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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 cubicmeters 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 megagrams (or fi 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 per square 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? squaremillimeters 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 square meter 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 made to comply with Section 4 &388TM

iv
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1 INTRODUCTION
1.1 Background

The Hawaii Department of Transportat (HDOT) employs several concrete bridgdsrai
with aesthetidreatmentshowever, the crashworthiness sdmesystemshas yet to be proven
under current impact safety standards. This report consists of the documentation of $wald€ull
crasht ests conducted in support of a studny to e\
Tall, Aeshetic Concrete Bridge Rail withecessed roundedanels on both the trafficand
backside surfacesThe recessed panels were 6 in. widanl#all, and ¥n. deep at an inclination
angle of 60 degrees. Typically, the bridge rail is anchored to the bridge deck on thesinlaffic
face of the barrier with the application of an2 thick concrete finishing surfacén the crash
testing efforts,le bridge rding and the sidewalkvereanchored tdhe Midwest Roadside Safety
Faci IMwRySOrgxisting unreinforced concrete tarmac using epoxied, vertical, steel dowel
bars with expansion joints located atf22ntervals.This system includia 6-ft wide sidavalk
used in thecrashtestingprogramas itwas deemeda critical part of the systenmrhe original
standard plans of the HDOT 42 Tall, Aesthetic Concrete Bridge Rail are simaw Figuresl
through3 [1].

In 2006, esearchers at the Texas A&M Transportation Institute (TTI) published National
Cooperative Highway Research Program (NCHRP) ReportZ5%His report developed desi
guidelines for aesthetic treatments for safety shape concrete roadway barriers by implementing a
series of Finite Element Modeling (FEM) simulations and physical crash testing. The simulations
examined the effects of the width, dephd angle of inchiation of the asperity surface. Asperity
angles of 30, 45, and @@greesvere analyzed and categorized as acceptable, marginal/unknown,
and unacceptable. Asfinal deliverable, NCHRP Report 554 provided final design guidelines for
safety shape barrieraged on simulation and crash testing resagshowrnn Figure4.
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NCHRP Report554 provided guidelines for singlglope and verticalace barriers that
were developed by the California Departmef Transportation (Caltrans@][ in 2002 ad
approved by the FHWAN acceptance letter-B10 [4]. Caltrans conducted crash testing on
singleslope barriers with various architectural treatments to develalelines for evaluatinthe
crashworthiness of barriers with widanging patterns and textures. Six recommendations for
singleslope or verticaface barriers were developed after f&ghle crash testing in accordance
with NCHRPReport350[5] criteria. As reported in NCHRReport554, the following types of
surface treatments are permitted:

1. Sandblasted texturesi t h a maxi mum relief of E in

2. Images or geometric pattes cut intahe face of the barrier 1 inor less and having
45-degreeor flatter chambered or beveled edges to minimize vehicular sheet metal
or wheel snagging.

3. Textures or patterns of any shape and length inset int@atleeof the barrier up to
% in. deepby 1 in. wide.

4. Any pattern or texture with gradual undudatithat has a maximum relief &f in.
over a distance of 1¥¢in.

5. Gaps, slots, grooves, or joints of any depth with a maximum width of % in. and a
maximum surface differentiaicross these features3bk in.

5
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6. Any pattern or texture with a maximum relief of 2% in., if such a pattern b24ins
in. or above the base of the barrier and if all leading edges are rounded or sloped to
minimize any vehicle snagging potential.

After conparing the HDOT 4:n. Tall, Aesthetic Concrete Bridge Rail to the NCHRP Report 554
design guidelines, the research team anticipated that the existing bridgeuldillikely provide
acceptable safety performangader current impact safety standardspassenger vehicles its

own. However, fullscale crash testing was needed to evaluate the bridgétredidewalkto the
safety criteria in the American Association of State Highway and Transportation (AASHTO)
Manual for Assessing Safety Hardware, $echdition(MASH 2016) B].

The addition of a6t sidewalk to thdridge railingsystem is whadistinguisheshis project
from the systenproven successful in MwR®Fprior testingdetailed in report noTRP-03-424
20[7]. Therearefew systemghat weregested under current safety conditiovith barriersplaced
behind asidewalk The most relevant testas performed by Caltrans in ZDWheretheir Type
732SWhbridgerail, which is an updated version of their Type 26 with a sidewaedls, crashed
tested to meet the MASBI0O09 TL-3 criteria for longitudinal barrier§8]. Threefull-scale crash
tests were conducted on this systamlertest designation no8-10 and 311 as well as 210. Test
designation na3-10 initially did not meethe occupantisk parameterspecifiedin MASH 2009,
and therefore the systemas determined to benacceptable according to the MASH safety
performance criterial' he lateral ridedown acceleration (ORA) exceedeelMASH 2009 safety
requirementsThistestfailure wasbased on an incorrectly determirfeadl -space model start time.
The start timewas set between thaitial contactof the vehicle andhe curb instead of initial
contact between the vehicle and the concrete bafines. difference irflail spacestart timeleft
less space available during the modical moment of the crash testsulting in the highdateral
ridedown acceleratiomalue.

1.2 Objective

The objective of this report included an evaluation of the safety performatiwlehgth
of need (L ONY)in. dafl, AddtbeBicdCanecretedBAdge Rail with-& Sidewalk The
system was evaluated according toThe3 criteria ofMASH 2016

1.3 Scope

The research objective was achieved through the completion of several Tasks.
full-scale crash testvere conductedon theHDOT 42in. Tall, Aesthetic Concrete Bridge Rail
with a 6-ft Sidewalkaccording to MASH 2016 test designatiorsr®10and3-11. Thecrash test
results were analyzed, evaluated, and documented. Conclusions and recommendations were then
made pertaining to the safety performance obitii#ge railing and sidewalk system.



Decembetl5, 2022
MwRSF Report NoTRP-03-455-22

2 TEST REQUIREMENTS AND EVALUATION CRITERIA
2.1 Test Requirements

Aesthetic concrete bridge raitsust satisfy impact safety standards in order to be declared
eligible for federal reimbursement by tR&lWA for use on the National Highway System. For
new hardware, these safety standards consist of the guidelines ardipgsqriblished in MASH
2016. Note that there is no difference between MASH 20Dand MASH 2016 fordngitudinal
barriers such as bridge railexcept that additimal occupant compartment deformation
measurements, photographs, and documentation are required by MASHAEd16ling to TL-3
of MASH 2016, longitudinal barrier systems must be subjected to twdalé vehicle crash
tests, as summarized Trablel.

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

Test Vehicle Impact Conditions .
Test Desianation Test Weiaht q | Evaluation
Article 9 Vehicle 9 Spee Angle Criterial
No. Ib mph degees
Longitudinal 3-10 1100C 2,420 62 25 A,D,F.H,I
Barrier 311 2270P 5,000 62 25 A,D,F,H,I
! Evaluation criteriaareexplainedn Table2.
Not e t hat t he t est matri X detail ed her ein

judgement of which tests are necessary to assess system crashworthiness according to the MASH
2016 safet requirementsHowever, future evaluation may be required due to revisions to the
MASH criteria or additional knowledge gained over time.

According to MASH 2016, the HDOT 4ia. Tall, Aesthetic Concrete Bridge Rail should
be evaluated at a lation that evaluates the greatest propensity for vehicle snag and a location that
maximizes structural loading of the bridge rail at a critical section. For the HD&. Z2ill,
Aesthetic Concrete Bridge Raiboth critical impact point would occur upsteam from an
expansion joint in the bridge raifhe bridge railhas a transition from the recessed panehéo t
main face3%in. upstreamfrom an expansion joint Thus, impacting upstream from this point
would provide an evaluation of vehicle snag on bibih recessed panetige and the expansion
joint. Additionally, the critical structural section in the radcursat the expansion joiriecause
the bridge rail design does not reduce the transverse reinforcement near the expansiod joint
smooth dowel &rs are used to transfer shear loading across the opening. As such, the critical
impact pointsfor rigid barrier testingundertest designation nos-13 and 311, specifiedby
MASH 2016 were applied upstream from an expansion joint to evaluate vehicle snag and
structural loading of the system.
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Table2. MASH 2016 Evaluation Criteria fdrongitudinal Barries

A. Test article should contain anddnect the vehicle or bring the
Structural vehicle to a controlled stop; the vehicle should not penetrate,
Adequacy underride, or override the installation although controlled lateral
deflection of the test article is acceptable.
D. Detached elementdagments or other debris from the test article

should not penetrate or show potential for penetrating the occup
compartment, or present an undue hazard to other traffic, pedes
or personnel in a work zone. Deformations of, or intrusions into,
occupant compartment should not exceed limits set forth in Sect
5.2.2 and Appendix E of MASH 2016.

F. The vehicle should remain upright during and after collision. The
maximum roll and pitch angles are not to exceed 75 degrees.
H. Occupanimpact Velocity (OIV) (see Appendix A, Section A5.2.2

MASH 2016 for calculation procedure) should satisfy the followir]
Occupant limits:

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

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

Occupant Ridedown Acceleration Limits
Component Preferred Maximum
Longitudinal and_ateral 15.0 g 20. 49

2.2 Evaluation Criteria

Evaluation criteria for fullscale vehicle crash testing are based on three factors: (1)
structural adequacy, (2) occupant risk, and (3) vehicle trajectory after collision. Criteria for
structural adequacy are intended to evaluate the ability of the Iaitigg to 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 vehiélap&cst
vehicle trajectory is a measuof the potential of the vehicle 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 sumnmaiadde2 and
defined in greater detail in MASH 2016. The fsdlale vehicle crash test was conducted and
reported in accordance with the procedures provided in MASIE.20

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

The test installation consisted afreinforced concrete bridge rail and sidewalk anchored
totheexistingconcr et e tar mac at MwRSFG6s Outdoor Test
and overhangPrevious testing of a MASH 2016 T4_bridge rail orasimilar &in. thick concrete
bridge deck displayed no deck damagsdicating the potential for deck damage or deflection that
would affect the outcome of the ftdtale crash test was minimal under 5142016 TL-3 impact
conditions[10]. HD O T 0 sn. TalR Aesthetic Concrete Bridge Rail withftoSidewalk was
constructed to an effective rail height of 42 in. tigkato the 6in. tall sidewalk. Design details for
the installation are shown Figures5 through27. Photographs of the test installation are shown
in Figures28through30. Material specifications, mill certifications, and certificates of conformity
for thesystem materials are shownAppendix A

The reinforced concrete bridge rail had a total length of 88 ft and measured 42aindtall
10 in. wide, as shown inigures5 and 7. The barrier had a vertical front face with aesthetic
recessed panels spaced 12 in. apart, measuring 6 in. wide and 14 in. tall viithtaep&dge
radius. Threé/in. tall x ¥2in. deep Vshaped horizontal bevel @itvere etched into each face
located8, 15, and5 in. above theidewalk, as shown iRigure1l. The top edge of the barrier on
each side washamfered at a 48egree angle, measuring % in. widée reinforced cocrete
sidewalk had a width d ft and measured 6 in. tall with &4tin. finish, asshown inFigure9.

The bridge railconsisted of four distinct segments withidz wide expansion joints, as
shown in Figure 5 and6. Expansion joints were spaced 22 ft apart throughout the length of the
bridge rail The expansion joint spacing was limited to 22 ft due to it being the strailesegment
length between joints noted by HDOT. Larger rail segments between expansion joints were
considered to be less critical. Filler and sealant compounds were used to fill the gap between
segments at the expansion joimMs42-in. x 42in. end @nel that leads to the concrete shape
transitionand end butess into the Approach Guardrail Transitiops@m(AGT) and Midwest
Guardrail System (MGS)as placed on the downstream end oflihdge rail These attached
systems were built simultaneousWth the concrete bridge rail and sidewalk syst&éhe concrete
mix for the bridge rail sections required a minimumd28 compressive strength of 4,000 psi.
Two concrete cylinder compression tests were conducted wilay tompressive strength results
of 4,170psi and4,510psi.

Steel reinforcemerdonsisted of ASTM A615 Gr. 60 rebar, as shown in Fig8rés, 12,
14 through16, and18 through23. TenNo. 5 longitudinal rebars werlcated2!¥¢ in. from the
outer surface of each segmeiftthe concrete barriewith five on each side.ongitudinal rebar
measurin@60in. longwas used ithebar i er segments and | ocated 2a,
in. above the sidewalk. Verticdirsups were also provetusing No5. rebar, which were spaced
on 12-in. centers on thdacksideface and6-in. centers on the traffiside face. Vertical
reinforcement bars were anchored to ¢bacrete tarmac through tien. tall sidewalk on both
the trafficside and backside faces to a deptl8 af. and epoxied witlHilti HIT RE-500 V3in
order to develophe full tensile strength of the bar. All rebar ha2tia. concrete clear covefhe
longitudinal reinforcement for the sidewalk consisted of six Nonditudinalrebars located in.
from thetraffic-sideface, spaced at 12 in. The transverse reiefoent consistedfdNo. 4 rebar
spaced at 9 in. for the entire distance of the sidewalk system.
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At each expansion joint, shear continuity was maieinsing a pireceiver casting and
a 12%ain. long x 1%4in. diameteiSchedule 80 PVC pipe with a it diameter along the vertical
centerline of one barrier segment. Four No. 8 smooth rebar pins were placed into the PVC tubes
that were cast into adjacent concrete barrier segnmBEmspins were spaced 11 in. apart, and the
top pin was located 5 in. from theptsurface alog the midplane of the barrier.

10
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(5) The impact location for test no. H42S—2 is 43 3/16” upstream from Sofety FOCI|Ity

Hawaii Phase 2
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Figure6. Bridge Rail Layout, Test No$142S1 andH42S2

Z2SSr-E0dHION Hoday 4SHMIA

Zdoeg ‘Gmequiadag



€T

10"

le 5"

3 spacgs

33"

e

N
AN
u

——— o B
( Frv_ ) ) )
I

e29

SECTION A-A

Notes: (1) Smooth dowels (part h1) are cast in place on one side of the
expansion joint, and inserted into plastic sleeves (part h2), which are cast
into the barrier on the other side of the expansion joint.
(2) 1/2" expansion joints to be bonded together by premolded joint
filler and joint sealer according to specifications.
(3) PVC tubes and caps (parts h2 and h3) are to be cast on the
upstream side of expansion joints.
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Hawaii Phase 2
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o 3 Expansion Joint Details
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DWG. NAME.
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Figure7. Expansion Joint Details, Test N6$42S1 andH42S2
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Figure8. Parapet Reinforcementests NosH42S 1 andH42S2
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Figure9. Sidewalk and Rampetails, Test NodH142S 1 andH42S2
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Figurel0. Sidewalk Reinforcement Detaifest NosH42S1 andH42S2

Z2SSr-E0dHION Hoday 4SHMIA

Zdoeg ‘Gmequiadag



LT

le——10"—s

1/2"
%) nin

Sl

4 R3”
1727
(14P) = 4 |
e f_; _ _%_ _ _;\ _
Cn |
427 11"____1/4"
4 11"
e
b g < o S

L
L

—

SECTION 0-0

. DETAIL P
SCALE 1 : 12 SCALE 1 : 6

Note: (1) The "Tombstone” dimensions (Detail P) are the same on the front and
back of the parapet.

F E— T
J0000000000000000000000[

3/4"x3/4" Chamfer

P

b

ELEVATION VIEW PROFILE VIEW

End Panel

Midwest Roadside
Safety Facility

Hawaii Phase 2
Systems 3 and 4

Test Nos. H42S—1-2 and
H42ST—1-2
Parapet and Endpost Details
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Figurell Parapet and Endpost Detail®est NosH42S1 andH42S2
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Figurel2 Endpost Reinforcementest NosH42S1 andH42S2
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Figurel3. Transition Buttress Detail§ est NosH42S1 andH42S2
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Figurel4. Transition Buttress Reinforcement Details, Test MBS 1 andH42S2
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Figurel5. Transition Buttress Reinforcement Details, Test MBS 1 andH42S2

225SY-€0dHION Hoday 4SYMN

Zdoeg ‘Gmequiadag



Zc

7 spaces @ 22" = 154"

PLAN VIEW

L—®

[ —

ELEVATION VIEW

o=

2" CLR

1
[ 44

|

60" to 65"
2" to 4”
1
/‘{
1
I'—<; Curb Gutter L
12” to 18"—
Tarmac
SECTION Z2-Z
SCALE 1:14

——

(TvP)

J

7

j’_L Note: (1) Curb Gutter hidden in Plan and Elevation views.

T
ke
CLR

Midwest Roadside
Safety Facility

Hawaii Phase 2
Systems 3 and 4
Test Nos. H42S—1-2 and

H42ST—-1-2

Curb Reinforcement Details

LJP/SBW/G
LP/SBW/

DWG. NAME.
H42S—-H42ST_R17

SCALE: 1:18
UNITS: in.

REV. BY:

KAL/SHY /R
KF/JCH/RN

Figurel6. Curb Reinforcement Details, Test NéBI2S1 andH42S2
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Figurel8. Sidewalk Rebar Details, Test N6$42S1 andH42S2
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Figurel9. Parapet Reinf@ement Details, Test Nod42S 1 andH42S2
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Figure22. Transition Buttress End Reinforcement, Test M#2S1 andH42S52

225SY-€0dHION Hoday 4SYMN

Zdoeg ‘Gmequiadag



62

Figure23. Longitudinal Buttress and Curb Reinforcement Details, Test Nd28S 1 andH42S2
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