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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 mn?
ft2 square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi? 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 g
Ib pounds 0.454 kilograms kg
T short ton (2,000 Ib) 0.907 megagrams (or A1 Mg(or"t"
TEMPERATURE (exact degrees)
R . 5(F32)/9 . o
F Fahrenheit or (F32)/1.8 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
mmn? square millimeters 0.0016 square inches in?
m?2 square meters 10.764 square feet ft2
m?2 square meters 1.195 square yard yad?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi?
VOLUME
mL milliliter 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft3
m® cubic meters 1.307 cubic yards ya®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or fl 1.103 short ton (2,000 Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit IE
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? 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 nwfeply with Section 4 of ASTM E380.
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1 INTRODUCTION

1.1 Background

The Hawaii Department of Transportation (HDOT) utilizes several concrete bridge rails
with aesthetic treatments. Howex, the crashworthiness of these bridge railings under current
impact safety standards has not been demonstrated until redémlyeport documentsnefull -
scale crash test conducted in supportof astudytoevaldate s af ety per 3mr mance
in. tall, Aesthetic Concrete BridgeaR with aesthetic recessed rectangular paaelded tats
traffic-sideand backsidesurface. The recessed rectangular pahet the HDOT34-in. tall bridge
rail were60 in.wide, 15 in. tall, and Y%n. deep Theedges of the panels transitioned to the face of
the rail using 2H:1V slopélhe concrete bridge ravasanchored to a concrete bridge deck, and
a 2in. thick concrete or asphalt finishing surfagas simulatedon the traffieside face of the
bridge railwith the use of recessing the bridge rail into the existing concrete taExpansion
joints using smooth doweiserelocated at intervals in the bridge rail. End sections measuring 3
ft 7 6 in. long are used ¢he ends of the bridge rail adjacent to an end buttress structure.

Thi s r e
wi t h aesth
summarized below:

port describes the third series of
etic, recessed panel s. Previous ev

1 H34BR12[1]:Fullls cal e cr as h t34is. Tall AegtheticfCondrét€Bridge
Rail. Tests were performeatcording to MASH test designatios. 3-10 and 311. All
crashworthiness criteria were satisfied. The system received an FHWA Eligibility Letter
HSST-1/B-345dated August 14, 202Q];

1 HP34S12[@:Full-scal e cr ash t est34nglralcdésthétiDCoictele v er t
Bridge Rail withPedestriarHandrailand $dewalk. The sidewalk was 6 in. tall ar@ift
wide. Tests were performed according to MASH test designaiosn3-10 and 311. All
crashworthiness criteria were satisfied

This report documentsfall-scale crash tesig of a third application for this system, which
consists of the sang-in. tall, vertical concrete parapet with aesthetic, rectangular recessed panels
as was evaluated during test nos. H34B&d 2, and with the same pedestrian handrail mounted
to the back side of the barrier as was evaluated in test no. HP&4&2 This test series wassed
to investigatelf vehicle componentsould extend into th&Zone of Intrusion Z0Il) andinteract
with the pedestrian handrail and produce snag, which could increase occupant risk.

1.2 Objective

The researclobjective of thisstudyincluded an evaluatioof the safety performance of
H a w a B4iind &l Aesthetic Concrete Bridge Rail witedestriarHandrail The system was
evaluated according to the Tdstvel 3 (TL-3) criteria of theManual for Assessing Sy
Hardware, Second EditiofMASH 2016)[4].
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1.3 Scope

The research objectiveas achieved througtine completion of several task®@ne full -
scale cash test wsconducted on thelDOT 34-in. tall, 34-in. Tall Aesthetic Concrete Bridge Rail
with PedestriatHandrailaccording to MASH 2016 test designation nd.13 Next, the fulscale
vehicle crash test resulivas analyzed, evaluated, and documented. Conclusions and
recommendations were then made pertaining to the safety performancdHof@ie34-in. Tall
Aesthetic Concrete Bridge Rail wiedestriatHandrail A final reportwas publishedliscussg
the results ad findings fromthefull-scale crash teghat wasconducted on thelIDOT 34-in. tall,
aestheticconcretebridgerail system withpedestriarhandrail

Note that the only difference between the system evaluated during test nos.-H34BR
2 [1] and the current systemeported herein wathe addition of a backounted handrail.
However, during test no. H34BR , the extension of thesksall C ¢
than the width of the barriefhereforeit was unlikely that adding a backountechandail would
affect the results of the test and the associated occupant Tisrefore, only MASH test
designationno. 3-11 with a pickup truckwas performed oithe HDOT 34-in. Tall, Aesthetic
Concrete Bridge Rail witPedestriatdandrail
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2 TEST REQUIREMENTS AND EVALUATION CRITERIA
2.1 Test Requirements

Aesthetic concrete bridgaits must 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 hardware, these satatydards consist of the
guidelines and procedures published in MASH 204]6 According to TL-:3 of MASH 2016,
longitudinal barrier systems must be subjecte@vtoftll-scale vehicle crash tesés summarized
in Tablel.

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

Test Vehicle Impact Conditions ,
Test Desianation Test Weiaht Evaluation
Article 9 Vehicle gnt, Speed, | Angle, Criteria®
No. Ib
mph degees
. 3-10 1100C 2,425 62 25 AD,FH,I
Longitudinal
Barrier 311 2270P | 5,000 62 25 AD,FH,I

! Evaluation criteria explained ifable2.

It should be noted that the test matrix detailed herein repreagmtsctical worstase
conditionwith respect to the MASH 2016 safety requirementsaaishworthinessvaluation
of thebarrier systemAccording to MASH 2016, thelDOT 34in. Tall, Aesthetic Concrete Bridge
Rail with PedestrianHandrail should be evaluated at a location that evaluates the greatest
propensity for vehicle snag as well as a location that maximizes structadalg of the bridge
rail at a critical section. However, two recent fstlale testing efforts of the 34. tall, Aesthetic
Concrete Bridge Rail system were conducted at an expansion joint to maximize the loading and
likelihood of barrier deflection toesult in vehicle snag. For both systems, the deflections of
parapet segments at expansion joints were minimal.

During test no. H34BR (MASH test designation no-B1), theworking width of the 34
in. Tall, Aesthetic Concrete Bridge Rail whg in,, as shown irrigurel. The working width was
determined from the extension of the impsicle front corner of the hood extending over the top
of the rail.

For the 34in. Tall, Aesthetic Concrete Bridge Rail with Pedestrian Handrail and Sidewalk
system 8], theimpactf r ont corner of the vehiclebds hood
As a result, the extension of the Wiguieg2c!|l eds

s |
h
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Figure2. Vehicle Engagement with Handrail during Test No. HR343
4
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The engagement of tlemginehood and fender of th@ckuptruck during tesho. HP34S
1 resulted in some scrubbirgntact against the handrail and the post, but damage was limited.
Post and rail damage is shownRigure 3. Because snaggingas limited and occupant risk
outcomeswere deemed acceptaplthe results of test no. HP34Swere determined to be
acceptable

Figure3. Pedestrian Handil Damage from Impact with Hood and Fender, Test No. HA34S
(3]

Both tests utilized the critical impact point speciffedtest designation no-B1 for rigid
barrier testingshownin Table 2.7 of MASH 2016The CIP waddentified upstream from the
expansion joint for the evaluation of vehicle snag and structural loading of the HD{DTt3H,
Aesthetic Concrete Bridge Raior test no. HP34, documented hereim, CIP of 85 in. upstream
from the post was selected bdasm the point of maximum extension of the hood and fender during
test no. H34BRL. However, the initial impact was to occur slightly downstream from the
expansion joint based on the geometry of plagapetand connection to concrete parapet to
maximize tle extension of the fender over the top of pla@apetand prevent the fender from
becoming wedged into the aesthetic recesses in the front of the rail. The impact was still designed
to load the expansion joint prior to encountering the post but minimezeathdeflection prior to
vehicle impact with the handrail.

The 1100C passenger car test was deemed not critical for testing and evaluating this
systemNote that the only difference between the system evaluated during test nos.-H3#4BR
2 [1] and the HDOT 34n. tall, aesthetic concrete bridge rail system \dimdrailwasthe back
5
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mounted handrail. During test no. H34BRthe extension of thersa | | car into the |
was limited. The rightside mirror, whichwas not considered a structural member of the car,
extended to a maximum lateral extent of 9.6 which wasless than the width of the barrier.

Structural components of the vehiciecluding the righf r ont f,;e n@ER a n eilfaikC 0

sill, and hood extended less than the Aglde mirror. Therefore, itwas deemedinlikely that

adding a backnountedpedestriarhandail 10% in. behind the traffiside facewould affect the

sy s t esafdiysperformance or occupant risk measures for the 1100C smdlheagfore, only

MASH test designatiomo. 3-11 was performed on the HDO3-in. Tall, Aesthetic Concrete

Bridge Rail withPedestriatdandrail

It should be noted that thee s t matrix detailed herein re
engineering judgement with respect to the MASH 2016 safety requirementbesnchternal
evaluation of critical tests necessary to evaluate the crashworthingbke tiarrier system.
However, he recent switch to new vehicle types as part of the implementation of the RIASH
criteria and the lack of experience and knowledge regarding the performance of the new vehicle
types with certain types of hardware could result in unanticipated bagrferpance. Thus, any
tests within the evaluation matrix deemed+ooitical may eventually need to be evaluated based
on additional knowledge gained over time or revisions to the MASIS @eria.

2.2 Evaluation Criteria

Evaluation criteria for fullscalevehicle crash testing are based on three appraisal areas:
(1) structural adequacy; (2) occupant risk; and (3) vehicle trajectory after collision. Criteria for
structural adequacy are intended to evaluatealfil@y of the bridge railsystemto contain ad
redirect impacting vehicles. In addition, controlled lateral deflection of tésé article is
acceptable. Occupant risk evaluates the degree of hazard to occupants in the impacting vehicle.
Postimpact vehicle trajectory is a measure of the potentith@f/ehicle to result in a secondary
collision with other vehicles and/or fixed objects, thereby increasing the risk of injury to the
occupants of the impacting vehicle and/or other vehicles. These evaluation criteria are summarized
in Table 2 and defined in greater detail in MASRB016 The fullscale vehicle crash test
documented hereiwas conducted and reported in accordance with the procedures provided in
MASH 2016.

In addition to the standard occupant risk measures, thelRpatt Head Deceleration
(PHD), theTheoretical Head Impact Velocity (THIV), and the Acceleration Severity Index (ASI)
were determined and reported. Additional discussion on PHD, THIV andsAgovided in
MASH 2016
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Table2. MASH 2016Evaluation Criteria foLongitudinal Barrier

Structural
Adequacy

A.

Test article should contain and redirect the vehicle or bring the v
to a controlled stop; the vehicle should penetrate, underride,
override the installation although controlled lateral deflection of
test article is acceptable.

Occupant
Risk

Detached elements, fragments or other debris from the test 3
should not penetrate or shqwtential for penetrating the occupg
compartment, or present an undue hazard to other traffic, pedes
or personnel in a work zone. Deformations of, or intrusions intoj
occupant compartment should not exceed limits set forth in Sg
5.2.2andAppendix E of MASH2016

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

Occupant Impact Velocity (M) (see Appendix A, Section A5.2dt
MASH 2016 for calculation procedure) should satisfy the follow
limits:

Occupant Impact Velocity Limits

Component Preferred Maximum

Longitudinal and Lateral 30 ft/s 40 ft/s

The Occupant Ridedown Acceleration (®OR(see Appendix A
Section A5.2.20f MASH 2016 for calculation procedure) shou
satisfy the following limits:

Occupant Ridedown Acceleration Limits

Component Preferred Maximum

Longitudinal and Lateral 15.0 g 20. 49
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3 DESIGN DETAILS

The test installation consisted of two-ftllong and three 2# long concretebarrier
segmentsnd had a total length of 88 &s shown in Figuresthrouch 17. Photographs of the test
installation are shown iRkigures18 through22. Material specifications, mill certifications, and
certificates of confomity for the system materials are showrppendix A

As noted previously, the HDO34-in. Tall, Aesthetic Concrete Bridge Rail wiBedestrian
Handrailsystemwasconstructedor evaluation of the LON of the bridge rail. Thus, no end sections
of the rail were constructed. The rail was constructed in five segments separated by four expansion
joints tobe consistent with previousigsted rail designd]3]. The spacing between the expansion
joints was limited to 22 ft, which wasdlsmallest rail segment length between joints noted by
HDOT. Larger rail segment lengths between expansion joints were considered less critical. The
HDOT 34-in. Tall, Aesthetic Concrete Bridge Rail witedestriarHandrailwas installed on the
concrete tarmac at the MWRSF Outdoor Test Site rather than on a simulated bridge deck and
overhangA narrowtrenchwascutdown 2in. into the existing concretert@mac for whichthe 36-
in. barrier systenwas anchored, thus providing34-in. barrier height relative tthe tarmac to
simulate the correct height of the rail relative to the bridge deck in the HDOT stawtarid was
consistent with the previoustgsted rail I]. A concrete fill was then applied to the trench
surroundingthe rail to simulate the-i. tall, finished gradeThe handail, which consisted of
welded rail assemblies with posts and base plates, were installed on tredeackthe parapet
using four, postnstalled epoxied threaded rods and nuts. fdmedail segments contained built
up, welded splice tubes which were inserted intceti#s of the rail to simulate expansion joints
in thehandails.

The bridge rail was 3#. tall relative to the traffieside tarma@nd 10in. wide at the top
and the bottom. The top surfalcad 34in. chamfered edges.eResse@desthetidines2in. deep
were located’ in. below the topsurfaceard 9 in. above the bottom surface time trafic- and
backside facesThe mainaesthetideatureon this concrete bridge raivas60-in. wide x 15in.
tall x ¥>in. deep recessed panels on bibih trafficside and backide facesThe edges of the
panels transitioned to the face of the rail using 2H:1V sldpe.concrete mix for the bridge rail
sections required a minimu@8-day compressive strength of 4,000 psi. Two concrete cylinder
compression tests were conducted, Withday compressive strength results®#90 and 5,740
psi. Steel reinforcemennh the barrierconsisted oASTM A615 Grade 60 rebar. Eaclncrete
bridge railsegmentonsisted okightno. 5 longitudinal bar§our per facethat werevertically
spaced 10 ingpart. Vertical stirrupsvere also provided usingp. 5 rebarwhich were pacedon
12-in. centes on the backside face and on 6in. centes on the traffieside face Vertical
reinforcement baraere anchoretb an existing concrete tarmax boththetraffic-side andack
side faces to a depth ofiB. and epoxied witliilti HIT RE-500 V3in order to develop the full
tensile strength of the bafhe minimum bond strength of the epoxy adhesive was 1,560 psi after
atwo-day cure.

The bridge rail system ctained an expansiojint consisting of a ¥#n. gap that was
produced using a premolded joint seakes shown in Figure$ and 7. The expansion joint
assembly consisted of three-2¥4 long, No. 8 smoothrebarwith PVC tube and caps castexnh
the upstream side tifie expansion joint. Additional vertical stirrups sga on 4in. centerswvere
placed athe expansion joistas shown irFigures6 and?7.

8
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The handail consisted of a welded tube, post, and baseplate assembly. The rail consisted
of HSS3x3%4 by 21-ft 11-in. long steel tubeswhich wee welded using a #h. fillet weld all
aroundto HSS22x2YxY4by 7-in. long tube postsas shown ifriguresl2throughl6. The spacing
between posts was 66 in., and omestpwas installed 16% in. from the upstream eneéaufh
parapet The tube posts were welded tar8 x 5in. X ¥in. thick, ASTM A36 steel base plates
with a®ae-in. fillet weld on both sides of the post. At the bottom of the post,-n2%2Yxin. x
Yxin. thick cap was welded to tHsottom of the postvi t h-in.dilletaveld all around. Two ¥
in. diameter, semicircular weep holes were located at the top of the post androraidrheter
weep hole was located in the lower post cap to allow air to eswaygh the post during haolip
galvanization. The splices consistedH8S2x2xY4 by #n. long tube with 7in. x 1¥%in. x 31e-in.
thick shimsinserted 2 in. into the downstream side of the handrail tubavatted on all sides
with a¥1e-in. fillet weld. As a result, approximatelyin. of the splice tube assembly was exposed
at the expansion joinand the remaining in. of the splice tube assembly protrddeto the
adjacenhandail end.

_ The pedestrian rail wdastened to the backsse of t he p a-nad@meter, wi t h
7 Gn.long ASTMF15541 5 Grade 105 steel t herire othehe top od s |
surface of the barrieas shown ifrigurel0. The top of the pedestrifaandrailwas located at 422
in. above the MWRSF tarmawhich simulated a bridge deck surface, or 8% in. above the top
surface of the barrier.

During construction of the barrier system, forms were installed hlaésthetic recesses
and upper bevel in the face of the barrier, as showngure 18. The construction team installed
the premolded joint sealer between consecupgeapet sections without additional backup
structure or reinforcement. As a result, pressure from the concrete pour occasionally caused the
premolded joint sealer to deform into adjacent parapet sections. The construction team adapted by
partially filling concrete parapets adjacent to each other to provide intermediate bearing pressure
on both sides of the premolded joint sealer. In practice, the use of premolded joint sealer may
require either stepped construction on multiple parapets simultaneoushgkupbstructurdo
reinforce thepremolded joint sealer.
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d8 | 4 [7x1 1/2°x3/16” Shim ASTM A36 - R4 T8 TS e oSS

Figurel13. PedestriatandrailDetails Test NoHP341
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Figurel4. Baseplate, Post, amtandrailConnection Details for Pedestrian Rdiest NoHP341
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Figure15. PedestriatdandrailComponent DetailsTest NoHP341
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Figure16. Pedestriatdandraitto-Parapet Fastener Detailtest NoHP34-1
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lheor? QTY. Description Material Specification Treatment Specification Hcggi\:ljgre
al — |Concrete* Min. f'c = 4,000 psi - —
a2 — |Low—Strength Concrete Overlay Concrete NE Mix 9019 CITY — —
b1 |264|#5 Rebar, 46 3/4” Total Unbent Length ASTM AB15 Gr. 60 Epoxy Coated (ASTM A775 or A934) -
b2 | 24 |#5 Rebar, 38 7/8" Total Unbent Length ASTM AB15 Gr. 60 Epoxy Coated (ASTM A775 or A934) —
b3 | 24 |#5 Rebar, 259 1/2” Total Length ASTM A815 Gr. 60 Epoxy Coated (ASTM A775 or A934) -
b4 | 16 |#5 Rebar, 127 3/4” Total Length ASTM AB15 Gr. 60 Epoxy Coated (ASTM A775 or A934) =
cl 12 |#8 Smooth Rebar, 24 1/2” Total Length ASTM AB15 Gr. 60 Epoxy Coated (ASTM A775 or A934) =
62 12 [1 1/4” Dia. PVC Pipe Schedule 80 PVC Gr. 12454 = —
c3 12 |1 1/4” Dia. PVC End Cap Schedule 80 PVC Gr. 12454 - =
c4 — |Epoxy Adhesive Hilti HIT RE-500 V3 = =
€5 — |Expansion Joint Filler AASHTO M33, M153, or M213 - —
cB — |Expansion Joint Sealant AASHT§35MB117’36',M§SBTZM %gg‘jﬂ ASTM — =
d1 16 [8"x5"x3/4" Steel Plate ASTM A36 = =
d2 16 |[HSS 2 1/2"x2 1/2"x1/4”, 13 3/4" Long ASTM A500 Gr. B - -
d3 2 |HSS 3"x3"x1/4", 131 1/2" Long ASTM A500 Gr. B — —
d4 3 |HSS 3"x3"x1/4", 263" Long ASTM A500 Gr. B - -
d5 4 |HSS 2"x2"x1/4", 7” Long ASTM A500 Gr. B = =
dé 16 |2 1/4"x2 1/4"x1/4” Steel Plate ASTM A36 = =
d7 | 64 (5/8"—11 UNC, 7 7/8” Long Threaded Rod ASTM F1554-15 Gr. 105 ASTM F2329 =
d8 16 |7"x1 1/2"x3/16" Shim ASTM A36 - -
el 64 |5/8"-11 UNC Heavy Hex Nut ASTM A563—-15 Grade DH ASTM F2329 FNX16b
e2 | 64 [5/8” Dia. Hardened Washer ASTM F436 ASTM F2329 FWC16b
*NE Mix 47B1S/1PF4000HW was used for testing purposes.
» . SHEET:

Hawaii 34" Aesthetic 15 of 15

Concrete Bridge Rail

Test No. HP34—1

Midwest Roadside| - ° M
Safety Facility o™= B

Figure 17. Bill of Materials, Test NoHP341
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Figure18. ConstructiorProces$hotographs, Test N6IP341
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Figure19. ConstructionProces$’hotographs, Test N6lP341
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Figure20. Final Shape of Premolded Joint Sealer Between Concrete Parapet Sections
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Figure21. Test InstallationTest No. HP34L
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Figure22. Test InstallationTest No. HP34L
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