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SI* (MODERN METRIC) CONVERSION FACTORS |

APPROXIMATE CONVERSIONS TO SI UNITS

Symbol When You Know Multiply By To Find Symbol
LENGTH
in. inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mny
ft2 square feet 0.093 square meters m?
yad? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi2 square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m?
yd? cubic yards 0.765 cubic meters m?
NOTE: volumes greater than 1,000 L shall be shownin m
MASS
0z ounces 28.35 grams o]
b pounds 0.454 kilograms kg
T short ton (2,000 Ib) 0.907 megagr ams i Mg (or "t*)
TEMPERATURE (exact degrees)
o . 5(F32)/9 . R
F Fahrenheit or gF-BZ))ll.S Celsius C
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela pesquare meter cd/n?
FORCE & PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in? poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in.
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mn? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft2
m? square meters 1.195 square yard yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi2
VOLUME
mL milliliter 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet fts
m® cubic meters 1.307 cubic yards ya®
MASS
g grams 0.035 ounces 0z
kg kilograms 2.202 pounds b
Mg (or "t") megagrams (or i 1.103 short ton (2,000 Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/n? candela per squareeter 0.2919 foot-Lamberts fl
FORCE & PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in?

*Sl is the symbol for the International System of Units. Appropriate rounding should be neheptly with Section 4 of ASTM E380.
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1 INTRODUCTION
1.1 Background

The Hawaii Department of Transportation (HDOT) utilizes a tbheamapproachguardrail
transition (AGT) to connedV-beam guardhil to the Hawaii Modified DelawardRetrofit Thrie-Beam
Bridge Rail However, the crashworthiness of this AGds not beemvestigatedinderthecurrent
impact safety standardghis report documentsur full-scale crash tests conducted in support of
a study to evaluate the safety performancéhefHDOT thrieebeamAGT to Hawaii Modified
DelawareRetrofit Thrie-BeamBridge Rail according to the Test Level 3 (12) criteriaof the
Manual for Assessing S&yeHardware,Seconcdedition (MASH 2016)[1].

The original HDOT design dhe thrie-beamAGT to Hawaii Modified DelawardRetrofit
Thrie-Beam Bridge Raiis shown inFigurel. TheoriginalHDOT AGT consisted of an 18 9-in.
long nested thridweanmrail supported by fous-ft 9-in. long W6x9steelposts wih 37¥2in. spacing.

A 6-in. tall, vertical curb was located below the tHpeamrail. The upstream end of the AGT
included another four €t long, W6x9 posts with 183ih. spacing prior to aasymmetrical \Wto-
thrie transition rail segment and standartt ®ng W6x8.5 or W6x9MGS guardrail postsThe
downstream end of the AGT was connected to the Hawaii Modified Delaware RetrofiBEane
Bridge Rail, which was evaluated to MASH -BL.criteria in a parallel study by the researchers at
the Midwest RoadsidBafety Facility and documented in a separate re@prt [

Note that a similar AGT system, connectaig/-beamguardrail to a concrete end post (i.e.,
the HDOTType 2 End Post)was previously evaluated MASH TL-3 criteria [3]. In that study,
prior to full-scale crash testing, the HDOT AGT design was modified to impreyeeiformance
and connedb a31-in. tall MGS guardrail. ThenodifiedAGT consisted o&nested thridbeamrail
supported by W6x15 posts with &r6 tall, vertical curb located below the ththeam guardrail, as
shown in Figures2 and 3. The upstream end of thmodified HDOT AGT includel the
MASH-crashworthyMGS upstreamtgfness transition, and multiple W6x15 posts were removed
from the downstream end of the AGT based on MASH testing of similar transitions. The height of
this AGT to concrete bridge end pasas reduced from 32 in. to 31 in. to match the adjacent MGS
TheW6x12 blockouts were replaced with rectangular HSS sections to improve strength and prevent
premature collapse. Finally, the flare at the upstream end of the curb was eliminated, and a vertical
taper was used to terminate the curb for minimizing wheel 3wagfull-scale crash testg4dt nos.
HWTT-1 and HWTF2, were conducted in accordance with MASH 2@&& designation nos- 3
20 and 321, respectively{3]. Both testswere deemed to have satisfied all safety performance
criteria, and the modified HDOT thrieam AGT to concrete parapet was determined to be
crashworthy to MASH TE3.

The HDOT modfied Delaware thricbeamAGT system that wascrash tested in this
research studyvas similar to the HDOThrie-beamAGT systemevaluatedn test nos. HWTT1
and HWTT-2. Onedifference between the curreAGT and the previouslyestedAGT wasthe
substiution of theconcrete parapet evaluatedtess HWTT-1 and HWTTF2 with the Hawaii
Modified DelawareRetrofit Thrie-Beam Bridge Railin the current study. Thereforsimilar
modifications werencorporated intahe original Hawaii AGT (Figurel), as used to modifthe
HWTT system[3]. First, the length of the nested thbheam section was reducédm 18 fti 9
in.to 12 fti 6 in. to match the common rail segment lengtlsingleply, 6 fti 3 in. thriebeam
rail was plaed between the asymmetric rail and the nestedTitaéllocation ofrail splices were

1
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accordingly revised. Also, the foéft 9-in. long W6x9 posts were replaced by thfe# 6-in.

long W6x15 steel posts. The other W6x9 posts in the nestedbtaia setion retainedthe
18%in. spacing.Thelength of thecurb was reduced from 176% in. to 170% in. to be compatible
with the shortened nested thbeam sectioriThe modified AGT connected to the HDOT AGT to
Hawaii Modified Delaware Thri@eam Bridge Raivas evaluatedo MASH TL-3 criteria.

1.2 Objective

The objective of this researahasto evaluate the safety performance of thedified
HDOT AGT to the HawaiiModified Delaware Retrofit Thribbeam Bridge Rail. Thenodified
AGT system waso beevaluated accordg to the TL3 criteria of MASH 20161].

1.3 Scope

The research objective was achieved through the completion of several tasks. The first task
included a review of the existirdgtails of theHDOT AGT to HawaiiModified Delawardretrofit
Thrie-BeamBridge Rail, the identification of potential safety issuasd the recommendation of
system modifications to improve the crashworthiness of the AGT. The modifications were made
to the transitionand the curb in the originalHDOT AGT system. The modified system was
constructed and subjected to fatlale crash sts in accordance with MASH 2016 test designation
nos. 3-20 and 321. Design modifications were also required to resolve problems identified during
the crash testing program. Following feltale crash testinghe test results were analyzed,
evaluated, athdocumented. Conclusions and recommendations were then made pertaining to the
safety performance of the HDOT AGT to Hawdiodified DelawareRetrofit Thrie-Beam Bidge
Rail. Note that theevaluation and crash testing thie bridge railwvasdocumented sepately in
another repor2].
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2 TEST REQUIREMENTS AND EVALUATION CRITERIA
2.1 Test Requirements

Longitudinal barriers, such as approach guardrail transitionsst satisfy impact safety
standards in order to be declared eligible for federal reimbursement by the Federal Highway
Administration (FHWA) for use on the National Highway System (NHS). For new hardvese,
safety standards consist of the guideline$rocedures published in MASH 2016. Note that there
is no difference between MASH 2004 and MASH 2016 for longitudinal barriersuch as the
system tested in thi project, except that additional occupant compartment deformation
measurements, photographs, and documentation are required by MASHA2Edr6ling to TL-3
of MASH 2016, longitudinal barrier transition systems must be subjected to tvszéld vehicle
crash tests, as summarizedriablel.

Tablel. MASH 2016 TL-3 Crash Test Conditions for Longitudinal Barriers

Test Vehicle Impact Conditions )
Test Desianation Test Weight S r Anal Evaluation
Article 9 Vehicle 9 pee ngie Criteriat
No. Ib mph degees
Longitudinal 3-20 1100C 2,420 62 25 AD,FH,I
Barrier 3-21 2270P | 5,000 62 25 AD,F.H,I

1 Evaluation criteriaareexplained inTable2

Recent testing of AGTs has illustrated the importance of evaluating two different transition
regions along the length of the AGT)(the downstream transition where the thréamrail
connects to the bridge rail and (2) the upstream stiffness transition wherelibari\Vguardrail
transitions to a stiffer thribeam barrierThe upstream stiffness transition bitHDOT AGT was
specifically designed to replicate the MASirashworthy MGS stiffnedsansition[5]. Therefore,
crash testing of the upstream stiffness transition was deemectitiocal.

According to MASH 2016, the AGT should be crash tested at a location that evaluates the
greatest propensity for vehicle snag. For-nigid longitudinal barriers, the critical impact points
(CIPs) are primarily controlled by the post dynamic yieldcé andheplastic momenof the rail
elementsin MASH, CIP selection curves are provided as a function of plastic moment o pail (
and post yield force per unit length of barriép). For thisAGT, theCIPswere selected using the
calculated~p andMp values in conjunction with the CIP plots found in Section 2.3.2.1 of MASH
2016. The centerline @he first post of the bridge rail (post no. 183s selected as the reference
point for the critical impact distance, in the MASH CIP plotsThe CIP deerminationfor both
tests argrovided inAppendix A

Notet h at the test matrix detailed herein
judgement with respectotthe MASH 2016 safety requirements and their internal evaluation of
critical testsleemedhecessary to evaluate the crashworthiness @fgpeactguardrail transition
system.However, these opinions may change in the future due to the development of new
knowledge (crash testing, reabrld performance, etc.) or changes to the evaluation criteria. Thus,

6



August22, 202
MwRSF Report NoTRP-03-449-22

any tests within the evaluation matrix deemed-antical may eventually need to be evaluated
based on additional knowledge gained over time or revisotiee MASH 2016 criteria.

Table2. MASH 2016 EvaluatiorCriteria for Longitudinal Barriex

A. Test article should contain and redirect the vehicle or bring the vg
Structural to a controlled stop; the vehicthould not penetrate, underride,
Adequacy override the installation although controlled lateral deflection of
test article is acceptable.

D. Detached elements, fragments other debris from the test artid
should not penetrate or show potential for penetrating the occ
compartment, or present an undue hazard to other traffic, pedeg
or personnel in a work zone. Deformations of, or intrusions intg
occupantcompartment should not exceed limits set forth in Seq
5.2.2 and Appendix E of MASH 2016.

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

H. Occupant Impac¥elocity (OIV) (see Appendix A, Section A5.2.2
MASH 2016 for calculation procedure) should satisfy the follow

Occupant limits:
Risk Occupant Impact Velocity Limits
Component Preferred Maximum
Longitudinal and Lateral 30 ft/s 40 ft/s

l. The Occupant Ridedown Acceleration (ORA) (see Appendix
Section A5.2.2 of MASH 2016 for calculation procedure) shg
satisfy the following limits:

Occupant Ridedown Acceleration Limits

Component Preferred Maximum
Longitudinal and Lateral 15.09 6 s 20. 49

2.2 Evaluation Criteria

Evaluation criteria for fullscale vehicle crash testing are based on tfaemrs (1)
structural adequac¢y(2) occupant riskand (3) vehicle trajectory after collision. Criteria for
structural adequacy are intended to evaluate the ability ofhtiieebeam guardrail transition
systemto contain and redirect impacting vehicles. In addition, controlled lateral deflection of the
test article is acceptable. Occupant risk evaluates the degree of hazard to occupants in the
impacting vehicle. Posmpact vehicle trajectory is a measure of the potential of the vehicle to
result in a secondary collision with other vehicles and/or fixgelotdy thereby increasing the risk
of injury to the occupants of the impacting vehicle and/or other vehicles. These evaluation criteria
are summarized ifable2 and déned in greater detail in MASH 2016. The fgitale vehicle
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crash testwere conducted and reported in accordance with the procedures provided in MASH
2016.

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

2.3 Soil Strength Requirements

In accordance with Chapter 3 and Appendix BMASH 2016, foundation soil strength
must be verified before any fedlcale crash testing can occur. During the installation of a soil
dependent system, W6x16 posts are installed near the impact region utilizing the same installation
procedures as the sgst itself. Prior to fullscale testing, a dynamic impact test must be conducted
to verify a minimum dynamic soil resistance of 7.5 kips at post deflections between 5 and 20 in.
measured at a height of 25 in. If dynamic testing near the system is notd db&k8H 2016
permits a static test to be conducted instead and compared against the results of a previously
established baseline test. In this situation, the soil must provide a resistance of atpeas¢i®0
of the static baseline test at deflectioh§,dl0, and 15 in. Further details can be found in Appendix
B of MASH 2016.
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3 DESIGN DETAILS, TEST NO. HMDT-1

The test installatiohada total length ol 77 fti 6 in.andconsisted o& 100-ft long section
of theHawaii Modified Ddaware ThrieBeam Bridge Rajlthe preliminary design of theiDOT
thrieebeam AGT MGS rail, and anchorage systanthe upstreamnd and a thridcoeam anchorage
system at the downstreagndof the bridge railas shown in Figure4 through38. Photographs
of the test installation are aWwn in Figure 39 throughFigure 41. Material specifications, mill
certifications and certificates of conformity for the system materials are showppendix B
Note that the drawing set includes details for the entire systefnding the bridge rail, AGT
W-beam rail installationand anchorage systentdowever, only théAGT details are described
belowand inAppendix B

The preliminary designfdd D O T three-beamAGT consisted of 12-ft 6-in. long, 12
gaugenested thridbeam railand 6ft 3-in. of single ply 12ga. thrie beamail supported by W6x15
and W6x9 steel posts at various spaciigsts in th@ested thridbeam sectioof AGT consiste
of three6-ft 6-in. long W6x15 steel sectionsiith 37%2in. spacingand four6-ft long W6x9steel
sectionswith 18%in. spacing The remaining posts weref6long W6x9 steel sectionsThe
upstream end of the AGT incorporated the previously MA&ted MGS upstream stiffness
transition to connect the AGT to the adjacent MG|SApproximately 50 ft otheMGS extended
from the upstream end of the AGhd wasanchored using an MGS trailing end anchor system
Theguardrailanchorage system consisted of timber posts, foundation tubes, anchor cables, bearing
plates, rail brackets, and channel struts, which closely resembled the hardware used in the Modified
Brealaway Cable Terminal (BCT) system. The guardrail anchorage system has been MASH TL
3 crash tested as a downstream trailing end terif6r@jl Blockouts within the AGT consisted of
rectangularHSS steel tubesBlockouts on the W6x15 posts weBan. wide, while 4-in. wide
blockouts wee used with W6x8.5/W6x9 posts. This MGS upstream stiffness transition was
designed to transition from the-81 tall MidwestGuardrailSystem (MGSjo the stiffened thrie
beam regions of the AGT using an asymmetricalovthrie transition rail segment arstindard
6-ft long W6x8.5 or W6x9 guardrail posts. The MGS upstream stiffness transition was already
successfully evaluated, and crash tested to MASHS T4].

A 6-in. tall concrete curb wascatedbelow the AGT with its front face tapered with a
slope of 6V:1H and aligned with the face of the guardrail above. The curb began at the upstream
end of the bridge rail an@drtherextended 14 ft 2%4in. upstream. The gtream end of the curb
was terminated with a vertical taper measuring 4 in. vertically by 36 in. longitudinallin Ax3
9-in. vertical taper was applied to the downstream end of the curb adjacent to the bridge rall
sidewalk to mitigate wheel snag on theh

The downstream end of transition was connectedhéoHawaii Modified Delaware
Thrie-Beam Bridge Rajlwhich consisted o& 10gauge thricbeamrail with a mounting height of
32 in. supported by W6x25 steel posts, spatéiift i 3 in. and installed on &in. tall concrete
sidewalk.The top rail mounting height gradually changed from 31 in. at post no. 11 (i.e., upstream
of the asymmetrical Wo-thrie transition rail segment) to 32 in. at post no. 19 (i.e., first post of the
bridge rail) overa length of 18% ft.The bridge rail waslesigned for use with 6- to %in. tall
concrete sidewallnd wassuccessfully crash testéal MASH TL-3 criteria in a prallel study by
the researchers at the Midwest Roadside Safety Facility and documented in a separa®. report |
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The downstream end of theidge railincorporatedathrie-beam en@nchor assembly that
developed the necessary tensile strengthcamsisted of a vertical HSS6x4#2 steel tubgan
HSS6 x4x U angled dt B5edegreésudotiee grouandd a 16gauge thricoeam terminal
connectorasshownin Figure30. This thriebeam downstream end anchorage was successfully
crash tested and reported in anoteject [LO]. Note that this anchorage is not an essential part
of the system and was incorporated to anchor the bridge rail at the downstream end.
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Figure22. Transition Curb Details, Test N6EMDT-1
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