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1INTRODUCTION

1.1 Background

The New Jersey Department of Transportation (NJDOT) currently uses a Nssy Jer
shape, Precast Concrete Curb, ConcBatgier, which will bereferred to as portableoncrete
barrier (PCB), with a vertical;beam connectiopin to attach barriers end to end vintkheir work
zones and construction aredbe 2013 NJDOTRoadway Design Manugl] provided guidance
on allowable barrier deflections for various classes of PCB joint treatments, as shioainheih.
The current 2015 NJDORoadway Design Manuf2] provides guidance on allowable deflections
for various connection types, as showTable?2.

Tablel. 2013NJDOT Roadway Design Manual PCB Guidapfte

Joint Class| Use Joint Treatment

A Allowable movement over Connection Kev onl
16 to 24 inches yory

B Allowable movement over Connection Key and grout in every joint
11 to 16 inches y g Y]

Connection Key and grout in every joint and p
Allowable movement of . . :
C : every other unit. In units to be anchored, pin
11 inches P
should be required in every recess
No allowable movement Connection Key and grout in every joint araltb
(i.e., bridge parapet) every anchor pocket hole in every unit

Table2. Current 2019NJDOT Roadway Design Manual PCB Guidaf2e

Connection
Type

A

Use Joint Treatmerit

Maximum allowable deflection of| Connection Key and barrier end sections
41 inches fully pinned

Maximum allowable deflection of
B 28 inches (Cannot hesed with
traffic on both sides of the barrier

ConnectionKey 60 by 60 K
barrier end sections fully pinned

: . Connection Keyconstruction side of all
Maximum allowable deflection of . . . :
C : sections pinned, and barrier end section
11 inches .
fully pinned

* Barrier end sections fully pinnédfirst and last barrier segments of the entire run regardless of connection type have
pins in every anchor recess on both sides.

The guidance provided imoththe 2013 and 201Roadway Design Manualas basedro
test databtainedrom previous testing standaraghichneeds to be updated to be consistent with
currentcrashtesting standards aradchangingrehicle fleet.Crash ésting of other PCB systems
under the Test Level 3 (TFR) criteria of theManual for Assessing Safety Hardwar8econd
Edition(MASH 2016) [3] has indicated that dynamic barrier deflections can increase significantly
when compared tdynamicdeflections based on older crash test data. Thus, a need exists to

1
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investigate the performance of the NJDOT P§Btemin various configurationsn orderto
provideupdateddesign guidancéfhe NJDOT PCB standard plans are showAppendix A

1.2 Objective

The objective of thisresearch effort was tevaluaet he saf ety perf or manc
PCB, Type 4 (Alternative B)systemwith a free-standing configuratiorand grouted toes
corresponding tgoint class Bin the2013NJDOT Roadway Design Manu@l]. The system was
to beevaluated according to the Test Le@¢TL-3) criteria of theManual for Assessing Safety
Hardware Second Editio(MASH 2019 [3].

1.3 Scope

The research objective was achieved through completion of several@asdsill-scale
crash test was conducted the PCB systermaccording taIASH 2016test designation n&-11.
Next, the fullscale vehicle crash test results were analyzed, evaluated, and documented.
Conclusions and recommendations were then made pertaining to the safety performance of the
PCB system.
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2 TEST REQUIREMENTS AND EVALUATION CRITERIA

2.1 Test Requirements

Longitudinal barriers such asCBs must satisfy impact safety standards in order to be
declared eligible for federal reimbursement by the Federal Higiiaayinistration (FHWA) for
use on the National Highway System (NHS). For new hardware, these safety standards consist of
the guidelines and procedures published in MASH 2@®.6Note that there is no difference
between MASH 20094] and MASH 2016 for most longitudinal barriers, such as the PCB system
tested in this projectxeept that additional occupant compartment deformation measurements are
required by MASH 2016According toTL-3 of MASH 2016 longitudinal barrier systems must
be subjected to twéull-scale vehicle crash tests, as summarizebainle 3. However, only the
2270P crash test was deemed necessary as other prior small car tests were used to support a
decision to deem the 1100C crash test not critical.

Table3. MASH 2016TL-3 Crash Test Conditions for Longitudinal Barriers

Test Test . Test \\//Veerigcr:f Isrgzzgt P Evaluation

Article Desll\glgg.atlon Vehicle b mph ’ A(;]é;le, Criteria®
(kg) (km/h) 9

Longitudinal 310 1100¢ (illl(?%)) (16020) 25 AD.FH|

Barrier 311 | 2270P (g:(z)gg (16020) 25 AD,FH,

! Evaluation criteria explained ifable4.

In test no. 7069B, a rigid, Fshape concretebridge rail was successfully impacted by a
small car weighing 1,800 Ib (816 kg) at 60.1 mph (96.7 km/h) and 21.4 degrees according to the
American Association of State Highway and Transportation Officials (AASHTR)de
Specifications for Bridge Railind$-6]. In the same manneest nos. CMB5 through CMB10,
CMB-13, and 4794 showed thatgid, New Jerseyconcretesafety shape barriers struck by small
cars have been shown to@bsafety performance standardsd]. In addition, in test no. 2214N1,
arigid, New Jersey¥zsection, concreteafety shape barrier was impacted by a passenger car
weighing 2,579 Ib (1,170 kg) at 60.8 mph (97.8 km/h) and Bégrees according to the -BL
standards set forth in MASH 2009 [ Furthermore, temporayilew Jersey safety shampencrete
median barriers havexperienced only slight barrier deflections when impacted by small cars and
behave similarly to rigid barrieess seen in test no. 4X0]. As swch, the 1100C passenger car test
was deemedot critical for testing and evaluating this PCB system.

|t Sshould be noted that the test matri x
engineering judgement with respect to the MA3BIL6 safety requirments and their internal
evaluation of critical tests necessary to evaluate the crashworthiness of the barrier system.
However, the recent switch to new vehicle types as part of the implementation of the \0AGH
criteria and the lack of experience ana¥tedge regarding the performance of the new vehicle
types with certain types of hardware could result in unanticipated barrier performance. Thus, any

3



December 122018
MwRSF Report NoTRP-03-371-18

tests within the evaluation matrix deemed +ooitical may eventually need to be evaluated based
on additonal knowledge gained over time or revisions to the MABHI6criteria.

2.2 Evaluation Criteria

Evaluationcriteria for fullscale vehicle crash testing are based on three appraisal areas:
(1) structural adequacy; (2) occupant risk; and (3) vehicle trajeafter collision. Criteria for
structural adequacy are intended to evaluate the ability ¢*@Resystem to contain and redirect
impacting vehicles. In addition, controlled lateral deflection of the test article is acceptable.
Occupant risk evaluates tllegree of hazard to occupants in the impacting vehicle-ifpsict
vehicle trajectory is a measure of the potential of the vehicle to result in a secondary collision with
other vehicles and/or fixed objects, thereby increasing the risk of injury tactpants of the
impacting vehicle and/or other vehicles. These evaluation criteria are summarfTzdded and
defined in greater detail IMASH 2016.The full-scale vehicle crash test documented herein was
conducted and reported in accordance with the procedures provisli&sid 2016.

In addition to the standard occupant risk measures, thellRpatt Head Deceleration
(PHD), theTheoretical Head Impa&/elocity (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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Table4. 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 penetrate, underrig
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 penetrating the occ
compartment, or present an undue hazard to other traffic, pedeg
or personnel in a work zone. DeMmations of, or intrusions into, th
occupant compartment should not exceed limits set forth in Seg
5.2.2andAppendix E ofMASH 2016.

The vehicle should remain upright during and after collision.
maximum roll and pitch angles are noetaeed 75 degrees.

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

Occupant Impact Velocity Limits

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

The Occupant Ridedown Acceleration (®R(see Appendix A
Section A5.2.2o0f MASH 2016 for calculation procedure) shou
satisfy the following limits:

Occupant Ridedown Acceleration Limits

Component Preferred Maximum

20. 49

Longitudinal and Lateral 15.0 ¢
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3 DESIGN DETAILS

Thetestinstallationconsistedf ten 20ft (6.1-m) longNJDOT PCBswith afree-standing
configurationand grouied toes as shown in Figure& through 14. This systemusesNJDOT
barries, Type 4 (AlternativeB) with joint classB, as specified in the013 NJDOT Roadway
Design ManualPhotographs of the test installation are shown in Figlséisroughl7. Material
specifications, mill certifications, and certificates of conformity forsygem materials are shown
in Appendix B

The concretenix for the barrier sectiomgquireda minimum 28day compressive strength
of 3,700 psi (25.5 MPa). A mimum concrete cover of 1% in. (38m) was used along all rebar
in the barrier. All of the steel reinforcement in the barrier was ASTOM5Grade 60 rebar and
consisted of four No. 6 longitudinal bars, eight No. 4 bars for the vertical stirrups, fourdtierab |
bars, and nine No. 4 bars for the anchor hole reinforcement loops. The section reinforcement details
are shown in Figuresand6.

The barrier sections used a connection key, as shown in Figtimesighl1, and16. The
connection key assembly consisted ofiriz2(13mm) thick ASTM A36 steel plates welded
together to form the key shap& connectionsocketwas configured at each end of the barrier
section, as shown in Figur2s16, and17. The connection socket consisted of three ASTM A36
steel pates welded on the sides of ASTM A5G@ade B or Gsteel tube, as shown Figures9
and10. The connection key was inserted into the steel tubes of two adjoining PCBs to form the
connection, as shown Figure10.

Barriernos.1 and 10 were anchored to the concrete tarmac through the pin anchor recesses
with nine Zin. (25mm) diameter by 1fn. (38:mm) long, ASTM A36 steel pins inserted into
1%#in. (32mm) diametedrilled holesin the concrete tarmac, as showrFiguresl and17. The
steel pins were embedded to a depth of 5 in. (127 mm), as shéugune 1. During installation,
the barrier segments were pulled in a direction paralléieéw longitudinal axs, and slack was
removedfrom all joints. After slack was removed from all the joints,-it#4(32mm) diameter
holes were drilled for pin anchors at pin recess locatiBive samples of concrete tarmac were
tested from five different locations MWR SF &6 s Out d dloercondretestdarma&had & .
compressive strength between 5,970 and@si (41.2 and 48.5 MPa), as showAppendix C
Non-shrink grout wedges wegdaced at the toe of each barrier segment in every joint between
adacent barrier segment both traffic and back sideas shown irFiguresl, 2, and16. The
grout wedges consisted of a grout mix with a minimudag compressive strength of 1,000 psi
(6.9 MPa).
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BILL OF BARS
ITEM NO. QTY. BAR SIZE UNBENT LENGTH MATERIAL SPEC.
a2 18 ¢1" [25] 15” [381] A36
b1 80 | #4 [13] 59" [1499] AB15 Gr. 60
- @4"[102] b2 20 | #6 [19] 6" [152] AB15 Gr. 60
b3 20 [ #6 [19 14" [356] A615 Gr. 60
b4 90 | #4 [13 37" [940] A615 Gr. 60
b5 40 | #6 [19] 19'-0" [5791] A615 Gr. 60
Note: (1) Quantities in Bill of Bars represent a system with ten
barriers.
- $3"[76]
26661 " ;; , <§ e o
[ ] 247[610] v
15 1/2"[394] n
13 1/2"[343] 15"[381]
-
——10"1254]— e L] -
Part b1 Part b4 Part a2
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Figurel2 PCB Reinforcement Detajl$est No.NJPCB4
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Minimum concrete clear cover for reinforcement steel shall be 1 1/2” [38 mm].
All end segments shall be pinned.

After a segment has been placed and the connection key inserted, pull the unit in a direction parallel to its longitudinal axis to remove any slack
in the joint.

The portable concrete barrier shall be cast in steel forms.

The portable concrete barrier shall be barrier segments of 20 feet [6,096 mm]. However, other lengths may be used to meet field conditions.
The number and placement of the b2 and b3 reinforcement steel will vary with the length of the barrier segment as shown on the table of
variable reinforcement steel. The b5 reinforcement steel shall be 10” [254 mm] shorter than the nominal length of the barrier segments.

Reinforcing shown is the minimum required. Additional reinforcing necessary for handling shall be the option and responsibility of the contractor.

Welding and fabrication of steel structures shall be in accordance with sections 1 thru 6 of the ANSI/AASHTO/AWS D1.5 bridge welding code and
section 10 of the ANSI/AWS D1 structural welding code. Surfaces to be welded shall be free of scale, slag, rust, moisture, grease or any other
material that will prevent proper welding or produce objectional fumes. Welding shall be shielded metal arc welding using properly dried 5/32"
[4 mm] dia. E7018 electrodes.

The length of the pins shall be such that a minimum embedment length of 5” [127 mm] is obtained when embedded into concrete pavement.
When anchor pins are in place, they shall not project above the plane of the concrete surface of the barrier. Holes in bridge decks shall be

1 1/4" [32 mm] diameter maximum and made with a core drill or any other approved rotary drilling device that does not impart an impact

force.

Use non-—shrink grout of a plastic consistency that is listed on the QPL and conforms to ASTM C 1107 with the following amendments:
Ensure that the grout has a working time of at least 30 minutes from the time the water is added.

Match the color of the hardened grout, where visible, to the color of the adjocent hardened concrete.

Include 1—day strength tests as part of the performance requirements of ASTM C 1107.

Ensure that the grout contains no more than 0.05 percent chlorides or 5.0 percent sulfates by weight.

Minimum 1—day compressive strength of 1,000 psi [6.9 MPa]

OBl o

(10) Use connection key in every joint. Pin end segments with pins in every anchor pin recess.
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Figure 13. General NotesTest NoNJPCB4
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psi (6.9 MPa]

15 | e Description Material Spec Galvanization Spec
al 10 |Concrete Barrier Segment — NJDOT Type 4 Barrier (Alternate B) Min. f'c = 3,700 psi [25.5 MPa] -

a2 18 |1” [25] Dia., 15" [381] Long Anchor Steel Pin ASTM A36 ASTM A123*
b1 | 80 [1/2” [13] Dia., 59" [1,499] Long Bent Rebar ASTM A615 Gr. 60 -

b2 | 20 |3/4” [19] Dia., 6” [152] Long Rebar ASTM A615 Gr. 60 -

b3 | 20 |[3/4" [19] Dio., 14" [356] Long Rebar ASTM A615 Gr. 60 -

b4 | 90 [1/2" [13] Dia., 37" [940] Long Bent Rebar ASTM AB15 Gr. 60 -

b5 | 40 [3/4” [19] Dia., 228" [5,791] Long Rebar ASTM A815 Gr. 60 s

cl 20 [4"x4"x1/2" [102x102x13] x 20" [508] Long Tube ASTM AS00 Gr. B or C -

c2 40 |40 1/2"x2"x1/4” [1,029x51x6] Bent Steel Plate ASTM A36 -

c3 20 (34 1/2"x2"x1/4” [876x51x6] Bent Steel Plate ASTM A36 -

d1 18 (25 1/2"x2"x1/2” [648x51x13] Steel Plate ASTM A36 -

d2 | 9 |25 1/2"x2 1/4°x1/2" [648x57x13] Steel Plate ASTM A36 -

d3 18 |6 3/16"x1 3/8"x1/2” [157x35x13] Steel Plate — Stiffener ASTM A36 —

d4 9 |17"x8"x1/2" [432x203x13] Bent Steel Plate — Top Plate ASTM A36 -

el 18 |Non—Shrink Grout Min. 1?d00810 Compressive Strength _

*Component does not need to be galvanized for testing purposes.

Midwest Roadside
Safety Facility

NJ Free—Standing
Portable Concrete Barrier
Test NJPCB—4

Bill of Materials
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Figurel14. Bill of Materials, Test NONJPCB4
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Figurel5. NJDOTPCBwith FreeStanding ConfiguratioandGrouted ToesTest Installation,
Test No.NJPCB4
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Figure16. PCBConnection KeyConnection Sockegnd Groutat ToesBetween BarriersTest
No.NJPCB4
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Figurel7. PCB Pin Anchor Recesse®arrier Nos.1 and 10, Test NONJPCB4
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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 approximatey 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 vehike eanehalf that of the test
vehicle. The test vehicle was released from the tow cable before impact with the barrier system. A
digital speedometer on the tow vehicle increldbe accuracy of the test vehicle impact speed.

A vehicle guidance system dewpkd by HincH{11] was used to steer the test vehicle. A
guideflag, attached to thaght-front wheel and the guide cable, was sheared off before impact
with thebarrier system. ThE-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 cabtks but as the
vehicle was towed down the line, the guildg struck and knocked each stanchion to the ground.

4.3 Test Vehicle

For tesno.NJPCB4, a2011 Dogje Ram 150@uad calpickup truckwas used as the test
vehicle Thecurb,test inertial and gross statieehicleweights wereés,0291b (2,281kg), 5,0001b
(2,268kg), and5,1561b (2,339kg), respectivelyThe test vehicle is shown Figures18 and19,
and vehicle dimensions are shownFigure 20. Note thatpretest photographs of theehicled s
undercarriage anaot available.

The longitudinal component of theenter of gravity €.g) was determined using the
measured axleveights The Suspension Methofll2] was used to determine the vertical
component of the c.g. for the pickup truck. This method is based on tiogpf&ithat the c.g. of
any freely suspended body is in the vertical plane through the point of suspension. The vehicle
was suspended successively in three positions, and the respective planes containing the c.g. were
established. The intersection of thedanes pinpointed the final c.g. location for the test inertial
condition.The location of the final c.g. is shown in Figug&sand21. Data used to calculate the
location of the @. and ballast information are shownAppendix D

Square, blackand whitecheckered targets were placed on the vehicle for reference to be
viewed from the higtspeed digital video cameras and aid in the video analysis, as shbigarna
21 Round, checkered targets were placed on the c.g. on tHse&defioor, 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 vehicle would track properly along the guide cable. A 5B
flashbub was mount ed u nsdewindshleld wipeeahd wad fieed by a pressurte
tape switch mounted at the impact corner of the bumper. The flash bulb was fired upon initial
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impact with the test article to create a visual indicator of the préoiseof impact on the high
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.

Figurel8. Test Vehicle, Test N0NJPCB4
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Figurel. Test Vehicleds | nN¥CB4or Fl oorboards, Te:
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Date: 11/9/2016 Test Name: NJPCB-4 VIN No: 1D7R1GP1BS554669
Year: 2011 Make: Dodge Model: Ram 1500
Tire Size: P265/70R17 Tire Inflation Pressure: 40 Psi Odometer: 175692
Vehicle Geometry - in. (mm)
- ‘ Target Ranges listed below
—l— ______ J (I ‘r
n " a: 761/2  (1943) b: 745/8  (1895)
t  Wheel Wheel o 78+2 (1950+50)
Track Track
j c: 2303/4 (5861) d: 493/8 (1254)
- = | — l 23713 (6020+325)
e: 1401/2  (3569) f:_407/8  (1038)
Test Inertial CM. 148+12 (3760+300) 39+3 (1000£75)
g: 28 3/16 (716) h: 6111/16 (1567)
9—]—TIRE A min: 28 (710) 63+4 (1575+100)
" F”“fpm ii 1158  (295) | 26 (660)
b k: 21 (533) I: 30 (762)
9 o
T KN
| K Q) @ P l m: 6734 (1721) n: 673/4  (1721)
! T | 67+1.5 (1700+38) 67+1.5 (1700+38)
h o: 441/2 (1130) p:_ 512 (140)
43+4 (1100£75)
d e £ —=
q:_311/2  (800) r:_181/2  (470)
vwrenr wFronv
c s 14 (356) t 7512  (1918)
Wheel Center
Mass Distribution b (kg) Height (Front): 15 (381)
Wheel Center
Gross Static LF_ 1473 (668) RF_ 1428 (648) Height (Rear): 15 3/8 (391)
Wheel Well
LR 1160 (526) RR__ 1095 (497) Clearance (Front): 35 1/8 (892)
Wheel Well
Clearance (Rear): 38 (965)
Weights Bottom Frame
b (kg) Curb Test Inertial Gross Static Height (Front): 18 1/8 (460)
Bottom Frame
W-front 2853 (1294) 2805  (1272) 2901  (1316) Height (Rear): _251/4  (641)
W-rear 2176 (987) 2195 (996) 2255 (1023) Engine Type: gasoline
W-total 5029 (2281) 5000 (2268) 5156 (2339) Engine Size: 4.7L V8
5000£110 (2270£50) 5165£110 (2343£50)
Transmission Type: Automatic
GVWR Ratings Ib Dummy Data Drive Type: RWD
Front 3700 Type: Hybrid 11 Cab Style: Quad Cab
Rear 3900 Mass: 156 |b Bed Length: 76"
Total 6700 Seat Position: Driver
Note any damage prior to test: minor dents and scratches, tail gate cap missing.

Figure20. Vehicle Dimensions, TesttNNJPCB4
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Date: 11/9/2016 Test Name: NJPCB-4 VIN:  1D7R1GP1BS554669
Year: 2011 Make: Dodge Model: Ram 1500
| |
| D |
Moy M
| F
Y I L J’ vy
A B C
s RIS s i
M
)= D L
H I
TARGET GEOMETRY-- in. (mm)
A: 73 1/8 (1857) E: 63 1/2 (1613) J: 39 1/4 (997)
B: 27 (686) F: 63 1/2 (1613) K: 28 1/8 (714)
C: 84 1/4 (2140) G: 34 3/4 (883) L: 41 7/8 (1064)
D: 44 (1118) H: 61 3/4 (1568) M: 65 1/4 (1657)
I 78 1/2 (1994)

Figure2l. Target Geometry, Test NNJPCB4
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4.4 Simulated Occupant

For test noNJPCB4, A Hybrid 1l 50"-Percentile, Adult Male Dummy, equipped with
clothing aml footwear, was placed in the lfont seat of the test vehicle with the seat belt
fastened. The dummy, which had a final weight of 156 Ib (71 kg), was represented by model no.
572, serial no. 451, and was manufactubsd Android Systems of CarspiCalifornia. As
recommended by MASEA016 the dummy was not included in calculating the logation.

4.5 Data Acquisition Systems

4 .5.1Accelerometers

Two environmental shock and vibration sensor/recorder sygstegne used to measure the
accelerations in the longitudindateral, and vertical directiondBoth accekrometers were
mounted near the c.gf the test vehicleThe electronic accelerometer data obtained in dynamic
testing was filtered using the SAE Class 60 and the SAE Class 180 Butterworth filter conforming
to the SAE J211/1 specificationsd.

The o systems, the SLIGE and SLICE2 units weremodular data acquisition systems
manufactured byDiversified Technical Systems, Inc. (DT®j Seal Beach, Californialhe
SLICE-2 unit was designatess thegprimarysystemThe acceleration sensors were mounted inside
the bodesof custombuilt, SLICE 6DX event dateecorderand recorded data at 10,082 to the
onboard microprocessoEach SLICE 6DX was configured with 7 GB of nemlatile flash
memory, a range of N500 ¢ga&1s650Ha(CEClO00)amiiasingt e o f
fitkerr The ASLI CEWareodo computer s ozédt Miaosoft Exgel o gr a m
worksheet were used to analyze and plot the accelerometer data.

4 5.2Rate Transducers

Two identicalangular ratesensor systemsvhich weremounted inside the bodies of the
SLICE-1 and SLICE2 event data recorderseasurd the rates of rotation of the test vehid@ch
SLICE MICRO Triax ARShadarange of 1,500 degrees/sec in each of the three directions (roll,
pitch, and yaw)andrecorded data at 10,000 Hz to the onboard microprocesHoe raw data
measurementsvere then downloaded, converted to the proper Euler angles for analysis, and
pl otted. The ASLI CEWared computer software p
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 speedtedttrehicle
before impactFive retroreflective targefsspaced at approximatel8-in. (457#mm) intervals
were applied to the side of the vehidl¢hen the emitted beam of light wiaslected by the targets
andreturned to the Emitter/Receiver, a signal was sent to the data acquisition conegoteling
at 10,000 Hz as well as thexternal LED boxactivating the LED flasheS'he speed was then
cdculated using the spacing between tétoreflective 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

Five AOS high-speeddigital video camerasight GoPro digital video cameras, afalir
JVC digital video camerasvere utilized to film test no.NJPCB4. Camera detailscamera
operating speedkens information, and schematic of the camera locatiaeative to the system
areshown inFigure22.

The high-speeddigital videos were analyzed using Im&ggress MotionPlusand
RedLake MotionScopsoftwareprograms Actual amera speed and camera divergence factors
were considered in thenalysis of the higispeedligital videos.A Nikon digital still camera was
alsoused to document prand postest conditions fothe test
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No. Type O‘()f? ;ﬁgsglsseﬁed Lens Lens Setting
AOS-5 AOS X-PRI Gigabit 500 Telesar 135nm Fixed -
AOS-6 AOS X-PRI Gigabit 500 Sigma 2870 DG 50
AOS7 AOS X-PRI Gigabit 500 Sigma 2870 50
AOS-8 AOS SVIT 1531 500 Fujinon 35 mm Fixed -
AOS-9 AOSTRI-VIT 2236 1000 KOWA 12 mm Fixed -
GP-3 GoPro Hero 3 120

GP4 GoPro Hero 3 120

GP-5 GoPro Hero 3 120

GP-6 GoPro Hero 3 120

GP-7 GoPro Hero 4 120

GP-8 GoPro Hero 4 120

GP-9 GoPro Hero 4 240
GP-10 GoPro Hero 4 120
JVC-1 JVCi GZ-MC500 (Everio) 29.97
JVC-2 JVCi GZ-MG27u (Everio) 29.97
JVC-3 JVCi GZ-MG27u (Everio) 29.97
JVC4 JVCi GZ-MG27u (Everio) 29.97

Figure22. Camerd.ocations, Speedand LensSettings Test NoNJPCB4
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5 FULL -SCALE CRASH TEST NO. NJPCB-4

5.1 Weather Conditions
Test no.NJPCB4 was conducted oNovember9, 2016at approximately:15 p.m. The

weather conditions as per the National Oceanic and Atmospheric Administratetion
14939/LNK) were reported and are shownTiable5.

Table5. Weather Conditions, Test NNJPCB4

Temperature 60° F

Humidity 41%

Wind Speed 11 mph

Wind Direction 230 from True North
Sky Conditions Sunny

Visibility 10 Statute Miles
Pavement Surface Dry

Previous 3Day Precipitation | 0.05in.

Previous 7Day Precipitation | 0.05in.

5.2 Test Description

The5,0001b (2,268kg) pickup truck impacted thJDOT PCB Type 4 (Alternative B)
with a freestanding configuratiomnd grouted toes, corresponding to joint cle&&sn the 2013
NJDOT RoadwayDesign Manualat a speed 062.8 mph (101.1km/h) and at an angle &4.5
degreesA sequential description of the impact evastsontainedn Table6. A summary ofthe
test results and sequential photographs are shofsiguine24. Additional sequential photographs
are shown irFigures25 and26. Documentary photographs of the crash test are showigime
27.

Initial vehide impact was to occur 4 t 3%16in. (1.3 m) upstream from the centerline of
the joint between barrier nos. 4 and 5, as shoviigare28, which wasselected usin@able 27
of MASH 2016. The actual point of impact waS/1s in. (145 mm) downstrearinom the target
location The vehicle came teest187 fti 5in. (57.1 m) downstream from impact point and 15 ft
(4.6 m) laerally away from the traffic side of the systafier brakes were applie@ihe vehicle
trajectory and final position are shown in Figu?dsand?29.

Table6. Sequential Description of Impact Eventest NoNJPCB4

TIME

(sec)

0.000 Vehi oefg-fmﬁt t_sirg impacted barri(_ar no. 4 atfti 9% in. (1.2 m) upstream
' from centerline of joint between barrier nos. 4 and 5.

0.002 |V e hi ceft-feoibt Bumper contacted barrieo. 4.

0.004 |Ve hi ceft-feoibt bumper deformed.

0.008 |V e hi ceftfendles cohtacted barrier noadd plastic fascia deformed.
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0.010 |V e hi ceft eédbghtkcontacted downstream end of barrier no. 4.

0.012 |V e hi cefthedadisghtdnd left fendedeformed.

0.020 |[Vehi cl eds hood and grille def or mec

0.024 | Downstream end of barrier no. 4 deflected backward.

0.030 | Upstream end of barrier no. 5 deflected backward.

0.034 | Vehicle pitched upwardnd rolled away from system.

0.039 | Vehicle yawed awafrom system.

0.042 | Upstream end of barrier no. 4 crackadn d v e h ifrent agb@&gdefdlogetl. t

0.046 |V e hi cdhtdrénsairbag deployed.

0.058 | Vehicled Eeft-front door deformed.

0.062 | Vehicle rolled towardgystem.

0.066 Downstream end dfarrier no. 5 cracked, and upstream end of barrier no. 4

spalled.

0.084 | Downstream end of barrier no. 5 spalled.

0.090 |V e hi cddhtdronstirerbecame airborne.

0.160 | Barrier no. 5 fractured between upstream endnaiddpan

0.189 Barrier no. 5deflected backward angstream end of barrier no. 6 deflected
' backward.

0.207 | Vehicle was parallel to systeat a speedfd2.8mph 84.9km/h).

0.218 | Vehicled keft-front door contacted barrier no. 5.

0.226 | Vehicled keft taillight contacted barriamo. 4.

0.232 | Vehicled keft quarter panel deformed.

0.234 | Vehicle pitched downward.

0.240 | Vehicled keft taillight deformed.

0.248 | Vehicled Eeft-rear door contacted barrier no. 5.

0.276 | Vehicled Eeft-rear tirebecame airborne.

0.278 | Vehicled dgght-rear tire became airborne.

0.310 Vehicle exited systerat a speed d&1.3mph @2.6km/h)andangle of 8.4
] degrees.

0.348 | Downstream end of barrier no. 6 cracked.

0.352 | Downstream end of barrier no. 6 spalled.

0.361 | Downstream end of barrier nd.cracked.

0.364 | Upstream end of barrier no. 7 spalled.

0.474 |V e hi ceft-feoiBt sire regained contact with ground.

0.562 | Vehicled bumper contacted ground.

0.622 |V e hi cdhtdronstireregained contact with ground and mud flap disengag

0.638 |V e hi ceft eddbght cover contacted ground.

0.648 | Vehicle pitched upward.

0.876 | System came to rest.

0.920 |V e hi ceft-read tge régained contact with ground.

0.968 |V e hi cdhteaarsire regained contact with ground.

1.008 | Vehicleyawed toward system.

1.066 | Vehicle rolled toward system.

1.094 | Vehicle pitched downward.
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5.3 Barrier Damage

Damage to the barrier wasoderateas shown in Figure30 through36. Barrierdamage
consisted otontact marks on the front face thie PCBsegments, spalling of the concrete, and
concrete crackingrhe length of vehicle contact along the barrier was approxinizidty(7.6 m)
which spanned fror fti 9%ain. (1.76 m) upstream from the cenliee of the joint between barrier
nos. 4and5to 19ft 1 2% in. (586 m) downstream from the cenliee of the joint between barrier
nos.4 and5.

Tire marksand srapemarkswere visibleon the front facef barrier nos4 and5 with
additional scrape marks on thep face of the barriers Grout between barrier nos. 4 and 5
crumbled A 54%>in. (1,384mm) long crackwas foundon the front facef barrier no. 3hatstarted
at the upstream end tok vertical crackwas foundonthefront, top,and bacKacesof barrier no.
3, located 35% in. (908 mndownstream from center. A 4d. (356mm) longverticalcrackwas
foundonthefront faceof barrier no. 37 in. (178 mm) upstream fronthe downstrearend of the
barrier A 19in. long by 7¥~in. wide @83mm by 191-mm) scrape markvas found at the
downstrean end of thdront face of barrier no..Minor cracks weralsofound onthe front and
backfacesof barrier nos. 3, 6, and 7

Concrete spalling occurredn the back facef barrier no. 2 at the downstream end
Concrete spallinglsooccurred on barrieras. 3 through 8. A 8. x 3in. x Y2in. (483-mm x
76-mm x 13mm) pieceof concretadisengaged from barrier no. 3 at the lowlewnstream corner
on the back face. A 5in. x 12in. x 6%2in. (1,448mm x 305mm x 165mm) piece of concrete
was removed from the lowelownstream end of tHfeont face of barrier no..£oncrete spalling,
measuing 22in. x 9in. x 2%in. (559mm x 229mm x 64mm), occurredon the back face of
barrier no. 4at the downstream entlhe frontfaceof barrier no. 5 experiencé&¥z in. x 10% in.

x 51in. (521 mm x 267 mm x 127 mmodncrete spalling at the lowepstrean corner. ©ncrete
spalling, measuring 26%. x 10in. x 5%in. (673mm x 254mm x 146mm), occurredon the
back face othe downstream end of barrier no. 5. A4 x 4%in. (102mm x 114mm) piece of
concrete disengaged from the lovgastream edgef the back facef barrier no. 6An 8-in x 4-

in. (203mm x 102mm) piece ofconcrete spalleérom the back face of barrier no. 6 and was
located approximately 46 in. (1,168 mm) downstream fitoeupstream edge.

The maximumpermanent sedeflectionof the barier systemwas38 in. (965 mm) at the
upstream end of barrier no. 5, as measured in the field. The maximum lateral dynamic barrier
deflection, including tipping of the barrier along the top surface,40a5 in. (1,034nm) at the
upstream end of barrier no. 5, as determined from-$jgted digital video analysis. The working
width of the system was found to 64.7 in. (1,644nm),also determined from higépeed digital
video analysisA schematic of the permanent shdflection, dynamic deflection, and working
width is shown inFigure 23. In addition, NJDOTidentifiesthe clear space behind the barrier
whichis defined as the maximudeflection of the back of the barrier from its original position.

For this test, the clear space behind the barried@a&n. (1,034mm).
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Figure23. Permanent Set DeflectioBynamic Deflectionand Working Width, Test No.
NJPCB4

5.4 Vehicle Damage

The damage to the vehicle wasoderate as shownin Figures 37 through 41. The
maximumoccupant compartment deformatioca® listed inTable7 alongwith the deformation
limits established iMASH 2016for various areas of the occupant compartmiote thatnone
of theestablishedASH 2016deformation limits were violate€€omplete occupant compartment
and vehicle deformations and the corresponding locations are providegendix E

The majority ofdamage was concentrated on tei-front corner andeft side of the
vehicle where the impabiadoccurred. Théeft side of the bumper was crushed inward and back.
Theleft-front fender wasleformedupward near the door panel and was dented and torn behind
the left-front wheel. The left headlight was partially disengaged. The left corner of the front
bumperwas bent inward approximately 30 in. (762 nmfno)n the left side. The leffront corner
of the frame rail buckled inward. The left side of the lower plastic fascia was partially disengaged.
A 1-in (25-mm) gap occurred between the grille and the front bumperirA 31-mm) gap was
found between the hoahd the leffront fender.The leftfront tired steel rim was deformeahd
torn. Denting and scraping were observed on the entire leftAiflé-in. x 22in. (254mm x 559
mm) dent was found at the middle of {&fbnt door. A 2%in. (64mm) tear was foud on the outer
metal sheet of the leftont door. Dents and scraping were found on thesiee of the quarter
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panel. The tailgate disengaged from its connections, but remained attached-uppdeft
connection point.

The joint of the front sway barstionnected from the end. The {&fint lower control arm
was dented Y2 in. (13 mm). The Kfbnt control arm deformed at the connectiortlte engine
cross member. The steering rack fractured at the input shaft, and theriefte rod was bent. A
1G-in. (254mm) diameter spider web crack was found in the lenggt corner of the windshield.
The spider web crack extended 40 in. (1,016 mm) toward the-left@orner of the windshield.
The leftfront and rightfront airbags deployed. The roof and remagwmindow glass remained
undamaged.

Table7. Maximum Occupant Compartment Deformations by Location

MAXIMUM MASH 2016ALLOWABLE
LOCATION DEFORMATION DEFORMATION
in. (mm) in. (mm)
Wheel Well & Toe Pan ¥(19) 09 (229)
Floor Pan &Transmission Tunnel ¥ (19 012 (305)
A-Pillar 0 (22 05 (127)
A-Pillar (Lateral) a (3) O3 (76)
B-Pillar e (16) 05 (127)
B-Pillar (Lateral) E (10 03 (76)
Side Front Panel (in Front of-Rillar) Y4 (6) 012 (305)
Side Door (Above Seat) 10 (122 09 (229)
Side Door (Below Seat) E (10) 012 (305)
Roof T1(13 04 (102)
Windshield 0(0) O3 (76)
Side Window Sr\ﬁtetr eﬂ du‘(aj tﬁ c;:])?]:ayc corl:ltgcs;hv?itfﬁg?r%(r:fjrlgrlrr:]%];%r:r 0
est article
Dash ¥ (19) N/A

Note: Negative values denote outward deformation
N/A i Not applicable

5.50ccupant Risk

The calculatedoccupant impact velocities (OIVs) andaximum 0.016sec average
occupant ridedowaacelerations (ORs)in both the longitudinal anidteraldirections are shown
in Table8. Note that the OI¥ and ORs were within suggested limitsasprovided inMASH
2016.The calculated THIYPHD, and ASlvalues are also shown irable8. The results of the
occupant riskanalysis as determined from the accelerometer data, are summarizegline 24.
The recorded data from the accelerometers and the rate trarssdieeeshown graphically in
Appendix F
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Table8. Summary of OIVORA, THIV, PHD, andASI Values,Test No.NJPCB4

Transducer
Evaluation Criteria SLICE-2 MAS.H. 2016
SLICE-1 . Limits
(primary)
oV Longitudinal -12.11 (-3.69 -12.10 (-3.69 +40 (12.2)
f/s (m/s) Lateral 1607 (4.89) 18.66(5.69 +40 (12.2)
ORA Longitudinal -3.% -3.95 +20.49
gos Lateral 1309 1209 +20.49
MAX. Roll -19.6 -162 +75
ANGULAR -
DISPL. Pitch -131 -142 75
deg. Yaw -46.5 474 not required
ftmlr;//s) 18.54(5.69 22.41(6.83) not required
PH? 1319 12.2 not required
gbs
ASI 11 1.26 not required

5.6 Discussion

The analysi®of the test results for test nNJPCB4 showed that the system adequately
contained and redirected the 2270P vehicle with controlled lateral displacements of the barrier.
Detached elements, fragments, or other debris from theatiésle 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 into, the occupant
compartment that could have causedaus injury did not occurThe 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 showAppendix F were deemed acceptable, because they
did not adversely influence occupant risk nor cause rollover. After impact, the vehicle exited the
barrier at an angle @&.4 degreesand its trajectory did not violate thmunds of the exit box.
Therefore, test nANJPCB4 was determined to be acceptable according tMh8H 2016safety
performarce criteria for test designation ri11.
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Test Agency

Test Number... ..NJPCB4
(D (PSP RUTPP 11/9/2016
MASH 2016TeSt DeSIGNatiON.......ccoiuueeiiiieiiiie ettt 311

Test Article.................. NJDOT PCBwith FreeStandingandGrouted ToesConfiguration
Total Length 200 ft (61.0 m)
Key Component NJDOT PCB

............................................................................................... 20 ft (6.1 m)
...24in. (610 mm)
........................................................................................... 32in. (813 mm)
Key Component Anchor Pins
PiN Size....coooiiiiiee 1-in. (25-mm) DiameterUnthreadedRod
Pin Material.........cooiiiiiiiiiiiiee e ASTM A36 Steel
Pin Length.............. ...151in. (381 mm)
Embedment Depth...........cooiiiiiiiiiien 5in. (127 mm)
Number of PiNS Per BArTIBN...........coiiiiiiiii e 9
PINNEd BarfieNOS. .........ociiiiieiii e e 1l and 10
Key Component Grout
Specification...........ccceeveeeenns Min. 1-day compressive strength 1,006 (6.9 MPa)
Location.................. Toes at joints between barrier nosl@ on traffic and back sides
Type of SUPPOIt SUIMACE..........oviiiiiiiie e ConcreteTarmac
VehicleMake Model............cccccovveirinee 2011 Dodge Ram 15Qfuad catpickuptruck
CUIDL ettt e 5,029Ib (2,281kg)

Test Inertial...

..5,0001b (2,268kg)

GIOSS SEALIC. ... .eiiieieiieie it e et et eeeee et 5,1561b (2,339kg)
Impact Conditions

SPEEM. ...t 62.8mph (01.1km/h)

24.5deg

Impact Location............cccceeevueienieeenenns 3 fti 9% in. (1.2 mupstream from joint 4%
ImpactSeverity........ 113.4kip-ft (153.7kJ) > 105.6 kipft (143.1 kJ) limit in MASH2016
Exit Conditions

SPEEM. ...t 51.3 mph (82.6 km/h)

Angle ... ...8.4deg

EXit BOX CHIEEITON. ...ttt ettt ettt eeeb et e e e e e neneeeenan Pass

=a =a =

=

L SN 1y
% - 14 [ -1
: S |
Vehicle Stability.........cccoocviiiiiiiiieen el S Satisfactory
Test Article Damage Moderate
Vehicle Stopping Distance............ccccevvveeiieeneenne 1871fti 5 in. (57.1m) downstream
15 ft (4.6 m) laterally in front
VEhICIE DAMAGE. ... .eeiutieeiiieeiiie ettt Moderate
VDS [14] ........ cenn 11-LFQ-4
CDC [15].ceviveveeeeeeeeeeiererereees ..11-LYEW-4
Maximum Interior Deformation..............cc.cevvrveeeeerenenenernnnenn. Q in. (22 mm)
Maximum Test Article Deflections
Permanent Sel..........ccoviiiiiiiiiir e 38in. (9%65mm)
Dynamic............. ..40.7in. (1,034mm)
Working Width 64.7in. (1,643 mm)
TransduceData
Transducer
. L MASH 2016
Evaluation Criteria SLICE-1 SL.ICE-Z Limit
(primary)
?UIV Longitudinal | -12.11 (-3.69) -12.10 (-368) +40 (12.2)
s
Latera 16.07 (4. 18. 5. +40 (12.
(mis) | 6.07 (4.89 8.66 (5.6 0 (12.2
ORA Longitudinal -3.% -3.95 +20.49
gos Lateral 13.09 1209 +20.49
MAX Roll -19.6 -16.2 +75
ANGULAR -
DISP. Pitch -13.1 -14.2 +75
deg. Yaw -46.5 -47.4 Not required
THIV T ft/s (m/s) 18.54 (5.6% 22.41(6.83) Not required
PHDi g 6 s 1319 1222 Not required
ASI 11 126 Not required

Figure24. Summary of Test Results and Sequential PhotographsNeestIPCB4
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1.804sec 1.094sec

Figure25. Additional Sequential Photographs, Test NJPCB4
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Figure26. Additional Sequential Photographs, Thst NJPCB4
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Figure27. Documentary Photographs, Téki. NJPCB4
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Figure28. Impact Location, Testio. NJPCB4
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Figure29. Vehicle Final Position and Trajectory Marks, THst NJPCB4
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