the default
NCAC-Unmodfied tire, which bettereproduces large dynamic tire deflections
during impacts with curbs and bumps but has also shown some instabilities during
impacts with stiff objects including guardrail postk changes were made to the
steering system or dampiffignction.

1 The third modelwas a modification of th&JNL model. The default steering
damping function was multiplied by a scale factor of 10. The third model was
denoted a&JNL10x

3.3 Baseline Models

A total of three models with varying parameters were preddor the initial modeling of
test no. 490022-1 of the T222 bridge railThe crash event that was simulated corresponded to
the 311 test condition found in MASIE016 which involves a 5,00 (2270kg) pickup truck
impacting at 62 mph (100 km/h) an8l degrees. Rigidixed shell elements were used to model
the 32in. (813 mm) tall T222 bridge rail.

The data and results from the simulations of each of the three models were compared with
physical testing based on video comparison and transducer Hatmaddels were also compared
with respect to one another in order to choose the most accurate model.

3.3.1Results of Unmodified,Silverado V3r (NCAC-Unmodified) Simulations

The initial simulation of the loviheight concrete parapet test conducted atAnElysisof
the simulation for the T222 impacted by tNE€AC-Unmodified vehicle model Researchers
determined that the unmodified version of the V3r did not adequately reproduce the redirection
behavior of the vehicle during test M200242-1, as shown in Figusel2 and13. The model
exhibitedlarge resultant pitch and roll angular displacemeatspared to the fukcale crash test.
Yaw motions following tail slap of thébarrier also diverged from thehygsical testing.
Additionally, the front wheels of tHdCAC-Unmodifiedmodel tended to steer toward the barrier,
while the front wheels in test no. 490024 did not steer with respect to the vehicle
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Time = 0.000 sec

Time =0.100 sec

Time = 0.200 sec

Time = 0.300 sec

Figurel2 Downstream Sequential Views, NCAC Model and Test No. 49Q0P4
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Time = 0.400 sec

Time = 0.500 sec

Time = 0.600 sec

Time = 0.700 sec
Figure13. Downstream Sequential Views, NCAC Model and Test No. 49Q0P4
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3.3.2Refined Tire Model (UNL) Simulation

A simulation using th&NL vehicle with the refined UNIltire model was péormed and
analyzed. Th&NL model provideca marginallybetter roll and pitch comparisontteefull-scale
test no. 490022-1 as compared with thlCAC-Unmodified model. Unfortunately, the yaw
behavior during the simulation wasll inconsistent withhe testSequential images of théNL
simulation and fullscale test are shown kiguresl14 and15.

3.3.3Increased Steering StiffnessYNL 10x) Simulation

Another model using theNL10x vehicle, whichncluded the refined UNL tire model and
increased damping on the steering system, was also perfdkmadgsis showed that the pitch and
yaw were improvedompared to thBICAC-UnmodifiedandUNL simulations However, the roll
observed during theINL10x simulation wasslightly worse when compared to thiNL model.
Sequential images of the simulation d@est no. 490022-1 are shown irFiguresl6 and17. The
roll, pitch, and yaw comparison between the NCAC, UNL, and UNL 10x models can be seen in
Figures18through20.
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Time = 0.000 sec

Time =0.100 sc

Time = 0.200 sec

A
£
E=
k2

Time = 0.300 sec
Figurel4. Downstream Sequential Views, UNL Model and Test No. 49024
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Time = 0.500 sec

Time = 0.700 sec
Figurel5. Downstream Sequential Views, UNL Model and Test No. 49024
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Time = Q300 sec

Figure16. Downstream Sequential Views, UNL 10x Model and Test No. 43QaP4
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Time = 0.400 sec

Time = 0.500 sec

Time = 0.600 sec

Time = 0.700 sec
Figurel7. Downstream Sequential Views, UNL 10x Model and Test No. 43QaP4
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ROLL COMPARISON
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Figurel18. Roll Comparison for Modified Friction Models

PITCH COMPARISON

e 1222 emeee NCAC = UNL UNL 10x

0.6
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Figure19. Pitch Comparison for Modified Friction Models
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YAW COMPARISON
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Figure20. Yaw Comparison foModified Friction Models

3.3.4Initial Modeling Conclusion

The critical verification parameters used to evaluate the modelraireitch, and yaw
angular displacement§he closest model to test rétsuvas the refined V3r model with increased
steer damping{NL 10x), with the best overall pitch and yaw comparison. The refined V3r model
(UNL) had improved roll behavior compared to thdL10x, but did not match the yaw or pitch
behavior as well. The unmdified V3r model NCAC-Unmodified had the poorest overall
correlation. Therefore, researchers recommended further refinements ugiig théx model.

3.4 Tire-Ground and Vehicle-Barrier Friction

To increase the accuracy of the simulations and improve cooidén computer
simulation models, further refinements were evaluated usingiielOx vehicle modelThree
variations were explored: thground friction only; vehicldarrier friction only; and combined
changes to tirground friction and vehictearrierfriction. Model variations are summarized in
Table6.

A previous effort performed by MwWRSF researchers #tbthat decreasinghe tire
ground frictionto a nominal value of 0.decrease roll and pitchangular displacementS7].
Review of the baseline models demonstrated that for all vehicle models, higtotired friction
resulted in unexpected behaviors, including wheel hop, unusual wheel rotations, and unexpected
vibrations of suspension componenitlerefore, researchers reducedpis&ement friction values
from 0.9 to 0.4 to evaluate changes in vehicle reactions. The revised model was deemed
UNL10xR2.
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Table6. Summary of Variational Analysis: ThH8round and Vehicl@arrier Friction

Model Parameter Adjustment Comparison to Baseline Recommendation
Name Original | Revised Model Results
UNL10x None (baseline) N/A (baseline)
Tire-Ground | Tire-Ground _Red_uced. unexpectgd
UNL10xR2 e L vibrations in suspension
Friction = 0.9 | Friction =0.4 )
& tires
Vehicle Vehicle Improved longitudinal
UNL10xR3 Barrier Barrier a2V, sl i ght | UseUNL10xR4
Friction = 0.1 | Friction =0.4| angular displacements| model for further
Tire-Ground | Tire-Ground analysis
Friction: Friction: -
0.9 0.4 Improved longitudinal
UNL10xR4 . ] &V, slight]
Vehicle Vehicle i
: ; angular displacements
Barrier Barrier
Friction= 0.1 | Friction=0.4

The reduced tirground friction decreased the unexpected tire and suspension deflections
and vibrations. However, roll dnpitch response were virtually unchanged by varying the tire
ground friction.A comparison of test n@g900242-1 and theUNL10xR2 simulatioris shown in
Figures21 and22.

Vehicle to barrier fiition was also studied in order to get a better understanding of how
friction would affect the model. Previous studies had shown that modifying the vehicle to barrier
friction provided significant changes to vehicle dynamid®% 38], although no standardized values
were recommended for general vehibbarier impact simulations. For this studyetvehicle to
barrier friction was increased 0.4 from 0.1, and the model was deerd&l 10xR3.

TheUNL10xR3 simulation provided a slightiynproved roll and yaw behavior compared
to theUNL10x andUNL10xR2 models, but the pitch behavior diverged from the test redults.
comparison othe UNL10xR3modeland test no. 490022-1 is shown in Figure&3 and24. In
addition, the increase in vehide-barrier friction resulted in a somewhat counterintuitive
reduction in longitudinal vehicle deld compared to the baseline moded shown irFigure27.

Finally, a model that used decreased vehicle to ground friction coupled with increased
vehicle to barrier friction was simulated. Analysis of the combined modified friction model
deemedUNL10xR4, had the best comparison with testtal and was the preferred modal.
comparison otheUNL10xR4modeland test no. 4900221 is shown in Figure85and26. Plots
of angular displacement and longitudinal change in vehicle velpagMre shownn Figures27
through30. It was determined that ti¢NL 10xR4simulation provided the best overall results and
was chosen for further refinement.
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Time = 0.300 sec

Figure21l. Downstream Sequential ViewdNL10xR2Model and Test No. 4900221
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Time = 0.700 sec

Figure22. Downstream Sequential ViewdNL10xR2Model and Test No. 4900221
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Time = 0.D0 sec

Time = 0.200 sec

Time = 0.300 sec

Figure23. Downstream Sequential ViewdNL10xR3Model and Test No. 4900221
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Time = 0.700 sec

Figure24. Downstream Sequential ViewdNL10xR3Model and Test No. 4900221
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Time = 0.300 sec

Figure25. Downstream Sequential Views, UNL 10xr4 Model and Test No. 490ap4
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Time = 0.700 sec

Figure26. Downstream Sequential Views, UNL 10xr4 Model and Test No. 490ar4
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LONG. CHANGE IN VEL. COMPARISON

—_—T222 UNL 10x =———UNL10xr2 —=———UNL10xr3 =—UNL 10xr4

0.6
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Figure27. LongitudinalChange in Velocity Comparison for Modified Friction Simulations

ROLL COMPARISON

—T222 UNL 10x UNL 10xr2 UNL 10xr3 UNL 10xr4
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Figure28. Roll Comparson for Modified Friction Models
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PITCH COMPARISON
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Figure29. Pitch Comparison for Modified Friction Models
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Figure30. Yaw Comparison for Modified Friction Models
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3.5 Elastic Barrier

Further exploration was conducted to detiee if additional revisions could improve
model behavior compared to tb&lIL10xR4 model. For test no. 4900241, the barrier displaced
laterally during impact, but all baseline simulation models utilized a rigid, immovable barrier for
the analysisResarchers attempted to model the barrier deflection by modeling the baraer as
elastic cantilever-urthermore, because the truck model utilized rigid wheel rims and hubs; wheel
to-barrier interactions produced locally high forces and likely contributezk¢essive pitch and
roll behaviors. By modeling the barrier with an elastic, deformable materiakriggidcontact
instabilities could be avoided without substantially changing vehicle model or behavior

To model the barrier as elastic, the elemerfitthe barrier were changed from shells to
solids, and the material of the barrier was changed from MAT_RIGID to MAT_ELASSHCe
the barrier in test no. 4900241 was placed on anchor plates, which allowed the barrier to
translate laterally before allang it to flex, the exact material parameters that were needed to
cause the desired deflection were unkno@onsequently, in ordeto replicate the dynamic
deflection of the barrier,tteoncr et ¥ o mao d é 5 Gvasandraententaly decreased from
a peak value 0f29007.5 ksi (200 GPa)ntil the barrier deflection matched test resuia
addi ti onal faswmstudied tomseh e the effectson vehicle dynamics.

Table7. Summary of Elastic Barrier Model Simulations

Model Name Youngo6s Modul u Barrier Dynamic Deflection
UNL10xR4 Rigid (baseline model) 0 (baseline model)
UNL10xR6 29.7 Mpsi (200 GPa) 0.005 in. (0.1 mm)
UNL10xR7 72.5 ksi (0.5 GPa) 1.1in. (27 mm)
UNL10xR8 7.3 ksi (0.05 GPa) 7.7 in. (196 mm)
UNL10xR9 29.0 ksi (0.2 GPa) 2.3in. (59 mm)

4900242-1 [34] N/A (Full-scale test) 2.13in. (54 mm)

The UNL 10»R6 modelutilized theUNL10xR4 baseline model, and modeled the concrete
barrier using an elastimodulus of 29Mpsi (200 GPa)This elastic modulus is similar to many
steels As expected, the stiff barrier experienced only small deflections and there were minimal
differences to vehicle dynamics compared to tHéL10xR4 baseline modellhe maximum
dynamic deflection othe barrier wa$.005 in. (0.1 mm), more than 2 in. (51 mm) less than what
was observed in test no. 490024.

For modelUNL10xR7,the modulus of elasticity was decreased to 72.5 ksi (0.5 GPa).
Decreasing the modulus of elasticity resulted in increaskithe roll toward the barrier, while the
vehicle pitch and yaw remained similar to that seen in the UNL 1Bas&linemodel. The
maximum dynamic deflection of the barrier in motdNIL10xR7was 1.1 in. (27 mm), which
occurred during tail slgghe maximundynamic deflection during the initial impact was in.

(19 mm) Despite increased barrier deflection, vehicle angular displacements did not significantly
improve using the softer concrete model, compared tdMiel0xR4 baseline model.

For modelUNL10xR8, themodulus of elasticity was decreased to 7.3 ksi (0.05 G¥ed).
displacements significantly increased with the softer concrete model and dynamic deflections

38



August B, 2019
MwRSF Report NoTRP-03-397-19

increased t&/.7 in. (196 mm)uring the initial impactand 5.6 in. (142 mm) during tailes.
Dynamic deflection of the barrier in the UNL 10xr8 model exceeded the dynamic deflection
produced during physical testing by more than 5 in. (127 r@w@rall, the softer barrier model
diverged from test results and provided a poorer comparison vethdéga than the baseline
UNL10xR4 model.

The final barrier stiffness revision was deemddL10xR9, and utilizeda modulus of
elasticity of 29.0 ksi (0.2 GPa). While the vehicle dynamics gaomprovement over the UNL
10xr8 model, the model did not show inprovement over the UNL 10xr4 model. The dynamic
deflection however, compacewell with the physical testing. During simulation, initial impact
generated 1.8 in. (45 mm) wiitial dynamic deflection followed by a 2.3 in. (59 mm) deflection
duringtail slap.

Results of the elastic barrier analysis are shown in Figdgtalrough33. Analysis of
results showed that the increased flexure of thedsaiaused divergemesponse. As the modulus
of elasticity was decreased, an increase in vehicle roll toward the barrier was produced, as shown
in Figure31. The pitch of the vehicle was not affected to the same degree adlthtbagitch
remained relatively the same throughout the modeling, asrsindvigure 32. However, the pitch
in theUNL10xR8model showed a much larger deviation from the test data after tail slap occurred
when compared to prewis models, such as thitNL10xR4model. Yawangular displacemenas
shown inFigure33, showed little change with changing barrier stiffness.

ROLL COMPARISON

— 222 e UNL 10Xr4m=—— UNL 10xr6

e UNL 10Xr = UNL 10xr& UNL 10xr9

ROLL ANGLE [DEG.]

0 0.1 0.2 0.3 0.4 0.5 0.6
TIME [S]

Figure31 Roll Comparison for Elastic Barrier Models
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Figure 32. Pitch Comparisons for Elastic Barrier Models

Figure33. Yaw Comparison for ElastiBarrierModels
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