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1 INTRODUCTION
1.1 Background

The New Jersey Department of TransportaiididDOT) currently uses a New 3ey
shape, Precast Concrete Curb, ConcBztgier, which will be referred to as portaldencrete
barrier (PCB), with a vertical;beam connectiopin to attach barriers end to end viitkheir work
zones and constructiareas.The 2013 NJDOTRoadway Design Manugl] provided guidance
on allowable barrier deflections for various classes of PCB joint treatmentsyvas s Table 1.
The current 2015 NJDORoadway Design Manuf2] providesguidance on allowable deflections
for various connection types, as showable?2.

Tablel. 2013NJDOT Roadway Design Manual PCB Guidapftie

Joint Class | Use Joint Treatment

A Allowable movement over | ~ o on 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 . g )
C . every other unit. In units to be anchored, pin
11 inches Co
should be required in every recess
No allowable movement Connection Key and grout in every joint and b
(i.e., bridge parapet) every anchor pocket hole in every unit.

Table2. Current 2015NJDOT Roadway Design Manual PCB GuidafZe

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 be used with
traffic on both sides of the barrier

ConnectionKey 60 by 60 K
barrier end sections fully pinned

Connection Keyconstruction side of all
sections pinned, and barrier end section:
fully pinned

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

Maximum allowable deflection of

c 11 inches

The guidance provided iooth the 2013 and 20Foadway Design Manualas based on
test databtainedrom previous testing standardghichneeds to be updated to be consistent with
currentcrashtesting standards aradchangingrehicle fleet.Crash ésting of other PCB systems
under the Test Level 3 (FR) criteria of theManual for Assessing Safety tdarare(MASH 2009)
[3] has indicated that dynamic barrier deflections can increase significantly when compared to
dynamic deflections based on olderash test data. Thus, a need exists to investigate the

1
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performance of the NJDOT PC&/stemin various configurationgn orderto provideupdated
design guidance'he NJDOT PCB standard plans are showAppendix A

1.2 Objective

The objective of thisresearch effort was tevaluae the safety performance 6fJ DOT 6 s
PCB, Type 4 (Alternative B)systemwith aboltedconfigurationand grouted toegorresponding
to joint class Din the2013NJDOT Roadway Design Manufl]. The system wat beevaluated
according to the Test Lev@I(TL-3) criteriaset forth intheManual for Assessing Safety Hardware
(MASH 2009 [3].

1.3 Scope

The research objective was achieved through completion of several@asdsill-scale
crash test was conducted the PCB systermaccording taIASH 2009test designation n&-11.
Next, the fullscale vehicle crash test results were analyzed, evaluated, and documented.
Conclusions andecommendationsere then made pertaining tioe safety performance of the
PCB system
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2 TEST REQUIREMENTS AND EVALUATION CRITERIA

2.1 Test Requirements

Longitudinal barriers,suchas PCBs must satisfy impact safety standards in order to be
declared eligple for federal reimbursement by the Federal Highway Administration (FHWA) for
use on the National Highway System (NHS). For new hardware, these safety standards consist of
the guidelines and procedures publishedViaASH 2016 [4]. Note that there is no difference
between MASH 2009 and MASH 2016 for most longitudinal barriers, such as the PCB system
tested in this project, except that additional occupant compartetartmation measurements are
required by MASH 2016According to TL-3 of MASH 2009 longitudinalbarrier systems must
be subjected to two fulicale vehicle crash tests, as summarizebaiole 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 2009TL-3 Crash Test Conditions for Longitudinal Barriers

Test 'I_'est : Test \\//Veeri]gigcr:? Isr?)gg(c:lt fondiions Evaluation

article | DS venicle | b | ‘mpn | AM9'® | criteriat
(kg) (km/h) 9

Longitudinal 310 1100C (ii%) (16020) 25 AD.FHI

Barrier 311 2270P (g:ggg (16020) 25 AD,FH,I

1 Evaluation criteria explained ifable4.

In test no. 7069B, a rigid, Fshape, concrete bridge 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 (AASHTRR)de
Specifications for Bridge Railind$-6]. In the same manner, test nos. CMBhrough CMB10,
CMB-13, and 4794 showed that rigid, New Jersey, concrete safety shape barriers starklby
cars have been shown to meet safety performance standa8fisii additional, in test no.
2214NJ1, a rigid, New Jersey, ection, concrete safety shape barrier was impacted by a
passenger car weighing 2,579 Ib (1,170 kg) at 60.8 mph (97.8 km/h) and 26.1 degrees according
to the TL-3 standards set forth in MASH 2009][ Furthermore, temporary, New Jersey safety
shape, concrete median barriers have experienced only slight blaftesstions when impacted
by small cars and behave similarly to rigid concrete barriers as seen in test hd. A8 [such,
the 1100C passengerrdast was deemed not critical for testing and evaluating this PCB system.

It should be noted that the test matri X
engineering judgement with respect to the MASH 2009 safety requirements 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 MASH 2009
criteria and the lack of experience and knowledge regarding tfermpance of the new vehicle
types with certain types of hardware could result in unanticipated barrier performance. Thus, any

3

d
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tests within the evaluation matrix deemed +ooitical may eventually need to be evaluated based
on additional knowledge gainedentime or revisions to the MASH 2009 criteria.

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 collisiterieCior
structural adequacy are intended to evaluate the ability ##@ssystemto contain and redirect
impacting vehicles. In addition, controlled lateral deflection of the test article is acceptable.
Occupant risk evaluates the degree of hazard to aotsiin the impacting vehicle. Pastpact
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 to the occupants of the
impactingvehicle and/or other vehicles. These evaluation criteria are summarizatlled and
defined in greater detail IMASH 20092 The fullscale vehicle crash tesbcumented hereiwas
conducted and reported in accordance with the procedures proviligdid 2009

In addition to the standard occupant risk measures, thellRpatt Head Deceleration
(PHD), theTheoretical Head Impact Velocity (THIV), and the Accelera Severity Index (ASI)
were determined and reported on the test summary sheet. Additional discussion on PHD, THIV
and ASl is provided iMASH 2009
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Table4. MASH 2009Evaluation Criteridor Longitudinal 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. Deformationsafintrusions into, thg
occupant compartment should not exceed limits set forth in Seg
5.3 and Appendix E oMASH 2009

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

Occupant Impact Velocity (OIV) (see Appendix A, Section3A\af
MASH 2009for calculation procedure) should satisfy the follow
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 (ORA) (see Appendix
Section A53 of MASH 2009for calculation procedure) should satig
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 test installationconsistedof ten 206ft (6.1-m) long NJDOT PCBswith a bolted
configurationand grouted toesas shown in Figure& through15. This systemusesNJDOT
barries, Type 4 (Alternative Bwith joint class D as specifiedn the 2013 NJDOT Roadway
Design ManualPhotographs of the test installation are shown in Figuéeisrough18. Material
specifications, mill certifications, and certificates of conformity for the systaterials are shown
in Appendix B

The concretenix for the barrier sectiomgquireda minimum 28day compressive strength
of 3,700 psi (2% MPa). A minimum cortrete 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, four No. 6 lateral
bars, and nine No. 4 bars for the anchor hole reinforcement loops. The section reinforcement details
areshown in Figure$ and6.

The barrier setions used a connectitkey, as shown in Figurésthroughll, 16, andl7.
The connection key assemblgrsisted of %4n. (13mm) thick ASTM A36 steel plates welded
together to form the key shape.cAnnectionsocketwas configured at each end of tiRCB, as
shown in Figure 2, 16, and17. The connection socket consisted of three ASTM A36 steel plates
welded on the sides of ASTM AS@Yade B or Gteel tube, as shown lfigure9. Theconnection
key was inserted into the steel tubes of two adjoiM@@sto form the connection, as shown in
FigurelO.

All barrier segments wessnchoredo theconcrete tarmathrough the anchor pockets with
1-in. (25mm) diameter ASTM F1554 Grade 36 threaded rods epoxiedlirgm. (29-mm)
diameter holes in the concra@mag as shownn Figures2, 3, and18. The aachorrods were
embedded tadepth of 7 in. (178 mmgsshownin Figurel. A plate washer and nut were attached
to the threaded rods to secure the barriers in plweng installation, thdarrier segments were
pulled in a direction parallel ttheir longitudinal axes, and slack was removedom all joints.
After slack was removed fro all of the joints, 1%in. (32mm) diameter holes were drilled for
bolt anchors atheir recesdocatiors. Five samples of concretarmac were tested from five
different locations of théViwRSF Outdoor Test SiteThe concrete tarmac had a compressive
strengthrangingbetween 5,970 and 7,040 psi 24&nd 48.5 MPa), as shownAppendix C Non-
shrink grout wedges were placed at the toe of each barrier seigregaty jointbetween adjacent
barrier segments, as shown kigure 17. The grout wedges consisted of a grout mix with a
minimum Xday compressive strength of 1,000 psi (6.9 MPhag ron-shrink grout mixused for
this test was same as thex used for test ndNJPCB1, hence it had compressive strength over
1,000 psi (6.9 MPa)1[1]. The ond strength othe epoxy usedo anchorthe bolt anchor rods to
theconcrete tarmac was 1,461 psi (10.1 MRa)shown i\ppendix B

The pavement provided adequate strength, andgdalle crash testing could be conducted
on the barrier system. This barrier system satisfied all tensile failure criteria BSDGYT for
their PCBs as shown inAppendix D When anchor rods are embedded 7 in. (178 mna) in
Mw R S Fconsrete tarmaahe anchor bolts havetheoreticaltensile pullout capacity of more
than 20,500 Ib (91.2 kN)
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(3) Test shall be performed according to test
designation no. 3—11 of MASH.
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(5) NJDOT Precast Concrete Curb and Construction
Barrier curb will be referred to as Portable Concrete
Barrier (PCB).

(6) The system is NJDOT Type 4 (Alternate B) barrier
with joint class D as specified in the 2013 NJDOT
Roadway Design Manual.
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BILL OF BARS

ITEM NO. Qry. BAR SIZE | TOTAL LENGTH | MATERIAL SPEC.

b1 80 #4 [13] 59” [1499] A615 Gr. 60

Y b2 20 #6 [19] 6” [152] A615 Gr. 60

7 pa e b3 20 #6 [19] 14” [356] AB615 Gr. 60
b4 90 #4 [13] 37" [940] AB615 Gr. 60

b5 40 #6 [19] | 190" [5791] A615 Gr. 60

Note: (1) Quantities in Bill of Bars represent a system with ten

barriers.
T~ 93"[76]
v N
26"[661] 24" [610] [ 14"[356] -

= YT 13 1/27[343] I I

Part b3

I.s"[152]-‘
x| v
5 . 47[102]
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Figurel2 PCB Reinforcement Detajl3est NoNJPCB2
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Minimum concrete clear cover for reinforcement steel shall be 1 1/2” [38 mm].
All segments shall be bolted.

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 bolts/threaded rods shall be such that a minimum embedment length of 7” [178 mm] is obtained when embedded into
concrete pavement. 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 adjacent 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].

Ut IR o

Use connection key in every joint. Grout is placed at the toe of each barrier segment between adjacent barrier segments in every joint. Bolt
every segment to the concrete tarmac with bolts in every anchor pocket.

SHEET:
NJ Bolted Portable 140t 05
Concrete Barrier e
Test NJPCB-2 10/30/2018
G | N t DRAWN BY:
. . enera otes
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Figurel4. General NotesTest NoNJPCB2
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Iﬁjegn QTY. Description Material Spec Galvanization Spec
Concrete Barrier Segment — NJDOT Type 4 Barrier (Alternate B . ‘o .
al 0 [i5ed as Tpe 1 9 yp ( ) Min. f'c = 3,700 psi [25.5 MPa] -
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] Dia., 14" [356] Long Rebar ASTM A615 Gr. 60 -
b4 90 |[1/2” [13] Dia., 37" [940] Long Bent Rebar ASTM A615 Gr. 60 —
b5 40 |[3/4” [19] Dia., 228" [5,791] Long Rebar ASTM A615 Gr. 60 -
cl 20 |4"x4"x1/2” [102x102x13] x 20" [508] Long Tube ASTM A500 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 -
. Min. 1—day Compressive Strength
el 1 Non—Shrink Grout 1,000 psi p[B.Q MPa] 9 =
f1 | 100 |1 [25] Dia. UNC, 14” [356] Long Threaded Rod ASTM F1554 Gr. 36 * R ISR ler ERR Wlose 25 ar
f2 | 100 |1 [25] Dio. UNC Hex Nut ASTM A563A * £5TM K153 g BOIS Ll B3 o
f3 100 [4"x4"x1/4” [102x102x6] Square Washer ASTM A36 * ASTM A123
Min. pull out capacity of 20,500 Ib
[91.2 kNJ when embedded in 7" [178]
gl 1 |Epoxy Resin of 3,000 psi . a| concrete. =
Min. bond strength of 1,461 psi [10.1
MPa]
* Component does not need to be galvanized for testing purposes.
SHEET:
NJ Bolted Portable Rl
Concrete Barrier RE
Test NJPCB-2 10/30/2018
Bill of Material ik
v s ill of Materials
Midwest Roadside PGS SRD
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Figurel5. Bill of Materials, Test NONJPCB2
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Figure16. NJDOT PCB withBolted Configuratiorand Grouted ToeSest InstallationTest No.
NJPCB2
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Figurel7. PCBConnection Key and Grout between Barrjdrast NoNJPCB2
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Figure18. Bolt Anchors Test NONJPCB2
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4 TEST CONDITIONS
4.1 Test Facility

The Outdoor Test Sités 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
NebraskalLincoln.

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 vehirke enehalf 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 HincHH12] 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.NJPCB2, a2011Dodge Ram 1500rewcabpickup truckwas used as the test
vehicle Thecurb,test inertia] and gross statieehicleweights weres,253Ib (2,383kg), 4,992Ib
(2,264 kg), and5,1571b (2,339kg), respectively The test vehicle is shown igure 19, and
vehicle dimensions are shownHRigure20.

The longitudinal component of theenter of gravity €.g) was determined using the
measured axle weightsThe SuspensioiMethod [L3] was used to determine the vertical
component othe 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 successively in three positions, and the respective prgagsng 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 FiguB8sand21. Data used to calculate the
location of the c.g. and ballast informatiare shown ilppendix E

Square, blackand whitecheckered targets were placed on the vehicle for reference to be
viewed from the higispeed digital video cames and aid in the video analysis, as showfigare
21 Round, checkered targets were placed on the c.g. on Hse&deftioor, the righside door, and
the roof of he vehicle.

The front wheels of the test vehicle were aligned to vehicle standards except-ithe toe
value was adjusted to zesach that the vehicle would track properly along the guide cable. A 5B
flash bulb was mounted under théhvie ¢ lefes@e windshield wiper and was fired by a pressure
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 visual indicator of the precise time of impact on the high
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speed digital videos. A remet®ntrolled brake system was installed in the test vehicle to bring
the vehicle safely to a stop after the test.

Figurel9. Test Vehicle, Test N&NJPCB2
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*(All Measurements Refer to Impacting Side)

Note any damage prior to test

Date: 3/23/2016 Test Number: NJPCB-2 Model: Ram 1500
Make: Dodge Vehicle I.D.#: 1d7rb1ct4bs615936
Tire Size: LT265/70R17 Year: 2011 Odometer: 167324
Tire Inflation Pressure: 40

_'_’ (— 1= j Vehicle Geometry -- in. (mm)
t Wheel ) wheel o a_ 767/8 (1953) b 743/8 (1889)
Track Track
L ﬁ - J c 2291/8 (5820) d 451/2 (1156)
[E— S I N— e 1403/8 (3566) f 4314 (1099)
Test Inertial CM. g_283/8  (721) h_61 (1551)
Q ——f—TIRE 1A i 13 (330) j 255/8 (651)
&_ I P [ wheEL Dia k 21 (533) | 295/8 (752)
™ ° m 673/4 (1721) n 671/2 (1715)
. g N . o 461/4 (1175) p 4 (102)
i —'{ O - O ') : f l q 303/4 (781) r 183/8 (467)
. f s 141/8 (359) t 761/4 (1937)
Wheel Center Height Front 14 7/8  (378)
i vwre” : WFronv T Wheel Center Height Rear 15 3/8  (391)
c Wheel Well Clearance (F, 351/2 (902)
Mass Distribution Ib (kg) Wheel Well Clearance (R 38 (965)
Gross Static LF 1488 (675) RF 1440 (653) Frame Height (F) 191/8  (486)
LR 1082 (491) RR 1147 (520) Frame Height (R) 26 3/8  (670)
Engine Type Gasoline
Weights
Ib (kg) Curb Test Inertial Gross Static Engine Size  Hemi 5.7 V8
W-front 2679 (1215) 2821 (1280) 2928 (1328) Transmission Type: Automatic
W-rear 2574 (1168) 2171 (985) 2229 (1011) Drive Type: RWD
W-total 5253 (2383) 4992 (2264) 5157 (2339)
GVWR Ratings Dummy Data
Front 3700 Type: Hybrid Il
Rear 3900 Mass: 166 |b
Total 6800 Seat Position: Driver

Scrape/Dent on back of tailgate above the handle

Figure20. Vehicle Dimensions, TesttNNJPCB2
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TEST #: NJPCB-2
TARGET GEOMETRY-- in. (mm)
A 6958 (1768) E 3812 (1486) J 3934 (1010)
B 2612 (673) F 35812 (1486) K 2818 (714)
C 8358 (2124) G 3458 (879) L 4234 (1086)
D 4818 (1222) H 6078 (1546) M 6518 (1654)
I 7912 (2019)

Figure2l. Target Geometry, Test NNJPCB2
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4.4 Simulated Occupant

For test noNJPCB2, A Hybrid 1l 50"-Percentile, Adult Male Dummy, equipped with
clothing and footwear, was placed in the -fefint seat of the test vehicle with the seat belt
fagened.The dummy, which had a final weight of 166 Ib (75 kg), was represented by model no.
572, serial no. 451, and was manufactubgd Android Systems of CarspiCalifornia. As
recommended bMASH 2009 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 longitudinal, éaél, and vertical directiondBoth accelerometers were
mounted near the g.of the test vehicleThe electronic accelerometer data obtained in testing was
filtered using the SAE Class 60 and the SAE Class 180 Butterworth filter conforming to the SAE
J211/1specifications 14].

The two systems, the SLICEand SLICE2 units,weremodular data acquisition systems
manufactured byDiversified Technical Systems, IncDTS) of Seal Beach, Californialhe
SLICE-2 unitwas designateastheprimary systemThe acceleration sensors were mounted inside
the odiesof custombuilt, SLICE 6DXevent data recorders and recorded data at 10,000 Hz to the
onboard microprocessor. Each SLICE 6DX was configured with 7 GB ofvolatile flash
memory, a range o foflf,600 8z, apdls650 Ha (CECa1O00) amliasing t e
fitkerr The ASLI CEWaredo computer software program
worksheet were used to analyze and plot the accelerometer data.

4 5.2Rate Tranducers

Two identical angular ratesensor systemsvhich weremounted inside the bodies of the
SLICE-1 and SLICE2 event data recorderaeasurdthe rates of rotation of the test vehid@ch
SLICE MICRO Triax ARShada range of B00 degrees/sec in each of the three toes (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
pl otted. Wahree 0O ScLantpEut er software program and
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 deel g thetestvehicle
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 th&mitter/Receiver, a signal was sent to the data acquisition compgerding
at 10,000 Hzaswell as theexternal LED boxactivating the LED flasheghe speed was then
calculated using the spacing betweenr#teoreflective targetand the time betvan the signals.
LED lights and higkspeed digital video analysis are only used as a bankbp event that vehicle
speedcannot be determined from the electronic data.

29



December 112018
MwRSF Report NoTRP-03-340-18

4.5.4Digital Photography

Five AOS high-speeddigital video cameragen GoPro digital videaameras, anthree
JVC digital video camerasvere utilized to film test no.NJPCB2. 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
RedLale MotionScopesoftwareprograms Actual amera speed and camera divergence factors
were considered in the analysis of the ksgleeddigital videos.A Nikon digital still camera was
alsoused to document prand postest conditions fothe test
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.~ 115" [35.1 m]

91" [27.7 m]

56'-5" [17.2 m]-=

82" [25.0 m]
AQS #7
5 NC 1

289'-6" [B8.2 m]

9" [2.7 m] e
ADS 48 " aw
G_p_#5¢ -_T:;_;j (3.4 ] 58'-5" [17.8 m]
[6 —10 ég.1#gm] B C15'-6" [4.7 m]
A0S 46 HM 34 4 5
WC F2EN op oy 1 12 ﬂiii 3 7 8 9 10
GP g8 20' [B.1 m] .
27°=2" [8:3 m]= J S | Mot 63" 8" [19.4 m] g;b;ﬁrf'
T [0.3 m] B cr 47 A0S fo oP #12
o g [27 m] GP #6
GP #10
No. Type o%? ;?nngglsse%ed Lens Lens Setting
AOS-5 AOS X-PRI Gigabit 500 VIVITAR 135mm Fixed -
AOS-6 AOS X-PRI Gigabit 500 NIKON 28-70 35
AOS-7 AOS X-PRI Gigabit 500 Fujinon 50mm Fixed -
AOS-8 AOS SVIT 1531 500 SIGMA 2870DG 35
AOS-9 AOSTRI-VIT 500 KOWA 12mm 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 4 240
GP-8 GoPro Hero 4 240
GP-9 GoPro Hero 4 120
GP-10 GoPro Hero 4 240
GP-11 GoPro Herot 120
GP-12 GoPro Herot 120
JVC-1 JVCi GZ-MC500 (Everio) 29.97
JVC-2 JVCi GZ-MG27u (Everio) 29.97
JVC-4 JVCi GZ-MG27u (Everio) 29.97

Figure22. Camerd.ocations, Speedand LensSettings Test NOoNJPCB2

il AOS 45
g VC #4
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5 FULL -SCALE CRASH TEST NO. NJPCB-2
5.1 Weather Conditions
Test no.NJPCB2 was conductean April 1, 2016 at approximatelyl2:30 p.m. The

weather conditions as per the National Oceanic and Atmospheric Administratedion
14939/LNK) were reportednd are shown ifable5.

Table5. Weather Conditions, Test NNJPCB2

Temperature 40° F

Humidity 82%

Wind Speed 18 mph

Wind Direction 310 from True North
Sky Conditions Overcast

Visibility 8 Statute Miles
Pavement Surface Dry

Previous 3Day Precipitation | 0.02in.

Previous 7Day Precipitation | 0.35in.

5.2 TestDescription

The 4,992b (2,264kg) pickup truck impactethe NJDOT PCB Type 4 (Alternative B)
with a bolted configurationand grouted toegorresponding to joint clads, as specifiedn the
2013NJDOT Roadway Design Manugt a speed of 62.6 mph (1@&m/h) and at an angle of
24.5 degrees. A summary of the test results and sequential photographs are drigure 2v.
Additional sequential photographs are showfigures25 and26. Documentary photographs of
the crash test are shownhkigure27.

Initial vehide impact was to occur 4 ft3%16in. (1.3 m) upstream from the centerline of
the joint between barrier nos. 4 and 5, as shoviigare28, which wasselected usingable 2.6
of MASH 2009 The actual point of impaavas5 Ein. (137 mm) downstreanirom the target
location. A sequential description of the impact events is containkable6. The vehicle came
to rest 182 fi 1 in. (55.5 m) downstream fropoint ofimpact and 89 ft 3 in. (27.2 m) laterally
behindthe traffic side of the barrigafter the brakes were appliékhe vehicle trajectory and final
position are shown iRigure29.

Table6. Sequential Description of Impact Eventest NoONJPCB2

TIME EVENT
(sec)
0.000 Ve hi ceft-feoit sire impacted barrier no.at 3 fti 9%¥/16in. (1.2 m) upstream

from centerline of joint between barriersad and 5.
0.002 |V e hi c |-feot bumpeasdhicle impacted barrier no. 4.

0.006 | Left corner of front bumper deformed inward.
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Left side offender contactetfont faceof barrier no4 and deforradinward. Left

00121 headiight deforrad

0.024 Vehicled bood and grikk contactedlownstream end of barrier no. 4 and
deformed

0.030 | Right fender deforrad as bumper deflected inward

0.036 |V e hi ceft-feodt doorldeformed inward.

0.042 | Vehicled airbagsdeployed

0.050 Ve _h I ceft-read door lcontacted front face of barrier 4@nd deforrad
Vehicleyawedaway fromsystem.

0.058 | Right headlight deformd

0.060 | Toe of barrier no. 4 at downstream end de#ldbackward.

0.068 | Grilledetached from vehicle.

0.070 | Front ofvehicle pitched upwardnd vehicle redirected

0.072 | Downstream end of barrier no. 4 cradk

0.074 | Top of the system deflesd backward

0.084 | Toe of barrier no. 5 at upstream end deéldttackward.

0.090 | Upstream end of barrier no. 5 crack

0.118 | Vehicled dght-front tire became airborne.

0.196 | Vehicled mear bumper contacted system and de&atimward.

0.210 | Vehicle was parallel to systeaba speedf 45.5mph (73.3km/h).

0.218 |V e hi cdhtaeardire became airborne.

0.224 | Right headlight detachemivayfrom vehicle.

0.272 | Vehiclepitcheddownward.

0.356 Vehicle lost contact witkystemat a speed af4.6mph (71.8km/h)and at an
angle of 9.9 degrees

0.360 | System came to rest.

0.570 |V e hi cdhtdronstireregained contact witground.

0.734 | Vehicle roliedslightly towardsystem.

0.868 | Vehicle pitcredupward.

0.934 |Ve hi ceft-feoidt Hrerégained contact with ground.

1.054 |V e hi ddhtegardire regained contact with ground.

1.062 | Vehicle roledslightly away from system.

1.078 | Vehicle yavedtoward system.

1.194 | Vehicle pitcreddownward.

1.468 | Vehicle roledslightly toward system.
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5.3 Barrier Damage

Damage to the barrievasmoderateas shown in Figure30 through34. Barrierdamage
consisteddf contact marks on the front face of tREB segments, spalling of the concrete, and
concrete cracking arfdacture The length of vehicle contact along the barrier was approximately
22ft T 7%in. (6.9 m), which spanned frm 6 ft T 4%in. (19 m) upstream from the center of the
joint between barrienos.4 and5 throughl16ft i 3in. (5.0 m) downstream from the center of the
joint between barrier nod.and>5.

Tire marks were visiblen the front face of barrier no$.and5. Scrapemarks were also
found on the front and top faces of barrier ’fband5. The upper corner at the downstream end
of barrier no4 was fracturedAnchor nos9 and 10 on barrier nd andanchor nos. 1, 2,,and 7
on barrer no. 5 experienced minor fractutesneattthe squareanchorwashers

A 32-in. (813mm) long crackon the front facef barrier no. 4extended vertically from
bolt anchor no. 8A 17-in. (432mm) long crackon the front face extended vertically from the
upstream end of barrier no. A small gouge was found 26 in. (660 mm) upstream from the
downstreammd of barrier no. 4An 18-in. x 4%in. (457mm x 114mm)gougewas found 25 in.
(635 mmn) upstream from the downstream end of barrierdn&mall gouges and scratches were
located across the front faces of barrier deand5. A 30-in. (762mm) long cra& was found on
barrier no. 5 extending upward and downstream from anchor pocket&eeftcircular shape
crackextenad 46 in. (1,168 mm) longitudinally and 13 in. (330 mm) vertically, located 49 in.
(1,245 mm) downstream tlieupstream end of barri@o. 5

Concrete spalling and cracking occurred at the downstream end of barriérand.
upstream end of barrier Ne. An 18-in. x 6%2in. x 9-in. (457-mm x 165-mm x 229-mm) piece of
concrete was removed from the top lmdrrier no. 4 and was dated at 20in. (508 mm)
longitudinally from the impact poin€oncretespalling occurred underneablt anchor no. 10 on
barrier no.4. Concrete spalling measuringi® x 10-in. (203mm x 254mm) occurred at the
downstream end of barrier no. 4 on thelkbaide. An 8n. x 5in. x 2-in. (203mm x 127mm x
51-mm) piece of concrete was removed from the uppgestream corner on the back side of barrier
no. 5 below the connection key socket. Gete spallingneasuring 13 in. x if. (330mm x 178
mm) was found 23 in. (584 mm) downstreaimom the upstream endn the front side of barrier
no. 5

The maximumpermanent seteflectionof the barrier systewasi ¥z in. ( 13 mm)at the
upstream endf barrier no5, as measured in the figldue to its forward movemefthe maximum
lateral dynamic barrier deflection, including tipping of the barrier alongapesurface, wad.9
in. (125mm) at the downstream end of barrier #oas determined from higgpeedligital video
analysis.The waking width of the system was found to B40 in. (610 mm), also determined
from highspeed digital video analysi& schematic of the permanent skdflection dynamic
deflection, and working widtls shown inFigure23. In addition, NJDOTidentifiesthe clear space
behind the barriemwhichis defined as the maximum deflection of the back of the barrier from its
original position. For this test, the clear space behind the barried mag mm).
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DYNAMIC DEFLECTION
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—

Figure23. Permanent Set DeflectioBynamic Deflection and Working Wth, Test No.
NJPCB2

5.4 Vehicle Damage

The damage to the vehiclsas moderate, as shown Figures 35 through 39. The
maximumoccupant compartment deformatioa® listed inTable7 alongwith the deformation
limits established iMASH 2009for various areas of the occupant compartmiote that none
of theMASH 2009established deformation limits were violat€bmplete ocepant compartment
and vehicle deformations and the corresponding locasiceyzrovided inAppendix

The majority of the damage was concentrated on théréaft corner and the left side of
thevehicle where impact had occurred. The left side of the front bumper crushed inward and back.
The plastic bumper was partially disengaged from the left side, but it was still connected on the
right side. The lower steel bumper was bent 33 in. (838 mm)thaiathe cemtr and extending
toward the left cornefMhe grille disengaged from theumper The front of the hood had air2
(52-mm) gap on the left siddhe leftfront fender was pushed upward near the door panel and
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dented and torn behind the k&font wheel.The leftfront steel rimhad afractureapproximately

13 in. (330mm) long with tears and significant crushifighe leftfront tire was torn and deformed.
The leftfront headlight casing and righiont headlight disengageavayfrom the vehicle The
hood and fender were separated by 3 in. (76 mm), and the left fender was crushed 2 in. (51 mm)
inward.Denting and scraping were observed on the elefirside There was a-in. (25mm) gap
between the leftront fender and the leftont door The leftfront door was ajaand creases were
found i n t he .ADbanr(B54¢mns) loreg &ink wasdounal IL9 in. (483 mm) upward
on the rear of the lefront door.A 17-in. x 7in. (432mm x 178mm) dent was found near the
door handle of leffront door. A 4in. (102mm) diameter dent was found on the rear of the left
fender. Crush along the entire bottom lengthth&fcab was found expanding 10 in. (254 mm)
vertically upwardThe leftrear door was dented and was ajar approximately 1 in. (25atntinég

top. Contact marks were found on the {egar quarter panelhe left side of the rear bumper
experienced kinkg and denng. The leftrear steel rim was scraped, and scuff marks were found
on the tire.

Scraping was found on the ldfont lower control arm and on the transmission cross
member. The leftront frame rail was crushed at the front engine cross member. THeoleft
spring was twisted and the lower mount was scraped. Thiedaftupper ball joint of the steering
knuckle assembly fied, but the lower ball joint was still attachédhe right side of the windshield
hadhairline crack originating from the righbottom corner. A 12n. (305mm) diameter spider
crack was found in the rigimiddle of the windshieldand the loweteft side of the windshield
encountered minor cracking. The roof and remaining window glass remained undamaged.

Table7. Maximum Occupant Compartment Deformations by Location

MAXIMUM MASH 2009ALLOWABLE
LOCATION DEFORMATION DEFORMATION
in. (mm) in. (mm)
Wheel Well & Toe Pan 5e (143) 09 (229)
Floor Pan & Transmission Tunnel ¥4(19) 012 (305)
Side Front Panel (in Front of-Rillar) 1% @4) 012 (305)
Side Door (Above Seat) 40 (124 09 (229)
Side Door (Below Seat) 4 a(105 012 (305)
Roof E (10) 04 (102)
Windshield 0 (0) O 3 (76)
No shattering resulting from
Side Window Intact contact with structural
member of test article
Dash E (10) N/A

N/A T Not applicable
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5.5 0ccupant Risk

The calculatedoccupant impact velocities (OIVs) andaximum 0.016sec occupant
ridedownacacelerations (ORSs) in both the longitudinal ankhteraldirections are shown ihable
8. Note that the OI¥ and ORs were within the suggested limiggovided inMASH 2009 The
calculated THIVPHD, and ASlvalues are also shownTrable8. The results oftteoccupant risk
analysis as determined from the accelerometer data, are summarigegline 24. The recorded
data from the accelerometers and the rate transsiareeshown graphically iAppendix G Note
that SLICE1 unit was placed behind the primary SLIZRInit, so theplacement of units can
cause variations in data gatbdrVehicle roll magnitudeon the SLICE-2 unit showed 20.7
degrees, while the SLIGE unit showed 20.7 degrees, as shownAppendix G

Table8. Summary of OIVORA, THIV, PHD, andASI Values,Test No.NJPCB2

Transducer
Evaluation Criteria SLICE-1 SL_ICE—Z MASH 2009 Limits
(primary)
oIV Longitudinal -17.85 ¢5.44) -16.66 ¢5.08 +40 (12.2)
ft/s (m/s) Lateral 21.24 (6.47) 24.06 (7.33) +40 (12.2)
ORA Longitudinal -9.71 -10.05 +20.49
go0s Lateral 9.30 9.9 +20.49
MAX. Roll -20.7 20.7 +75
ANGULAR .
DISPL. Pitch -11.1 -12.0 +75
deg. Yaw 31.7 30.1 not required
THIV .
fifs (m/s) 27.52 (8.39) 27.99 (8.53) not required
PHE) 11.38 11.76 not required
gbs
ASI 1.38 1.56 not required

5.6 Discussion

Analysis of the test results showed that the system adequately contained and redirected the
2270Pvehicle with controlled lateral displacements of the barbDetached elements, fragments
or other debris from the test article did not penetrate or shtemfel for penetrating the occupant
compartment, or present an undue hazard to other trpHabestrians, or workone personnel
Deformations of, or intrusions into, the 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 shown
in Appendix G were deemed acceptable because they did not adversely influence occupant risk
safety criteria nor cause rollover. After impact, the vehicle exited the barrier at an angle of 9.9
degreesandits trajectory did nbviolate the bounds of the exit bokherefore, test n0NJPCB2
was determined to be actaple according to the MASH 20@@fety performance criteria for test
desighation no3-11
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RodMaterial.........ccoooriiiiiiiiiienicece e ASTM F1554 Grade 36 steel WOrKing WIdth........oceiiiiii e 24.0in. (610 mm)
Embedment Depth............... ceerneeemereenneennnead 1N (178 mm) 1  Transducer Data
Number of BOREd BaAITIES..........c.coeiieieeiiieieeeeeeeeeeeee e 10 Transducer
Number of BOItS Per Barrier............cooiiiiiiiiiieeicceee e 10 Evaluation Criteria SLICE-2 MAS_H,ZOOQ
Epoxy Minimum Bond Strength..............o.ccoovveevoeeeerrveennnn. 1,461 psi(10.1 MP3 SLICE-1 (primary) Limits g
1  Key Component Grout oI P
Specification..............c.c......... Min. 1-day compressive strength 1,000 psi (6.9 MPa) ft/s Longitudinal | -17.85(-544 | -16.66(5.08 | +40(12.2) ]
Location................ Toes at joints between barrier nosl@ on traffic and back sides (m/s) Lateral 21.24(6.47) 24.06(7.33) +40(12.2) n
1 Typg Of SUPPOIt SUMACE.......eiiiiiiiiiie e ConcreteTarmac ORA Longitudinal 971 -10.05 +20.49 -§
1 Veth(::Ie Make /Model..........cccocvviiiiniinen 2011Dodge Ram 1500rew cabpickuptruck gos Lateral 930 9% 32049 5]
UTDL et 5,253 Ib (2,38%g) =
Test Inertial... ....4,992 |b (2,28 kg) MAX Roll -20.7 207 75 Z g
GrOSS STAUC....vveeeveeereeeeseeeeeeeeeeeeeeeeeeeseeseseeeeseeeeeeeseeeeeeesseees 5,157 Ib (2,33%g) ANGULAR Pitch 111 12.0 +75 39
T Impact Conditions DISP. - % 3
Speed 62.6 mph (10 km/h) deg. Yaw 31.7 301 Not required S g
THIV i ft/s (m/s) 27.52(8.39) 27.99 (8.53) | Notrequired §E
IMpact LOCAtION.........cceviruireeieeiineicnns 45%,5in. (1.2m) upstream from joint-% N :
1 Impact Severity..... 112.6 kipft (152.6 kJ) > 105.6 ki (143.1 k) limit in MASH2009 PHDi g 0 s 11.38 11.76 Notrequired 2 Q
ASI 1.38 1.56 Not required © o

Figure24. Summary of Test Results and Sequential PhotographsiNoestIPCB2
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0.210 sec

0.570 sec

0.934 sec

1.468 sec 1.468 sec

Figure25. Additional Sequential Photographs, Té&t. NJPCB2
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0.000 sec

0.042 sec

0.224 sec

0.272 sec 1.078 sec

Figure26. Additional Sequential Photographs, Test NGPCB2
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Figure27. Documentary Photographs, Téki. NJPCB2
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MwWRSF

Figure28. Impact Location, Tedtio. NJPCB2
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Figure29. Vehicle Final Position and Trajectory Marks, Thst NJPCB2
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