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SI* (MODERN METRIC) CONVERSION FACTORS |

APPROXIMATE CONVERSIONS TO SI UNITS

Symbol When You Know Multiply By To Find Symbol
LENGTH
in. inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mny
ft2 square feet 0.093 square meters m?
yad? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi2 square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m?
yd? cubic yards 0.765 cubic meters m?
NOTE: volumes greater than 1,000 L shall be shownin m
MASS
0z ounces 28.35 grams o]
b pounds 0.454 kilograms kg
T short ton (2,000 Ib) 0.907 megagr ams i Mg (or "t*)
TEMPERATURE (exact degrees)
o . 5(F32)/9 . R
F Fahrenheit or gF-BZ))ll.S Celsius C
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela per square meter cd/n?
FORCE & PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in? poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in.
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mn? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft2
m? square meters 1.195 square yard yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi2
VOLUME
mL milliliter 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet fts
m® cubic meters 1.307 cubic yards ya®
MASS
g grams 0.035 ounces 0z
kg kilograms 2.202 pounds b
Mg (or "t") megagrams (or i 1.103 short ton (2,000 Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/n? candela per square meter 0.2919 foot-Lamberts fl
FORCE & PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in?

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 &388TM
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1 INTRODUCTION
1.1 Background

The Hawaii Department of Transportation (HDOT) utilizes the Hawaii Modified Natchez
Trace Bridge Rail to safely redirect vehicles on bridges. However, the crashworthiness of this
bridge rail has not been investigated under current impact safety stafidasdgport documents
full-scale crash tesig conductedo evaluate the safety performance of the Hawdified
Natchez Trace Bridge Rail according to the Test Level 3-3)riteria of theManual for
Assessing Safety HardwaifdASH) [1].

In 1992, heoriginalNatchez Trac®arkwayBridge Rail[2] wasevaluatedo Performance
Level 1 (PL:-1) criteriaaccording tahe AASHTO Guide Specifications for Bridge Railifigsat
the Midwest Roadside Safety FacilitflfvRSF) The Ndchez Trace Bridge RaWasan open
concrete bridge rail positioned atop a-ifi0 tall curb, as shown irFigure 1. The railing
incorporaté a 13in. tall by 12in. wide concrete rail supported t8¢in. x 18in. concrete posts
spaced 7 fi 6%in. apart The face of the curb exteadapproximately¥2in. out from the face
of the concrete railing.

In test no. NTBR1, a 1984 Chevrolet Custom Deluxe 20 pickup truck impacted the bridge
rail at 45.2 mph and@dn angle of22.4 degreesUpon impact, the test vehicl@as smoothly
redirected.There was no intrusion or deformation of the occugantpartmentand the bridge
rail receivedonly superficial damageTherefore, test NnONTBR-1 was deemed acceptable
according to th&lCHRP Report 238afety performance criteria for test designaidnl. In test
no. NTBR2, a 1984 Renault Encore small car impacted the bridge rail at 51.5 mph andle
of 19.5 degrees. Similarly, the vehicle was smoothly redirected with minimal bridge rail damage.
Thus, the Natchez Trace Bridge Rail successfully passed all requirdore®sSHTO PL-1.

In 2001, researchers at the Texas A&M Transportation Institute (TTI) conducted crash tests
to evaluate th&latchez Trace Bridge Rail accordance with NCHRP Report 330 %]. The test
installation, shown irFigure 2, was identical to the system crash tested at MWRSF except for
minor variations in reinforcement.

In test no. 4051811, al997 Geo Metro smatlarimpactedhe Natchez Trace Bridge Rail
at62.1mphandan impact angle of 19.8 degre&se bridge raikafely contained and redirected
the passenger car, resulting in the test successfully passing NCHRP 350 test designatlon no. 3
safety requirements. In test no. 405481 a1997 Chevrolet 2500 pickup trudknpactedthe
Natchez Trace Bridge Rail &L.1mphandan impact angle d26.1degreesThe bridge rail safely
contained and redirected the pickup truck, and the test successfully met NCHRP 350 test
designation no.-31 evaluation criteria.
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Recently,HDOT desired to havets modified version of the Natchez Trace Bridge Rail
evaluated according tMASH TL-3 criteria[1]. The Hawaitimodified version ofthe Natchez
Trace Bridge Rail had several differencesnpared to the original designeviouslycrash tested
at MWRSF [2] and TTI [5]. Théeight of theHawaii modified design increased from 32% in. to
36 in., and the width of the railirjsoincreased significantlylhe originalNatchez Trace Bridge
Rail had a top width ot0 in, a base width 018 in, anda 4%zin offset between the bottooorner
of the rail and the topornerof the curb.The Hawaii modified desighad a top width 018%4 in,

a base width 024 in, and al%~in. offset between the bottooornerof the rail and the toporner
of the curb.Note, this offset effectively gave the Hawaii nifaetl design a single slope profile
when combining the rail and the curthéfHawaii modified design udemaller,12-in. long by
12-in. wide postso support the raiFinally, the Hawaii design incorporated a stabk, pedestrian

handrail mounted to the baskde of the concrete rail. Details for the Hawaii Modified Natchez
Trace Bridge Railing are shown kigure3.

HSS 25 x 2I6 & W

(AS00 Gr. B) i
See Rail Atfachment / - ’fi.gajcf g:, 4
Detail This Shest —,

_y_\ —
. \\ —} — 35 Cont,
= o Chamfer Tyo.
o e Y,

&" pu—"

g STirrup @ 67

r-alsr

/
wald 2" x 2067 & W P
Fiate af Batiom of Post o

to Cover Hofow Opening— !

1

|

II

Stee! Piale -See F \
Detail This Sheet —' / )

¥"@ Drilled Holes / [ 5-vd Sticrup
for S5"d » 7" La. ! :

Threaded Rods ws / |
6" Fmbadmeni. Secure __.-’ ! [t 2°Ch Tyo N
w/ Epoxy Adnesive, | ] | w
Nut and Washer —— |

-

210" o

Figure3. Hawaii ModifiedNatchez Trace Bridge Rail Design Details
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1.2 Objective

The objective of thiprojectwas toevaluatehe safety performance tife Hawaii Modified
Natchez Trace Bridge Raccording tdhe TL-3 criteria of MASH[1].

1.3 Scope

The research objective was achieved through the completion of severarl tesksst task
included a review of HDOTO6s exi stNatnhgz Tsateand ar ¢
Bridge Rai| identification of potential safety issues, and recommendation of system modifications
to improve the crashworthiness of the bridge Nelxt, mefull-scale crash test was conducted
the Hawaii Modified Natchez Trace Bridge Rahccording to MASH testlesignation no3-11.

The fullscale vehicle crash test reswvere analyzed, evaluated, and documented. Conclusions
and recommendations were then made pertaining to the safety performanceriofgineil and
future research.
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2 DESIGN DETAILS

The Hawaii Modified Natchez Bridge Riaig consisted o curbmounted, operoncrete
bridgerailing with a single slope front profiJeas shown irFigures4 throughl14. Photographs of
the test installation are shownkiguresl5andl6.

The test installation had an overall length of 70 # in. and incorporated three railing
segments with %n. expansion joins placdaetween adjacemail segmers The designfeaturel
alézin.tallb y  Zn0videconcrete railvith a top height of 36 inThewidth of thebridge rail
varied from 18%ain. at the top to 24 in. at the bottofirhe back side of the railing was vertical, and
the front face maintained a continuous slope from top to bottom, including theTbartbesign
usal 12-in. long by12-in. wide concretepostsspaced 7 fi 6 in. apart The open concrete bridge
railing waspositionedon a 1Gin. tall concrete curb

Therall, posts, and cunwerereinforced witha combination ofransverse and longitudinal
rebar.Reinforcement in the rail consisted of t#hbars located insid#&t enclosed stirrup3.here
werefour #6 bars on each face of the rail ane additional#6 bars on the top and bottom of the
rail. Vertical reinforcement in the posts consistedaifr #7 hookedbarson the traffic face of the
posts with four #bars on the notraffic side. The verticdbarsin the posts wreenclosed by five
#4 stirrups that were evenly spaced at 2% in. between the top ofthena the bottom of the rail.
Longitudinalreinforcemenin the curb consisted of thrdengitudinal#5 barslocated insidet5
transverse&J-bars TheU-bars were epoxied into the concrete tarmac to a depth of 6 in. using Hilti
HIT RE-500 epoxy to develop tirdull tensile strength.

The pedestriarhandrailinstalled on the back side of theidge rail had a top mounting
height of42Y% in.Thehandail assemblyconsisted of HSS3x3x%teel tubes supported by 13/
long HSS2%:x2%2xYa tube posts. The tube posts were weldethtx&-in. x ¥#in. thickmounting
plates, which were attached to the back de of t he concr-ie.tdemeterai | i ng
threaded rods epoxied into the railifiche handrail segments wespliced together using-ih.
long HSS2x2xY4 tubgwith */1e-in. thick shims One end of the splice tube wiaserted 2 inand
weldedto the downstrearendof the handrail tubewhile the other endxtendednto the upstream
end of the adjacent handrail tube

The concrete mix for theridge railingrequired a minimum 28ay compressive strength
of 4,000 psi Thecylinder break strength 1 week prior to testing w60 psiAll reinforcement
was epoxycoatedASTM A615 Grade 6Mars.The handrail was assembled from ASTM A500
Grade B tubes and ASTM A16 steel plates. Material specifications, mill certifications, and
certificates of conformity for the system materials are showAppendix B
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1tNeon:1 QTY. Description Material Specification Treatment Specification Ho(;rgi\ggre
al 3 |Concrete* Min. f'c = 4,000 psi - -
b1 | 48 [#4 Rebar, 46” Total Unbent Length ASTM AB15 Gr. 60 **EPXOY—COO%ZJZ{S\STM A775 or -
b2 | 48 [#7 Rebar, 53 1/4” Total Unbent Length ASTM A615 Gr. 60 **Epoxy—Coated (ASTM A775 or -
b3 | 72 |#5 Rebar, 44 1/2” Total Unbent Length ASTM AB15 Gr. 60 **Epoxy—Cootfgsg)\STM A775 or -
b4 | 60 |#4 Rebar, 35 3/4” Total Unbent Length ASTM AB15 Gr. 6 *epoxy—Coated (ASTM A775 or -
b5 |141|#4 Rebar, 62" Total Unbent Length ASTM AB15 Gr. 60 **EPOXV—COGtAegSg\STM A775 or =
b6 | 30 |#6 Rebar, 278" Total Length ASTM 0 **EPOXY—Coot253£§STM A775 or .
b7 | 9 |#5 Rebar, 278" Total Length ASTM **Epoxy—000t§g3£/)\STM A775 or =
b8 | 8 [#5 Rebar, 38 7/8” Total Unbent Length **Epoxy Cootzg3£§STM A775 or _
cl | 6 |#8 Smooth Rebar, 24 1/2” Long **Epoxy CootAeg3£§STM A775 or -
c2 | 6 [1 1/4” Dia. PVC Pipe - -
c3 | 6 [1 1/4” Dia. PVC End Cap - -
d1 3 |HSS 3"x3"x1/4”, 281 1/2" Long See Assembly -
d2 |15 [HSS 2 1/2"x2 1/2"x1/4", 13 3/4” Long See Assembly -
d3 [ 15 (2 1/4"x2 1/4"x1/4” Steel Plate See Assembly -
d4 | 15 [8"x5"x3/4” Steel Plate See Assembly -
ds |12 [7°x1 1/2"x3/16” Shim See Assembly -
dé 3 [HSS 27x2"x1/4", 7" Long 3 See Assembly -
el | 60 [5/8"—11 UNC Heavy Hex Nut Srade DH ASTM F2329 FNX18b
e2 | 60 [5/8" Dia. Hardened Washer 6 ASTM F2329 FWC18b
e3 | 60 [5/8"-11 UNC, 7 7/8" Lo £-15 Gr. 105 ASTM F2329 -
e4 — |Epoxy Adhesive RE-500 V3 - -
e5 | — [Joint Filler D AASHIQTM33, M153, or M213 - -
€6 — |Expansion Joint S OWM173, MESBTZN'I %gg%'_’) ASTM D3581, or = =
* NE Mix 47B15/1PF4000HW used for testing purposes.
** Rebar does not need to be oxy—coated for testing purposes.
[SHEET:
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Trace Bridge Rail ATE:
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Figurel4. Bill of Materials Test NOHNTBR-1
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Figurel5. Test Installation PhotographBest NOHNTBR-1
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Figurel6. Test Installation Photographidandrail Assembly, Test N6INTBR-1
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3 TEST REQUIREMENTS AND EVALUATION CRITERIA
3.1 Test Requirements

Longitudinal barriers, such abridge rails must satisfy impact safety standards to be
declared eligible for federal reimbursement by the Federal Highway Administration (FHWA) for
use on the National Highway System. For new hardware, these safety standards consist of the
guidelines and proceduresitgished inthe 2016 edition oMASH. Note thatfor longitudinal
barriersthere is no difference between 2088ition of MASH [6] andthe current 2016 edition
except that additional occupant compartment deformation measurements, photographs, and
documentation are required lige 2016 editionAccording to TL-3 of MASH, longitudinal
barries must be subjected tavo full-scale vehicle crash tests, as summarizéichbie1. MASH
testdesignation no3-11 was conducted on the Hawaii Modified Natchez Trace Bridge Railing
andwas documentedherein.

Tablel. MASH TL-3 Crash Test Conditions fawongitudinal Barriers

Test Vehicle Impact Conditions )
Test Desianation Test Weiaht Evaluation
Article g Vehicle g Speed | Angle Criteria®
No. Ib
mph deg.
o 3-10 1100C 2,420 62 25 A,D,F,H,I
Longitudinal
Barrier 311 2270P | 5,000 62 25 AD.EH.I

1 Evaluation criteria explained ifable?2.
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Table2. MASH Evaluation Criteridor Longitudinal Barrier

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

should not penetrate or show potential for penetrating the occup
compartment, or present an undue hazard to other traffic,

pedestrians, or personnel in a work zone. Deformations of, or
intrusions into, the occupant compartment should not exceed lif
set forth in Section 5.2.2 and Appendix E of MASH 2016.

F. The vehicle should remain upright during and after collision. Thg
maximum roll and pitch angles are not to exceed 75 degrees.
H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.2|

of MASH 2016 for calculation procedure) should satisfy the
following limits:

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

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

Occupant Ridedown Acceleration Limits

Component Preferred Maximum
Longitudinal and Lateral 15.0 ¢ 20. 49

3.2 Evaluation Criteria

Evaluation criteria for fullscale vehicle crash testing are based on three factors: (1)
structural adequacy, (2) occupamgk, and (3) vehicle trajectory after collision. Criteria for
structural adequacy are intended to evaluate the ability dfithge railingto contain and redirect
impacting vehicles. In addition, controlled lateral deflection of the test article is acceptable.
Occupant risk evaluates the degree of hazard to occupants in the impacting vehigtep&acist
vehicle trajectory is a measuof the potential of the vehicle to result in a secondary collision with
other vehicles and/or fixed objects, thereby increasing the risk of injury to the occupants of the
impacting vehicle and/or other vehicles. These evaluation criteria are sumnmaiadde2 and
defined in greater detail in MASH 2016. The fsdlale vehicle crash test was conducted and
reported in accordance with the procedures provided in MASH.

In addition to the standard occupant risk measures, thellRpatt Head Deceleration
(PHD), the Theoretical Head Impact Velocity (THIV), and the Acceleration Severity Index (ASI)
were determined and reported. Additional discussion on PHD, THIV and ASbwsded in
MASH.
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4 TEST CONDITIONS
4.1 Test Facility

The Outdoor Test Site is located at the Lincoln Air Park on the northwest side of the
Lincoln Municipal Airport and is approximately 5 miles northwest of the University of Nebraska
Lincoln.

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 velasteehalf 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 increased the accuracy of the test vehicle impact speed.

A vehicle guidance system developed by HinchwWas used to steer the test vehicle. A
guide flag, attached to theft-front wheel and the guide cable, was sheared off before impact with
t he barri er-in digmeterguide cabld veas tEnsioned to approximately 3,500 Ib and
supported both laterally and vertically every 100 ft by hinged stanchions. The hingedostanch
stood upright while holding up the guide cable, but as the vehicle was towed down the line, the
guide flag struck and knocked each stanchion to the ground.

4.3 Test Vehicle

In test NOHNTBR-1, a2017Dodge Ram 1500rew calpickup truckwas used as the test
vehicle. The curb, test inertial, and gross static vehicle weightssa&lb, 5,0321b, and5,192
Ib, respectively. The test vehicle is shown in Figdrgand18, and vehicle dimensions are shown

in Figurel9. Not e, the i mpact side of the vehicle, 0
vehicleds right side -tmpacatgh®iudet hos deipoet ds
the vehicleds left side.

The longitudinal component of theenter of gravity €.g) was determined using the
measured axle weightEhe Suspension Methof][was used to determine the vertical component
of the c.g. for the 2270P vehicle. 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
successigly in 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 conthitéon.
final c.g. location is shown iRigure19. Ballast information and data used to calculate the location
of the c.g. are shown isppendix C

Square, blaclandwhite checkered targets were placed on the vehicle for reference, shown
in Figure 20, to serve as a reference in the hagleed digital video and aid in the video analysis.
Round, checkered targets were placed at the c.g. on tsedeftioor, 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
flash bul b was mo wight-ssddwindshieléwipesindweas fived by a prdsire s
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tape switchmounted at the impact corner of the bumpére 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
speed digital videos. A radioontrolled brake system was installed in the test vehicle so the vehicle
could be broght safely to a stop after the test.

-

Figurel7. Test Vehicle, Test N¢ANTBR-1
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Test Name: HNTER-1 VIN MNo: ACERRELTXHS514323
Model Year: 207 Make: Dodge Model: Ram 1500
Tire Size: 2T5/60R20 Tire Inflation Pressure: 38 psi Odometer: 148148

Vehicle Geometry - in. (mm)
Target Ranges isied below

A:_TB 1981 15 B: 75 12 197 _7TM0
TBL2 (1950450)

C:_229 5816 35 D: 3% 122 1003 310
237413 (G020£325) 3533 [1000475)

E: 140 34 3575 1720 F: 48 34 1238 14

148412 [ATE0E300)

\ G:_ 2B15M6 T35 1/80 H: 59 TME 1509 57780

min: 28 (T10) G324 (16752100)
I_13 330 15 J: 26 660 5
K:_ 22 558 45 L: 30 34 781 1/20

M: 6B S8 1743 340 MN: 68 1/2 1739 510

6741.5 [ 1700£38) 67+1.5 (1700£38)
O: 45 14 1149 720 P:_4 1/4 107 120
434 (1100+78)

Q: 32 14 B19 ¥20 R: 21 38 5423TMD

5:_16 14 412 374 T: 77 _1/4 1862 320

U (impact width):_37 58 955 2740

Mass Distribution - Ib (kg)

Wheel Center
Gross Static LF__ 1504 (682) RF__ 1500 (680) Height (Front): 15 1/4 387 Ti20
Wheel Canter
LR__ 1073 (487) RR__ 1115 (506) Height (Rear): 15 1/2 383 THO
Wheeal Well
Clearance (Front): 35 34 508 1/20
Weights Wheel Weill
It {kg) Curb Tast Inertial Gross Static Clearance (Rear): 39 990 A5
Bottom Frame
W-front 3008 (13164) 2906 (1318) 3004 (1363) Height (Front): 19 1/8 485 3140
Bottom Frame
W-rear 2256 (1023) 2126 (964) 2188 (992) Height (Rear): 26 5/8 676 1140
W-total 5264 (2388) 5032 (2282) 5182 [2355) Engine Type: Gasoline
50002110 (Z270:50) 5168110 [2343:50)
Engine Size: 5.TL VE
GVWR Ratings - Ib Surrogate Occupant Data Transmission Type: Automatic
Front AT00 Type: Hyhbrid Il Drrive Type: RWD
Rear _ 3800 Mass: 160 Ib Cab Style: Crew Cab
Taotal 6500 Seat Position: Passanger Bed Length: &7
Note any damage prior to test: Crack in windshield, Minor hail, Small dents in between driver side windows

Figurel9. Vehicle Dimensions, Test NBINTBR-1
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TestName: HNTBR-1 VIN: 1CGRRELTXHS514323
Model Year: 2017 Make:  Dodge Model: Ram 1500
| - ;ﬁ == B =f= C -
~ e ———— — T = L &
H- ﬁ.'hsf".'ﬁ-zj—' M e ]
T E
s || & :‘ A - -
|
l ||..r I —o—
: -4 4 T — = = = 4
el )
- .
Tast Inertial CG
_— =
/l/—]f‘ I|||
<570 ] \
i—"rm T | E_,':n-‘ E- rﬁ
i i
Mz = N\
o Mo |
3 ® 35
\‘\-._ 'I| !
H |
TARGET GEOMETRY - in. {mm}
A: 64 112 (1638) E: 54 114 (1378) J: 40 (1016)
B: 37 18 (943) F: 54 118 (1375)  K: 29 18 (740)
c: T4 7i8 (1902) G 33 Ti8 (860) L: 43 118 (1095)
D: 30 7/8 (784) H: 59 38 (1508) M 64 14 (1632)
. 81 18 (2061)

Figure20. Target Geometry, Test NENTBR-1
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4.4 Simulated Occupant

For testno. HNTBR-1, a Hybrid Il 50"-Percentile Adult Male Dummy equipped with
footwear was placed in theght-front seat of the test vehicle with the seat belt fastened. The
simulated occupant had a final weight 180 Ib. As recommended by MASH, the simulated
occupant weight was not included in calculating the c.g. location.

4.5 Data Acquisition Systems
4 5.1 Accelerometersand Rate Transducers

The accelerometer and rate transducer systems used in ibealelicrash testing were the
SLICE-2 and TDASunits described belovnits were positioned near the c.g. of the test vehicle
and theSLICE-2 unit was designated as primaBata obtained in dynamic testing was filtered
using the SAE Class 60 and the SAE Class 180 Butterworth filter conforming to the SAEJ211/1
specificationg9].

The SLICE-2 unit was amodular data acquisition system manufactured by Diversified
Technical Systems, Inc. of Seal Beach, California. Triaxial acceleration and angular rate sensor
modules were mounted inside the bodies of cudiaitt SLICE 6DX event data recorders
equipped with7GB of nonvolatile flash memory and recorded data at 10,000 Hz to the onboard
mi croprocessor . The accelerometers had a r al
(longitudinal, lateral, and vertical) and a 1,650 Hz (CFC 1000)adiasing filter. The SLICE
MICRO Triax ARS had a range of 1,500 degrees/sec in each of three directions (roll, pitch, and
yaw). The raw angular rate measurements were downloaded, converted to the proper Euler angles
for anal ysi s, andarpdootdcemp utTehre shoSfLtIWaEIrWe pr og
Microsoft Excel worksheet were used to analyze and plot both the accelerometer and angular rate
sensor data.

The TDAS unit was a data acquisition system developed and manufactured by Diversified
Technical Systems, Inc. of Seal Beach, California. Sensor data was collected using a DTS Sensor
Input Module (SIM), Model TDAS3SIM-16M mounted on the TDASB4 module rak. The SIM
was configured with 16 MB SRAM and eight sensor input channels with 250kB SRAM/channel.
The module rack was configured with isolated power/event/communications, 10BaseT Ethernet
andRS232 communication, and an internal backup battery. Bothlheusd module rack were
crashworthyThe unit was configured to record one set of triaxial acceleration data and one set of
triaxial angular rate data’he twoarm piezoresistive accelerometer module manufactured by
Endevco of San Juan Capistrano, California measumeditudinal, lateral, and vertical
accelerations independently at a sample rate of 10,000 Hz. ThelBEBB5angular rate sensors
with a range of 1,500 degrees/sec measured the rates of rotation of the test vethice in
directions(roll, pitch, and yawgand recordediata at 10,000 Hz to the DTS SIM. The raw data
measurements were downloaded, converted to the proper Euler angles for analysis, and plotted.
The ADTS TDAS Control 0 computer software ©prc
worksheet were used to analyzelglot both the accelerometer and angular rate sensor data.
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4.5.2Retroreflective Optic Speed Trap

A retroreflective optic speed trap was used to determine the speed of the test vehicle before
impact.Five retroreflective targetspaced at approximatel-in. intervals were applied to the
side of the vehicle. When the emitted beam of light was reflected by the targets and returned to the
Emitter/Receiver, a signal was sent to the data acquisition computer, recortih@Cit Hz as
well as the external LED baactivating the LED flashe3.he speed was then calculated using the
spacing between thetroreflective targetand the time between the signdlED lights and high
speed digital video analysis are used as a baitkughicle speeds cannot be determined from
electronicdata.

4.5.3Digital Photography

Six AOS highspeed digital video camerasight GoPro digital video camerasive
Panasonic digital video cameyasd ondJbiquiti G4 Pluscamerawere utilized to film test no.
HNTBR-1. Camera details, camera operating spekxsis information, ané schematic of the
camera locationselative to the system ashiown inFigure21.

The high-speed videos were analyzed using TEMA Motion and Redlake MotionScope
software programs. Actual camera speed and camera divergence factors were considered in the
analysis of the higlspeed videosA digital still camera was also used to document anel post
test conditions foall tests
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PAN #18

(ESTIMATED
] LOCATION)
ONBOARD
GP #8
OVERHEAD P #9
HEIGHT: 63'-8"
A0S #8
e A0S #13
} 435" GP #24 AOS #5
16.6" —wra—17.7' —= PAN #5
A0S #11 [ 6P #2-3 l Joint 1 Joint 2 ]
GP #22 _J } — I |
0.9’ 9.0’ , AR
A |——1g_5 —  11.2 j_
j—‘ 21" - { N
. GP #20
28.8" 28.3' PAN #8 GP #21 #
34.4° 35.6"
’—717.1’ 58.3' |
A0S #12 PAN #10 G4-1
PAN #7 y 3
| 45.6° 74.7 > AOS #6
PAN #6
79.2" |
Operating Speed .
No. Type (frames/sec) Lens Lens Setting
AOS-5 AOS X-PRI 500 100 mm Fixed -
AOS-6 AOS X-PRI 500 KOWA 25 mm Fixed -
AOS-8 AOSSVIT 1531 500 KOWA 12 mm Fixed -
AOS11 AOS J-PRI 500 Sigma 1750 35
AOS-12 AQOS JPRI 500 2Sigma 24135 24
AOS-13 AOS JPRI 500 Rokinon 12 mm Fixed -
GP-8 GoPro Herot 120
GP9 GoPro Hero 4 120
GP-18 GoPro Hero 6 240
GP-20 GoPro Hero 6 240
GP-21 GoPro Hero 6 240
GP-22 GoPro Hero 7 120
GP-23 GoPro Hero 7 240
GP-24 GoPro Hero 7 240
PAN-5 Panasonic H&/X981 120
PAN-6 Panasonic H&/X981 120
PAN-7 Panasonic H&/X981 120
PAN-8 Panasonic H&/X981 120
PAN-10 Panasonic H&/X981 120
G4-1 Ubiquiti G4 Plus 20

Figure21l. Camera Locations, Speeds, and Lens Settings, TestNIBR-1
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