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1INTRODUCTION

1.1 Background

The Ohio Department of Transportation (ODO#&jnploys an unreinforced, singiope
concrete median barrier thigtbased omreviously crash tested singtééope barrier geometries
and the Ontario Tall Wall barri¢f]. However, this barrier design has not been evaluated to the
updated crash safety standards foundthe American Association of State Highway and
Transportation Officials AASHTO) Manual for Assessing Safety Hardwar8econd Edition
(MASH 2016 [2]. Additionally, the lack of reinforcement in the concrete median barrier may pose
concerns with respecb tthe safety performance of the barrier systé@imerefore the ODOT
unreinforced, singlslope concrete barrier needed to be evaluated to the Test Levidl-3)(
criteria of MASH 2016.

The ODOT unreinforced, singldope concrete barriezonsists of a 4. (1,06 #mm)tall
singleslope face geometry with a slope of 10.9 deghexes vertical The top width of the barrier
is 12 in.(305 mm)and the base width is 28. (711 mm).ODOT employs a variety of asphalt and
concrete keyways, soll fill adjacent to the barrier, and dowel bar options for anchoring the base of
the barrier. Reinforced and anchored end sections are used near barrier ends and/or expansion
joints. ODOT also empies contraction joints at a minimum of every 2Qgtl m)throughout the
barrier.

ODOTO6 suse of an unreinforced, singdtope concrete barrierwas based on the
unreinforced Ontario Tall Wa[l1]. The Ontario Tall Wall test installation consistedad#28-ft
(100-m) long unreinforced, New Jersey shapencrete median barrier embedded in.§46 mm)
of Type "D" hotmix, hotlaid asphaltic concret as shown irFigure 1. The total height of the
barrier was 41.3 ir(1,050 mm)bove the roadway surface. Trasb width of the barrier was 31.5
in. (800 mm)andthetop width was 11.4 in(290 mm) The barrier was sliformed continuously
without construction joints and was placed on a 29.5750mm) thick granular bas¢hat
extendedrom the front edge of the barrier to 3(#14 mm)beyond the back of the biaar. The
layout of the agested Ontario Tall Wall is shown Fgurel.

In the fullscale crash testing of the Ontario Tall Wall, an 80;B0(B6,287#kg) tractor
trailer impacted the barrier 87(#6.5m) from the upstream end of the test installation at a speed
of 49.6 mph (79.8 km/h)and an angle of 15.1 degrees. The tractor trailer was contained and
redirected. However, the ballast used in the trailer of thevedscle impactecénd rupturedhe
side of the trailer as the tractor trailer rolledsulting insome of the ballast exiig the trailer
during impact. The Ontario Tall Wall barrier performed satisfactorily, meeting the guidelines set
forth in NCHRPReport 230[3] and the 1989 AASHT@uide Speiications for Bridge Railings
[4]. The results also demonstrated that uheeinforced, concrete Ontariall Wall barrierwas
structurally adequate to contain and redirect an 8alj9(86,287kg) tractor trailer with thea&veat
that some of the ballast mass was lost during testing.

While theOntario Tall Walltesting indicated that an unreinforced concrete barrier could
redirect heavy vehiclesoncerns about the performance of unreinforced concrete barriers.remain
Unreirforced barriersmay crack over time, even to the point where visual gaps may exist
throughout the cross section. In this scenario, no rail continuity would exist and vehicle redirection
would be dependenipon a combination of several factors, including thertial resistance of the

1
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thick concrete barriethe bond between the barrier and support surface and/or asphalt keyway,
and the limited structural capacity of the concrete cross section (shear, tension, torsion, bending,
etc.) away from the gap locati.

siisdllio § -0

[}

A=23 mm

CTyp) #
178 \
E {———m 3
0 -
(2]
a
-
¥ [
EE g
o ' Ra23mm
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=k L ey e
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o 2 M e 3.5 m C 11.5" ) amgc @ ) —=
%39 l
! :
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HOT mix Hot mix |
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i
g 0% —= 5% 0%
/ S— I [ I .
— % — 0% |

/El( !ltlﬂq surface

750 mm ¢ 30" ) Base

BARRIER INSTALLATION
Figurel. Ontario Tall Wall[1]

The geometry of thesingleslopeface concrete barriewas previously evaluated under
MASH TL-3 using a shorter barrier, the TXDOT Type SSTR (SwSitpe Traffic Rail) bridge
rail, as shownn Figure?2 [5]. The barrier had a 3®. (914mm) height and was impasd by a
2270P vehicle at 63.8 mpi@2.7 km/h and at an angle d24.8 degreesThe vehicle was
successfully contained and redirected, and performed acceptably to safety criteria established in
MASH.
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1.2 Objective

The obgctive of this research effort w& evaluateODOTO anreinforced, singlslope
concrete barrieaccording tahe TL-3 criteria of MASH 2016

1.3 Scope

The research objective was achieved throughctbmpletion of several tasks. One {ull
scale crash test was conducted on timeeinforced singleslope concrete median barrier
according to MASH 204 test designation no-B1. Next, the fulscale vehicle crash test results
were analyzed, evaluated,cadocumented. Conclusions and recommendations were then made
pertaining to the safety performance of timeeinforcedsingle-slope concrete median barrier
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2 TEST REQUIREMENTS AND EVALUATION CRITERIA

2.1 Test Requirements

Longitudinalbarrierssuch aghe unreinforcegsingleslope concreteamedianbarriermust
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 SystenS{NFbr
new hardware, these safety standards consist of the guidelines and procedures published in MASH
2016 [2]. Note that there is no difference between MASH 2(06] and MASH 2016 for
longitudinal concretebarrierssuch as the system tested in this projegcept that additional
occupant compartment deformatioreasurements are required by MASH 2016

According to TL-3 of MASH 2016 longitudinal barrielsystems must be subjectedwm
full-scale vehicle crash tests, as summarizeltainle 1. However, onlytest designationo. 3-11
was deemedritical for evaluation bthe ODOT unreinforced, singldope concrete barrieTest
designation no. -30 with the 1100C vehicle is typically required to evaluate vehielpture,
vehicle stability, and occupant risk concerns for the smallRm@&vioustesting was conducted
according to MASH2016 test designatiomo. 3-10 on the CALTRANS Type 60 singlglope
concrete median barrier with a-86 (914mm) height and 9-tlegree sloped fadée]. This test
indicated thathe capture, stability, and occupant risk values were acceptab&eTior3 1100C
vehicle impact on a singlglope concrete barrier with a sloped face only 1.7akegsteeper than
that d the ODOT unreinforcesgingleslope barrier It was believed that thsimilar barier
geometry of the ODOT singlglope barrier would provide similar vehicle redirection and stability
characteristicsAdditionally, structural loadig of the barrier in test designation nel@ with the
1100C vehicle would be significantly less than that of designatiomo. 311 with the 2270P
vehicle. Thus, test designation nelB with the 2270P vehicle was consideredrtiestcritical
test toevaluate vehicle capture, vehicle stability, vehicle saagd maxinal structural loading of
the barrier Thus only test designation no-B1 was conducted and reported herein.

Tablel. MASH 2016 TL-3 Crash Test Conditiorfer Longitudinal Barrers

Test ‘I_'est . Test \\//v(:"eri]gigcr:(ta Ismzzzlt bt Evaluation

Article | DSS9M%0ON vehicle | Ib oh Andle. | Criteria
(kg) (km/h) 9

Longitudinal | 529 1100C (iigg) (16020) 25 ADFHI

Barrier 311 2270P (2;238) (16020) 25 AD,FH,I

! Evaluation criteria explained ifable2.

MASH andits predecesspNCHRP Report No. 3508], have both operated under the
philosophyto ewluateh ar dwar e wunder the fworst practical
possibled Under the HAwor sandt pretaadits cafl twlheadpossehnbl e
hardware evaluation shouldake an effort to evaluate barriers in their worst or most critical
conditionsandin realistic scenarioue toconcerns for théoss ofcontinuityin an unreinforced

4
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barrierresulting from temperature and shrinkage crackiing/as recommended that t@DOT
unreinforced, singleslope, concretbarrier betestedwith discontinuities in the barrier atidatthe
barrierbe impactedn critical locations near those discontinuities.

|t Sshould be noted that the test est r i X
engineering judgement with respect to the MASH &6afety requirements and their internal
evaluation of critical tests necessary to evaluate the crashworthingbe tfarriersystem.
However, the recent switch to new vehicle types as part of {lenmentation of the MASH 2A®
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 barrier performance. Thus, any
tests within the evaluation matrdeemed noseritical 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 fullscale vehicle 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 evaluate the ability afrtteenforced singlslope concrete
barrierto contain and redirect impacting vehiclesatidition, 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 secatary 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 summarizeth Table2 and defined in greater detail in MASED16 The fullscale vehicle
crash tesdocumented hereiwas conducted and reported in accordance with the procedures
provided in MASH2016

In addition to the standard aggant risk measures, the Pdasipact Head Deceleration
(PHD), theTheoretical Head Impact Velocity (THIV), and the Acceleration Severity Index (ASI)
were determined and reported. Additional discussion on PHD, THIV and ASI is provided 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 ve
to a controlled stop; the vehicle should not penetratderride, of
override the installation although controlled lateral deflection of
test article is acceptable.

Occupant
Risk

Detached elements, fragments or other debris from the test i
should not penetrate or show potential for penetratiegoticupan
compartment, or present an undue hazard to other traffic, pedeg
or personnel in a work zone. Deformations of, or intrusions intg
occupant compartment should not exceed limits set forth in Seg
5.2.2and Appendix E of MASF2016

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 A5.2d%
MASH 2016for calculation procedure) should satisfy flodowing
limits:

Occupant Impact Velocity Limits

Component Preferred Maximum
o 30 ft/s 40 ft/s
Longitudinal and Lateral (9.1 m/s) (12.2 m/s)

The Occupant Ridedown Acceleration (®R(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 ¢ 20. 49
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3 DESIGN DETAILS

The ODOT unreinforced, singlope concrete barrieis used in various installation
layouts, as shown iRigures3 and4. The Midwest Roadside Safety FaciliMwRSH discussed
the various barrier configurations with ODOT to select a critical barrier configuration fechié
crash testing. The selected dgafation was as follows.

1. The barrier consistdof the ODOT Type B42-in. (1,06 7mm) tall, unreinforced, single
slope concrete barrier with a-ir2 (305mm)wide top, a 28n. (712-mm)wide base, and
a 10.9degreeconstantslope face. A 19-ft 11%in. (36.6-m) long barrier sectiorwas
constructedor the crash testingtilizing 4,000psi (27.6MPa) concrete as specified in
the ODOT standard plans.

2. In order to simulate cracking and potential barrier discontinuities in the unreinforced
barrier, MWRSFplaced¥zin. (6-mm) wide separator platesvhich spanned the entire
barrier cross sectigrat 20-ft (6.1-m) intervals along the barrier whehe systemwas
constructedThis spacing matched theinimum spacingf the contraction jointén the
ODOT standardplans. After forming the separator platesere removed such that a
simulated vertical crack through the barmerscreated. MWRSF selesd a critical impact
point (CIP) upstrearfrom one of these cracks to maximize the potential for barrier loading
adjacent to the discontinuity and evaluate potential for vehicle snag at the discontinuity.

3. The astested barrietest installatiordid not include the ODOT end section details as the
barrierwas tobe evaluated along the length of need and the discontsbitidt into the
barrier section noted above prewshbading of the ends of the barrier.

4. Various ODOT barrieanchoragenethods were reviewed with the sponsor, and a critical
installationdesignwas selected for the fulécale crash testing. This indédion usel an
asphalt keyway consisting of a continuous layer -of. {25-mm) thick by 8-ft (2.4-m)
wide asphalt on the front and back of the barrier. The bamgsinstalled on the concrete
tarmac at the MWRSF Outdoor T&ite

5. The asphalt used for the barrier keyway is specified in the ODOT standard as a Superpave,
surface course, asphaltic concrete with a tack coat. Due to the difficulty in obtaining the
exact asphalt mixes used by ODOTseasimilBwRSF 0 s
Superpave mix available in Nebraska. A tack coat similar to that used by QROT
installed beneath the asphalt

The test installation consistedar unreinforced, singlslope concrete median barrieass
shown in Figure$® through8. Photographs of the test installation are shown in Figutiesough
11 Material specifications, mill certifications, and certificates of confornfor the system
materials are shown iippendix A The systemdesign was basesh the ODOT stadard details
for their barrier, as discussedeviously Thetarmac surface around the system was milled down
1in. (25 mm) to accommodate an asphalt pad on the front and back sides of theHodioveing
milling and prior to barrier casting, a thin coating of concrete grout was applied over the middle
40 ft (122 m) of concrete beneathe barrier to provide a smooth surface and prevent excessive
bonding ofthebarrier tothemilled surfaceThebarrierinstallation wasl19 fti 11%4in. (36.6 m)
long and43 in. (1,092 mm) tall andconsisted of a 10-8egeeslope, which resultedn a base

7
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thickness of 2B in. (721 mm) and togvidth of 12 in. (305 mm)A 1-in. (25mm) deep asphalt
keyway was installedn each side of the barrier that made the effective top height and base width
of the of the barrier system 42 {1,067 mm) and 28 in. (711 mm), respectivdllge top corners

had a %in. (19-mm) chamferA Yxin. (6-mm) gap waglacedevery20 ft (6.1 n) along the barrier
installation to simulate cracking at expansion joint locatiavsch created six barrier segmgnt
denoted barrier no. 1 through barrier no. 6

Constructiorphotographsf the systenareshownin Figure9. Each barrier wasastusing
woodenforms and &&xin. (6-mm) thick steel plate was used to maintain even gap spacing between
barriersegmentsConcrete cylinders from each segment were testedghown inPAppendix A
and only barrier segment no. 4 failedneet the required strength of 4,000 psi (2VBa) prior
to the date of the test. Howevegrbe segment no. 4 wagownstreanfrom the mainimpact
regionandwasnot consideredctritical to vehicle impactThus, the test was conducted with barrier
segment no. 4 havingdb-daycompressive strength oféB0 psi (25.4 MPa).

Several imperfections the barriers naturally occurred when removitige formwork.
Thermal hairline cracks extendedrtically through barriers nos. 1, 2, andas shown irFigure
11. Several gouges resulting from removal of the forms can also be seen on thesdgmemts
The gouges vary in size and are generally present along the vertical center of each of the barrie
Additionally, small and limitedgpalling on the edges sbme othe gaps between barriers occurred
when removing the steel plate due to the large amount of ieededo remove the plate.
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(3) 1/4” [6] wide separator plates shall be placed between adjacent barrier
segments when system is constructed and removed when construction is
completed. Separator plates may be part of the form but must have [SHEET:

sufficient strength to maintain the barrier geometry.
(4) Mill existing tarmac surface down 1” [25] in order to accomodate 1”
[25] thick asphalt pad on front and back sides of barrier.

ODOT Type B Unreinforced | o 4
Concrete Barrier System [omE

9/12/2018
(5) Following milling and prior to casting barrier, apply thin coating of Test No. OSSB—1
concrete grout over middle 40’ [12.2 m] of concrete beneath barrier to S DRAWN BY:
. . L
smooth surface and prevent excessive bonding of barrier to milled surface Midwest Roadside ystam: Layout CTM/MES/
when cast. Lead engineer can review milled surface prior to casting to Sofety FGCI'Ity DWG. NAME. SCALE: 1:180 |REV. BY:
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Figureb. Test Installation Layout, Test NOSSB1
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Applied Between
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Notes: (1) Mill existing tarmac surface down 1" [25] in order to
accomodate 1” [25] thick asphalt pad on front and back

sides of barrier.

(2) Tack coat applied beneath asphalt should meet NDOR

SS—1; SS=1H, €SS=1,

or CSS—1H specifications.

(3) The barrier toe shown in Detail B is an alternative listed

in the state plans.
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Test No. OSSB-1

System Details

9/12/2018
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Figure6. System Details, Test NQSSB1
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Quantity

Description

Material Specification

o.

al 1 42" [1,067] Tall, 1,439 3/4” [35.6 m] Long, Unreinforced Single Slope Concrete Barrier Min. f'c =Né‘%07% 5&&27'6 MPa]
NDOR_ Superpave SPH Mix

a2 - Asphalt Binde‘; G 64-34

a3 = Tack Coat NDOR SS—1, SS—1H, CSS—1, or CSS—1H

Vi

N [SHEET:
ODOT Type B Unreinforced | o 4
Concrete Barrier System [
Test No. 0SSB-—1 i
[DRAWN BY: |
Midwest Roadside Bill of Materials OTM/MES/
Sofety FOC”ity DWG. NAME. SCALE: None |REV. BY:
0SSB_OhioSingleSlope_R 10 UNITS: in.[mm] &ilf//’éﬁlg/

Figure8. Bill of Materials, Test NoOSSB1
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FigurelO. Test Installation Photographs, Test ESB1
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Barrier No. 1 Thermal Hairline Crack

Barrier No. 2 Thermal Hairline Crack

Figurell. Barrier ImperfectionsTest No.OSSB1

Barrier No. 5 Thermal Hairline Crack

5

Spalling of Barrier Gap
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4 TEST CONDITIONS

4.1 Test Facility

The Outdoor Test Sites located at the Lincoln Air Park on the northwest side of the
Lincoln Municipal Airport and is approximate miles(8.0 km) northwest of the University of
Nebraskalincoln.

4.2 Vehicle Tow and Guidance System

A reversecable tow system with a 1:2 mechanical advantage was used to propel the test
vehicle. The distance traveled and the speed of the tow vehicle wetalbribat of the test
vehicle. The test vehicle was released from the tow cable before impact with thedyatesr. A
digital speedometer on the tow vehicle increldbe accuracy of the test vehicle impact speed.

A vehicle guidance system developed by Hifighwas usedo steer the test vehicle. A
guideflag, attached to thaght-front wheel and the guide cable, was sheared off before impact
with the barrier system. THg-in. (9.5mm) diameter guide cable was tensioned to approximately
3,500 Ib(15.6 kN and supported both laterally and vertically eveé® ft (305 m) by hinged
stanchions. The hinged stanchions stood upright while holding up the guide cable, but as the
vehicle was towed down the line, the guildg struck and knocked each stanchiothground.

4.3 Test Vehicles

For testno. OSSB1, a2011 Dodge Ram 150ew cab pickup truckwas used as the test
vehicle Thecurb,test inertial and gross stativehicleweights weres,1221b (2,323kg), 5,0011b
(2,268kg), and5,1631b (2,342kg), respectivelyThe test vehicle is shown Figuresl2 and13,
and vehicle dimensions are shoinrFigure14.

The longitudinal component of theenter of gravity €.g) was determined using the
measured axle weightSThe Suspension Methodl(Q] was used to determine the vertical
component of the c.g. for the pickup truck. This method is based on the principle that the c.g. of
any freely suspended body is in the vertical plane through the point of suspension. The vehicle
was suspended succes$ivim three positions, and the respective planes containing the c.g. were
established. The intersection of these planes pinpointed the final c.g. location for the test inertial
condition.The location of the final c.g. is shown in Figulegsand15. Data used to calcukthe
location of the c.g. and ballast information are showfgpendix B

Square, blackand whitecheckered targets were placed on the vehicle for refereree to
viewed from the higfspeed digital video cameras and aid in the video analysis, as shbigara
15. Round, checkered targets were placed on the c.g. on tsedefioor, the righside door, and
the roof of the vehicle.

The front wheels of the test vehicle were aligned to vehicle standards except-ithe toe
value was adjusted to zesachthat the vehicles would track properly along thalgicable. A 5B
fl ash bul b was mo u n tsidedvindshiedldeviper &ankd was fired vy aplessioes | e
tape switch mounted at the impact corner of the bumper. The flash bulb was fired upon initial
impact with the test article to create a vismaicator of the precise time of impact on the Righ

18
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speed digital videos. A remat®ntrolled brake system was installed in the test vehicle so the
vehicle could be brought safely to a stop after the test.

;S

Figurel2 Test Vehicle, Test NOSSB1
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Date: 121312017 Test Name: 08SB-1
Year: 2011 Make:_Dodge Ram 1500
Tire Size: 265/70 R17 Tire Inflation Pressure: 40 Psi
T | T j
n "
t  Wheel f ) Wheel a
Track Track
J— [— | ST ] —l—

Test Inertial CM.

Front

Rear

Total

t=——-T IRE DIA
t=—— WHEEL DIA
—{|—r
b
T T 9
'k Q s P I
[ i
f
h
d e £ —
Vwreor We ronv
(
|Mass Distribution b (kg)
Gross Static LF__ 1503 (682) RF 1412 (640)
LR 1091 (495) RR 1157 (525)
Weights
Ib (kg) Curb Test Inertial Gross Static

W-front 2885 {1309) 2818 {1278) 2915 {1322)
W-rear 2237 (1015) 2183 (990) 2248 (1020)
W-total 5122 (2323) 5001 (2268) 5163 (2342)

GVWR Ratings Ib

3700
3900
6800

Note any damage prior to test:

5000110 (2270450)

Dummy Data

51654110 (2343+50)

Type: Hybrid I
Mass: 162 lb
Seat Position: Left/Driver

Small dent right of center of bumper. Right side scrape/dent along lower center of rear door

VIN No: 1D7RB1CP0OBS685744
Model: 1500 Crew Cab
Odometer: 127742

(2]

o

Vehicle Geometry -in.
Target Ranges listed below

{mm)

73 (1854) b: 743i8 (1889)
78+2 (1950150)
229314 (6836) d: 4712  (1207)
237413 (6020+325)
: 1401/4  (3562) f: 42 {1067)
148412 (3760£300) 39+3 (1000475)
128 5116 (719) h: 61 1i4  (1556)
min: 28 (710) 634 (1575+100)
12 5/8 (321) j: 25 {635)
21 (533) I: 293i4 {756)
6718 (1705) n: 675/8 (1718)
67+1.5 (1700+38) 67+1.5 (1700+38)
44 (1118) p: 4182 {114)
434 (110075)
31142 (800) r: 181i4 {464)
15 114 (387) t: 76112  (1943)
Wheel Center
Height (Front): 15 {381)
Wheel Center

Height (Rear): 15 3/8 {391)

Wheel Wel

Clearance (Front):

Wheel Wel

Clearance (Rear): 38 {965)

Bottom Frame
Height (Front):
Bottom Frame

Height (Rear): 25 3i4 {654)
Engine Type:
Engine Size:
Transmission Type:

Drive Type:

Cab Style:

Bed Length:

in to the box side.

34314 (883)

17314 (451)

8cyl. Gas
4.7L
Auto
RWD

Crew Cab

87"

Figurel4. Vehicle Dimensions, TesttNOSSB1
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Date: 12/13/2017 Test Name: 0SSB-1 VIN: 1D7RB1CP0BS685744
Dodge
Year: 2011 Make: Ram 1500 Model 1500 Crew Cab
7 T . - N
R ‘Tu:lEJ |
| [
| D |
= T S B o, TR, e
—F
_ T T —J‘ "} J
A B C
M —A 1
=)= D I
H I
TARGET GEOMETRY-- in. (mm)
A 72 1/4 (1835) E: 54 3/8 (1381) J: 38 7/8 (987)
B: 36 3/4 (933) F: 54 1/2 (1384) K: 28 1/4 (718)
Cc: 63 5/8 (1616) G: 29 1/2 (749) L: 32 1/4 (819)
D: 31 3/4 (806) H: 61 1/4 (1556) M: 65 1/8 (1654)
I 79 (2007)

Figurel5. Target Geometry, Test NOSSB1
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4.4 Simulated Occupant

For test noOSSB1, A Hybrid Il 50th-Percentile, Adult Male Dummy, eqped with
clothing and footweawas placed in the leftont seat of the test vehicle with the seat belt fastened.
The dummy, which had a final wghtof 162 Ib (73 kg)was represented by model no. 572, and
was manufactured by Android Systems of Carson, California. As recommended by MASH 2016,
the dummy was not included in calculating the c.g. location.

4.5 Data Acquisition Systems

4 .5.1Accelerometers

Two environmental shock and vibration sensor/recorder sysigare used to measure the
accelerations in the longitudinal, daal, and vertical directionBoth accelerometesystemswere
mounted near the.g. of the test vehicleThe electronic accelerometertdabtained in dynamic
testing was filteredisingthe SAE Class 60 and the SAE Class 180 Butterworth filter conforming
to the SAE J211/1 specificationkl].

The two accelerometesystems, the SLICE and SLICE2 units, were modular data
acquisition systems manufactured Diersified Technical Systems, Inc. (DT8) Seal Beach,
California. The SLICE-2 unit was designated as the primagstemas it was closest to the vehicle
c.g The acceleration sensors were mounted insidbdbdes of custorbuilt, SLICE 6DX event
data recorders and recorded data at 10,000 Hz to the onboard microprocessor. Each SLICE 6DX
was configuredvith 7 GB of nonvolat i | e f |l ash memory, a range of
10,000 Hz, ana 1,650 Hz (CFC 1000) ardliasing fiterThe ASLI CEWar eo comput
programs and a customized Microsoft Excel worksheet were used to analyze and plot the
accelerometer data.

4.5.2Rate Transducers

Two identicalangle rate sensor systemounted inside the bodies of the SLKIEand
SLICE-2 event data recorders were used to measure the rates of rotation of the test vehicle. Each
SLICE MICRO Triax ARShada rangeof 1,500 degrees/sec in each of the three directions (roll,
pitch, and yaw)andrecorded data at 10,000 Hz to the onboard microprocesEoe raw data
measurements were then downloaded, converted to the proper Euler angles for analysis, and
plotted. TheA SLI CEWar eo0 <computer software program ¢
worksheet were used to analyze and plot the angular rate sensor data.

4.5.3Retroreflective Optic Speed Trap

The retroreflective optic speed trap was used to determine the speedtestirehicle
before impactFive retroreflective targetsspaced at approximatehs-in. (457mm) intervals
were applied to the side of the vehidli¢hen the emitted beam of ligivasreflected by the targets
andreturned to the Emitter/Receiver, a signal was sent to the data acquisition conegoteing
at 10,000 Hz as well as thexternal LED boxactivating the LED flasheg he speed was then
calculated using the spacing beem theetroreflective targetand the time between the signals.
LED lights and higkspeed digital video analysis are only used as a backup in the event that vehicle
speeds cannot be determined from the electronic data.
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4.5.4Digital Photography

Six AOS high-speeddigital video cameraandtwelve GoPro digital videacamerasvere
utilizedto film test noOSSB1. Camera details;amera operating speettns information, and
schematic of the camera locatigetative to the systemreshown inFigure16.

The high-speedvideos were analyzed usiigEMA Motion and RedLake MotionScope
softwareprograms Actual amera speed and camera divergence factors were considered in the
analysis of the higispeedsideos.A Nikon digital still camera wasalsoused to document @rand
posttest conditions fothetest

24
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274'-10" [83.8 m]

5 1;55'—6" [10.8 m]

22'-7" [6.9 4]’
MM AOSHS A0SR
WGP GP#3 Ml
barrier
14'-6" [4.4 m]
77'-8" [23.7 m]———

101'-4" [30.8 m]

GP

418
#18

—

No. Type O%? ;%t'gglsseiied Lens Lens Setting
AOS-2 AOS Vitcam 500 Kowa 16nm -
AOS-5 AOS X-PRI 500 Telesar 135 mm Fixed -
AOS-6 AOS X-PRI 500 Sigma 2870 #2 35
AOS-7 AOS X-PRI 500 Fujinon 35nm -
AOS-8 AOSS-VIT 1531 500 Sigma 2870 #1 35
AOS-9 AOSTRI-VIT 2236 1000 Kowa 12nm Fixed -

GP-3 GoPro Hero 3 w/ Cosmicar 12.5mm 120

GP-4 GoPro Hero 3+ w/ Computar 12.5mm 120

GP-5 GoPro Hero 3+ 120

GP-6 GoPro Hero 3+ 120

GP-7 GoPro Hero 4 240

GP-8 GoPro Hero 4 240

GP-9 GoPro Hero 4 120
GP-10 GoPro Hero 4 240
GP-15 GoPro Hero 4 240
GP-16 GoPro Hero 4 240
GP-17 GoPro Hero 4 240
GP-18 GoPro Hero 4 120

Figurel6. Camerd.ocations, Speedand LensSettings Test NoOSSB1
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5 FULL -SCALE CRASH TEST NO. OSSB1
5.1 Weather Conditions
Testno. OSSB1 was conducted oBecemberl7, 2017 at approximately:45 p.m. The

weather conditions as per the National Oceanic and Atmospheric Administratetion
14939/LNK) were reported and are shownTiable3.

Table3. Weather Conditions, Test NOSSB1

Temperature 42° F

Humidity 62%

Wind Speed 8 mph

Wind Direction 10° from True North

Sky Conditions Scattered Cloud Coverag
Visibility 8.0 Statute Miles
Pavement Surface Dry

Previous 3Day Precipitation | 0.1in.

Previous 7Day Precipitation | 0.1in.

5.2 Test Description

The 5,001-1b (2,268-kg) crew cabpickup truckimpacted theunreinforced singleslope
barriersystemat a speed d62.8 mph (101.0 km/h) and at an angle &4.9 degreesA summary
of the test results and sequential photographs are showigume 18. Additional sequential
photographs are shown kigure 19 throughFigure 20. Documentary photographs of the crash
test are shown iRigures21 and22.

Initial vehicle impact was to occ@1®16 in. (1,300mm) upstreanirom the construction
joint between barrier nos. 2 and& shown irFigure23, which was selectedsingTable 27 of
MASH 2016to maximizestructural loading adjacent to the simulated joint and the probability of
vehicle snagThe actual point of impact w&.0in. (1,322 mm) upstreanfrom the construction
joint betweerbarrier nos. 2 and. ? sequential description of the impact evestsontainedn
Table4. The vehiclecame to res?32 fti 6 in. (70.9 m) downstreafmom theimpact locatiorand
14 ft7 5in. (4.4m) laterallyaway from thdraffic side of the barrier systeatiter the brakes were
applied The vehicle remained stable and upright throughout vehicle redirectiomheanehicle
trajectory and final positioare shown irFigures18 and24.

Table4. Sequential Description of Impact Evenigest NoOSSB1

T(L'Z'S EVENT

Ve hi eft-feolt bumpeimpactedoarrier no. 2ata location52 in. (1,322 mm)
0.000 o i
upstream from construction joint of barrier nos. 2 and 3
0.004 |Vehi c |-feoiit irecbrgattded barrier no. 2.

0.006 |[Vehi cl e 6 sandgsllecontatted bairierrno. 2.
26
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0010 |[Vehicl eds | ef.Vetliiealdeds dled for meaeladl i
0.022 |[Vehi c |-feoidt sire rbde Giptbarrier no. 2.

0.040 Ve hi ¢ft-feolt bumperand grillecontacted barrier no. ¥ehicle pitched
upward.

0.044 |V e hi teftandright airbagdeployed.

0.050 |Vehi c |-feoidt doorlcenfadted barrier no. 2.

0.062 | Barrier no. 2 rolled away from traffiside of system.

0.066 |[Vehi cl eb6s ¢ randwihdshield ¢craxkech g a g e d

0.096 |[Vehi cl drénstirerbecante tirborne.

0.098 |Vehi c |-feoidt doorlcenfadted barrier no. 3.

0.134 | Barrier no. 2 rolled toward traffiside of system.

0.154 |V e hi c |-feoit Hrebecarhetairborne.

0.168 |V e hi c |-read guartergdnél contacted barrier no. 2.

0184 |Vehiclebs right headlight disengac
0.188 | Vehicle was parallel to system at a speed of 47.8 mph (76.9 km/h).

0199 [Vehiclebs rear bumper contacted ba
0.208 | Vehicle rolled toward system.

0210 [Vehiclebs |l eft headlight disengagc¢
0.212 | Barrier no. 2 rolled away from traffiside of system.

0221 |Vehiclebs tailgate defor med.

0.228 |Vehi c| edardire becagbk airborne.

0.248 | Vehicle pitched dowward.

0254 |Vehiclebs rear bumper contacted ba
0.272 | Barrier no. 2 rolled toward traffiside of system.

Vehicle exited system at a speed of 46.6 mph (75.0 kwith)a c.g. exit angle o
0.367 |- . )
i1 3.0 degrees and a vehicle orient:

0.562 |Ve hi c |-feoit fire regaifet contact with ground.

0.680 | Vehicle rolled away from system.

0.720 |[Ve hi c | edardire regamédtcontact witjiound.

0.724 | Vehicle pitched upward.

0.740 |Vehi c | drénstirerregainbd contact with ground.

0.942 | Vehicle rolled toward system.

1.0 Vehicle was stable and traveling downstream on all four wheels.

5.3 Barrier Damage

Damage to theestinstallationwasminimal, as shown in Figure®5 through28. Barrier
damage consisted @bntact marksgougingand spalling of the concreteand minor concrete
cracking The length of vehicle contact along the barrier was approximitefly’ 6k in. (3.5 m),
which spanned froms ft 7 50 in. (1.7 m) upstream from the center of the joint between barrier
nos. 2 and 3 to 6 ft %2 in. (1.8 m) downstream from the center of the joint between barrier nos. 2
and 3.
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A 5%in. (1,499-mm) long gougewas foundon thedownstream endf barrierno. 2 The
downgdream edge of barrier no. 2 and upstream edge of barrierweretpalled on the traffic
side.Minor spider web cracks stemmed from the thermal crack that resulted during construction
near the center of barrier no. 2. One such crack occurred on thiedayierno. 2for a length of
4 in. (102 mm)Additionally, a 3%in. (89-mm)longcrack was located on the front face of barrier
no. 2,3 in. (76 mm) below the top plane of the barrier.

The maximum lateral permanent set deflection of the systemmeghgible as no
displacement of the base of the barrier was observed in the a3pleaitaximum lateral dynamic
barrier deflection, including tipping of the barrier along the top surfacel\@as. (25 mm) near
the downstream end of barrier no. 2,dasermined from higispeed digital video analysis. The
working width of the system was found to & @in. (711 mm), also determined from the high
speed digital videanalysis.A schematicdemonstratingpermanent set deflection, dynamic
deflection, and wiking width is shown irFigure 17.

DYNAMIC DEFLECTION
= 1.0" [25 mm]

!
POSITION [/ P
TRAFFIC
SIDE
DYNAMIC

PERMANENT SET
0" [0 mm]

WORKING WIDTH
28.0" [711 mm)]

Figurel7. Permanent Set Deflection, Dynamic Deflection, and Working Width, Test No.
OSSB1

5.4Vehicle Damage

The damage to the vehicle wasoderate as shownin Figures29 through 34. The
maximumoccupant compartment deformatioa® listed inTable5 alongwith the deformation
limits established in MASH016 for various areas of the occupant compartmbioine of the
establishedASH 2016deformation limits were violateomplete ocupant compartment and
vehicle deformations and the corresponding locations are providggbandix C Note that floor
pan deformation and occupant compartment deformation data for reference set 2 have been omitted
from Appendix Cdue to errors in data acquisition.

The majority of thevehicledamage was concentrated on lgfe-front corner andeft side
of the vehicle where the impacadoccurred.Two buckles ocarred on the leftront frame, one
28
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in front of thewheeland the other just behind téheel The left frame horn buckled near the
suspension and the Idfont bumper mount plate was bent. The front cab mounts were slightly
bent in a counteclockwise diection. The left sideof the bumper cover was bent in toward the
engine compartment, and the crush extended to the height of the headlight. The grille and both
headlights were disengaged from the vehicle. Additionally, the bottom of the front bumper was
twisted in toward the engine from the centerline tol¢fieside. The leftfront quarter panel was
crushed inward and buckled under the-fedht door The left-front door was scraped and
deformedinward. The left-rear doorwas dented and scratchedThe left-rear quarter panel was
scratched and bent inward. Tledt-rear bumper was denteshdshifted toward the right side of

the vehicle as a result of impact deformation. The tailgate became disconnected on the right side
of the vehicle, and both brake litg were shattered.

The front antrroll bar was bent inward on the léfont side. Both links of the roll bar were
bent forward.The frontleft shock was bent forward, and the spring pushed off certterleft
rear brake line and caliper were bent amalight contact with the rimilhe leftrear side spring
became dislodgkand was wedged between the axle and the rim. The reaphifar was shifted
to the passenger side. The lower control arm of therlaft suspension was folded back and
disengagd off the frame mounts. The steering gear box was shattered, and-fhentetie rod
was bent approximately 45 degsforward. The transmission was shifted on its rear mounts, and
the rear axle was shifted toward tlight side about %2 in. (13 mm). €Heftfront engine mount
had three bolts sheared off, and the Higbht mount was undamaged.

The leftfront tire was torn and in contact with the fendmrtwas not disengaged from the
rim. The leftfront tire rim and hubcap were crushed, and the hub@es disengaged from the tire.
No engine damage occurred, and the windshield was cracked extending from its|bfittom
right corners. Theemaining windowsvereundamaged.

Table5. Maximum Occupant Compartment Deformationd_bgation

MAXIMUM MASH 2016ALLOWABLE
LOCATION DEFORMATION DEFORMATION
in. (mm) in. (mm)
Wheel Well & Toe Pan 10 (48) O (@29)
Floor Pan & Transmission Tunnel 1%4 (32) O 13D5)
A- and BPillars 1v4 (32) O 5 (127
A- and BPillars (Lateral) O (22) O 3 (76)
Side Front Panel (in Front of-Rillar) le (41) O 13p5)
Side Door (Above Seat) 1% (38) O (@29)
Side Door (Below Seat) O (22) O 13p5)
Roof e (16) O 4 (102
Windshield 0 (0) O (36)
Side Window Intact with situral member of test art
Dash O (22) N/A

N/A T Not applicable
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5.5 0ccupant Risk

The calculatedoccupant impact velocities (OIVs) amdaximum 0.016sec average
occupant ridedowacacelerations (ORSs)in both the longitudinal ankhteraldirections are shown
in Table6. Note that the OI¥ and ORs were within suggested limitsasprovided inMASH
2016 The calculagéd THIV, PHD, and ASlvalues are also shown irable6. The results of the
occupant riskanalysis as determined from the accelerometer data, are summarizegline 18.
The recorded data from the accelerometers and the rate trassdieeshown graphically in
Appendix D

Table6. Summary of O¥, ORA, THIV, PHD, andASI Values,Test No.OSSB1

T
Evaluation Criteria ransduc:z_lCE 2 MASH 2016
SLICE-1 . ) Limits
(primary)
oIV Longitudinal | -2129(-6.49) | -19.26(-5.87) +40 (12.2)
s (m/s) Lateral 2482(756) | 26.9(8.20) +40 (12.2)
ORA Longitudinal 7.33 -9.35 +20.49
gos Lateral 1236 10.00 +£20.49
Roll -24.2 -20.0 75
MAX.
ANGULAR .
DISPL. Pitch 5.8 6.6 75
deg. .
Yaw 30.4 29.3 not required
THIV .
ftfs (m/s) 31.50 (9.60) 32.78(9.99 not required
PHI? 1249 12.21 not required
gos
ASI 1.63 1.81 not required
5.62270P Peak Force Calculation
The |l ongitudinal and | ateral wvehicle accel

also processed usingGEFC 60,50-msec moving average. The-&fsec moving average vehicle
accelerations were then combined with the uncoupled yaw angle versus time data in order to
estimate the vehicular loading applied to the barrier system. From the data analysis, the
perpendtular impact force was determined test no.OSSB1, as shown imAppendix E The
maximumperpendicular, or lateral, load imparted to the barrier @sisnated to b&4.5 kips

(376.0 kN), and the maximum parallel, or longitudinal, load imparted to the barriestuasted

to be20.0 kips (89.1 kN) as determined by SLIQE
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5.7 Discussion

The analgis of the test results for test TOSSB1 showed thathe systemadequately
contained and redirected tB270Pvehicle with controlled lateral displacements of the barrier.
Detachedelements, fragments, or other debris from the test article did not penetrate or show
potential for penetrating the occupant compartment, or present an undue hazard to other traffic
pedestrians, or wofkone personnel Deformations of, or intrusions intathe occupant
compartment that could have caused serious injury did not occur. The test vehicle did not penetrate
nor ride over the barrier and remained upright during and after the collision. Vehicle roll, pitch,
and yaw angular displacements, as showAgpendix D were deemed acceptalilecause they
did not adversely influenceccupant risknor cause rollover. After impact, the vehiclg. was
measured texit the barrier at an angle 08.0 degreesandthe vehicle orientation angle during
exit measured 3.8 degrees. The difference in exit angle values can be attributed to the vehicle
rolling toward the test article as it exited the systAsithe vehicleexited the systenvehicle roll
toward the barriealtered the c.g. target alignment relative to the orientation of the siugle
barrier which resultedn a ne@tive c.g. exit angle even thoutite vehicle was exiting the system
at a low trajectory agle. T h e v e h itejécer§y did netwioldte the bounds of the exit box.
Therefore, test ndDSSB1 was determined to be acceptable according to the M2 Bt sdety
performance criteria for test designation 8d.1.
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0.050sec

0.178sec

0.272sec ——| 127 (305) |~ 0.367sec

xit Box

|—--—32'—1o“ [10.0 m]

232'-6" [70.9 m]

145" '[4.4 ] ot

I TESE AGENCY. .ttt MwRSF
T TeSENUMDEE. ...t OSSB1
B B (PO PT PP 12/17/17
T MASH 2016 Test DeSIgNatioMNO...........ocuuuiiieeiiiiiiiieeee e e e e smeee e 3-11
1  Test Article ...Longitudinal Concret®arrier
Total LENGth....oovviiiiiiicee e 119 fti 11%in. (366 m)
1
Number of BarrieSegments
1  VehicleMake Model.............ccccenee. 2011 Dodge Ram 1500 Crew CBlzkup Truck
Curb.....cceeiiiies 5,122lb (2,323kg)
Test Inertial.... 5,001lb (2,268kg)
GrOSS SEALIC. ... .eiiieriiiiiieeii e 5,163lb (2,342kg)
1 Impact Conditions
SPEEM. ...t 62.8 mph (101.@m/h)
ANGIE.. bbb sneeae e 24.9deg
Impact LOCAtion...........ccuuveeieiiiiiiiceneee e 52in. (1,321 mm) USfrom Joint2-3
1  Impact Severity....116.3Kkip-ft (157.7kJ) >106 kip-ft (144kJ) limit from MASH 2016
1  Exit Conditions
SPEEA. ... 46.6 mph (75.0 km/h)
C.G. EXILANGIE ...t 1.3.0deg
Vehicle Orientation ExiAngle .. 3.8deg
1  Exit Box Criterion.. coeeeenn PSS
T Vehicle Stability.........coooiiiiiiieee e Satisfactory
1 Vehicle Stopping DiStanCe...........ccccveeriiiineeiie e 232 fti 6in. (70.9 m)
14 fti 5in. (4.4 m) laterally in front
T VENICIE DAMAGE. ... eeiieeiiiiiiieeeiie et e e e et ee e e e st eeeee e e e e e snnbeeeeeessnaeeeean Moderate
VDS [1Z] oottt 11-LFQ-4
CDC [13.... 11-LYEW-3
Maximum Interior Deformation.. .10in. (48mm)
T TeSt ArtiClE DAMAQE.......oeiiriieiiie ittt Minimal

42" [1067]
28" [711]
[ 17 [25]
. . b
MaximumTest ArticleDeflections
Permanent Sel.........ccooviiiiiiicee e Q.in. (0 mm)
DYNAIMIC.. ...ttt ettt ettt eme e et e e 1.0in. (25 mm)
WOrKing WIdth.........ceiiiiiiieeec e 28.0in. (711 mm)
Transducer Data
Transducer
. L MASH 2016
Evaluation Criteria SLICE-1 SL_ICE—2 Limit
(primary)
o Longitudinal | -21.29(-6.49) | -19.26(-5.87) +40(12.2)
ft/s
(m/s) Lateral 24.82(7.56) | 26.90(8.20) +40(12.2)
ORA Longitudinal 7.33 -9.35 +20.49
90s Lateral 12.36 10.40 +20.49
MAX Roll -24.2 -20.0 +75
ANGULAR .
DISP. Pitch 5.8 6.6 +75
deg. Yaw 304 29.3 notrequired
THIV T ft/s (m/s) 31.50 (9.60) 32.78 (9.99) | notrequired
PHDi g 6 s 12.49 12.21 notrequired
ASI 1.63 181 notrequired

Figurel8. Summary of Test Results and Sequential PhotographdNoeSISSB1
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0.134 sec
S e——

1.520sec 0.368 sec

Figurel19. Additional Sequential Photographs, TRst OSSB1
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0.000 sec 0.000 sec

0.048 sec 0.042sec

0.142sec 0.184sec

< T

T~

0.212sec 0.368sec

. |

0.368sec 0.680sec

Figure20. Additional Sequential Photographs, Thst OSSB1
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Figure21. Documentary Photographs, Téki. OSSB1
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i

Figure22. Documentary Photographs, Test KiESB1
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Figure23. Impact Location, Testio. OSSB1
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Figure24. Vehicle Final Position and Trajectory Marks, THst OSSB1
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Figure25. System Damage, Test NOSSB1
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Front Barrier Segment No. 3

Back Barrier Segment No. 2

Back Barrier Segment No. 3
Figure26. Front and BackSide Barrier Damage, Test NOSSB1

40





























































































































































































