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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 pesquare 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 squareeter 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 neheptly with Section 4 of ASTM E380.
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1 INTRODUCTION
1.1 Background

Singlepost, Uchannel sig supports are used by many agencies for a variety of small signs
and delineators, including mile delineators and object markers. These signs are generally mounted
between 4 ft and 7 ft above the ground and placed in close proximity to the roadway. tbespite
wide use of Uchannel sign supports, their crashworthiness has not been fully evaludbed to
currentsafety criteria found in the American Association of State Waghand Transportation
Officialso( A A S H T \@adwsal) for Assessingafety HardwareSecond EditiofMASH 2016)

[1]. MASH implementation dates establishedthg Federal Highway Administration (FHWA)
and AASHTOQindicate a strong need for evaluating the crashworthinesagie,U-channe|sign
supportsaccordinggo MASH 2016 Test Level 3T(-3) safety criteria.

Numerous studies and fidcale crash testsave beenconductedon U-channel sign
supports over thegst four decades. These tests may help identifical configurations for
evaluationprior to MASH testing However,several of these projects were conducted under
previous evaluation criterisuch asA ASHTO6s St andard Specioits cati o
for Highway Signs, Luminaries, and Traffic Signal§, [the National Cooperative Highway
Research Program (NCHRP) Report [880[3], andNCHRP Report Na350 M]. U-channel sign
supportshave not been testedttee full testing matrix required by MASRB016 NCHRP Project
No.03-119 [] is currentlyevaluatinguminaire poles, sign supports, and wardnetraffic control
devices to MASH 2016 standards, buthannel supportwill only be partially evaluated

1.2 Objective

The objective of this research project was to evaluate the crashworthiness of various
breakaway sign systems mounted on singlehanné sign supportsn accordance with impact
conditions consistent with FB criteria of MASH 2016 The evaluated breakaway sign support
systems weraentified as criticatluring the Phase la report based on sign panel mounting height,
sign panel size, postveight, post material properties, and post sploomfiguration [6].
Additionally, a surrogate, reusable, 1100C test vehisies developedand validated which
replicated the stiffness, dynamics, and geometry of a MASH 1Xd0&ll car test vehicléo
evaluate the crashworthiness of the various breakaway sign sy§&tenteptdor developing a
2270P surrogattest vehicle were explored, but only testing with sherogate, reusable, 1100C
test vehiclevas completed due to cost and time constraints.

1.3Scope

The research objectigewere achievedby performing several tasks$-irst, multiple
breakaway sign systemsonomted on single &¢hannel sign supports were idéetl for evaluation
based orliterature review and sponsor surv@sults as detailed in the Phase la repéit [The
systems were identified as critical for testing based on sign panel mounting height, sign panel size,
post weight, post material properties, and post splice configuration.

Next,inertial properties of typical MASH 1100C small car test vehicles vedrndated and
used to identify potential concepts forsarrogate reusable, 1100Ctest vehicle Construction
details, cost analysis, andethods of verifying the resuliwere investigatedThe preferred

1
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candidate fothesurrogate, reusable, 1100C testigktwas a2012Kia Rio, modified by installing
remotecontrolledbrake and electrical equipment adjacent to the fuel litleeimindercarriage and
welding aplate to protect against contact damage, and modifying the attachments for the front
bumper cartdge, bumper cover, headlight®od, and windshield.g?els which replicated stock

roof hardwarewere purchasedocedures for removing damaged roof panels were developed to
repair the roof of thesurrogate, reusable, 1100C test vehidl@leemed necesary. Additional
procedures were developed for documenting vehicle damage and comparinghaselne stock
condition and pristineepaired conditionusing a combination dfIDAR, photogrammetry, and
single point mapping.

The surrogate, reusable, 1100C test vehiokes validated against fedicale crash test
results by conducting component gsith the same test article configuration and similar impact
conditions as test BOUCSS1a,UCSS1b, and UCSSLc [6]. The behavior of the sign support,
fracture location, roof contact, and vehicle damigtest n@. UCSS2, UCSS3, and UCSS!
were ompared to resulsbtained frontest n@. UCSS1a,UCSS1b, and UCSSLc, respectively.
Through comparisons between swrogate vehicland fulkscale tests, theurrogate, reusable,
1100C test vehiclevas determined to be a valid representation of t#SM 1100C small car
during sign support impacts.

Next, a series ofevensign supportests were conductagsing the validategurrogate,
reusable, 1100C test vehickgth repairs For each test, the trajectory of the sign, the damage to
thesurrogate, resable, 1100C test vehicland the MASH fulscale test evaluation criteria were
used tadeterminethe potentialperformance of the siggupport systerduring impacevents The
tests were conductextcording to MASH test designation. 360, with a 0degee impact angle
and 19mph impact speedndMASH test designation n@-61, with a 0degree impact angle and
62-mph impact speedata were collected and results were analyzed, documented, and reported.
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2 IDENTIFICATION OF SIGN SUPPORT INSTALLATIONS FOR ANALYSIS
2.1 Summary of Phase la

To determine critical sign configurations for analysis, a literature review was performed in
which reports, photographs, and video footage of previous testing were reviewlethikesl in
the Phase la reporb]] Researchers at MWRSF subjectively graded each of the reviewed
tests/installations regards to meeting the MASH 2016 safetyf@@nance criteriaon a scale of
one (very unlikely to pass) to five (very likely to pass).

Results from this grading indicated that installations with a higher chance of meeting the
MASH 2016 criteria generally had higher minimum steel yield strengthditiéudally, it was
stated that a panel mounting height of 5 ft or less above the ground and a smaller post weight was
associated with a lower chance of passing MASH 2016 test designatioit@dh&n the system
with a panel mounting height of 7 ft and ealvier post.

In addition to the literature review, a survey of the Midwest Pooled Fund Program member
states was conducted to gain a full understanding of currehiibinel sign support usadgs. [A
total of fourteen states responded to the survey, and the results were used to determine which sign
support configurations were desired by state transportation departments.

All fourteen states indicated usage othannelsign supports for small delineators with
sign panels. Generally, 1A/ft and 2Ib/ft weight U-channel sign supports are used for small
delineator applications. The mounting height from the ground to the base of the sign panel was
typically 4 ft for smdldelineators, while many different sign panel sizes are used. Some states did
not attach sign panels and instead only attached a reflective marker at the top of the sign support.

Nine states indicated that¢hannel sign supports were used for a purptiser than small
delineators, but the specifications for each application varied widely with each response. These
variations included both 4dhannel weight and sign panel size. While some responses indicated
that U-channel sign supports are installed in@ete, all responses indicated thathhnnel sign
supports are mounted in soil.

Based on the results of the literature review and sponsor survey, several systems were
identified as a priority for evaluation during the project, as showiaite 1.
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Post Weiaht Lower Panel| Post Yield
Ib/ft gnt, Sign Panel Size Height, Strength, SpliceConfiguration
ft ksi

1.12 Reflector only 4 60 None

1.12 8in. x 2 ft x 0.08 in. 4 60 None
3 3ftx3ftx0.1in. 7 60 gn. OVe'Iri'ﬁ‘g at ground
4 3ftx3ftx0.1in. 7 80+ None
4 3ftx 3ftx0.1in. 7 60 &in. °Ve'|ri'f]‘£ atground
4 3 ftx 3 ft x0.1 in. 5 60 &in. °Ve'|ri'f]‘£ at ground

2.2 Sign Panel Modifications

The Phase 1a survey was intended to identify common, critical combinat&iga panels
andbreakaway sign suppsrto prioritize evaluation with MASH fulkcale crash testingt was
recommended that for 3 Ib/ft and 4 Ib/ft sign supp@t6,10in. thick, extruded aluminum sign
panel be evaluated for testing. However, most states which provided responses in the survey
indicated a use of the thinner 0-08 thick extruded aluminum sigpanel, and the availability of
the 0.10in. thick panel was severely limited prior to and throughout the testing period for this
research effort. Based on current guidance provided by the Federal Highway Administration
(FHWA), it is anticipated that sigsupports which are evaluated with one sign panel thickméss
notreceive eligibility letters when installed in combination with alternative sign panel thicknesses.
Therefore, in response to the limited availability and increased number of state DO sitilize
0.08in. thick extruded panels, MWRSF used only 6i@&hick extruded aluminum panels for this
exploratory research effort. As a result, test results isolated the performance of the sign support
behavior during fracture and were not dependentsign panel thickness. Future testing and
simulation are recommended to evaluate the effects of increased sign panel thickness as well as
sign support featuresuch as lights, additional crebsaces, or multiple concurrent sign panels
on the crashwadhiness and impact behavior of the singleghnnel, breakaway sign supports.
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3 SURROGATE, REUSABLE, 1100CTEST VEHICLE DEVELOPMENT
3.1 Motivation

Full-scale crash testingf roadside safety hardware can érpensive. FOIMASH-
compliant breakaway devicesmcluding sign supports, the change in the test vehicle speed is
typically very low, and damage to the test vehicle is typically limited to a small number of locations
on the vehicle. However, the damagehe test vehid 6 s h o o d rear windshreld, roafn d
and front bumper can render the vehicle unusable for subsequentMASEl prohibits test
vehicle use if the vehicle has suffered structural dan@agjgese componentghere they cannot
be repaired or replaceding original equipment manufacturer (OEM) paftbus, it was desired
to develop anew surrogate test vehicter the evaluation of roadside safety hardwiduat was
expected to cause limited vehicle damége, no plastic deformation of components) ttatld
be replacedThe surrogate test vehicle should hauailar dynamic, stiffness, and geometrical
properties aprovided byMASH passengevehicles,and have the ability toepair or replace
damaged parts so thiéie surrogate test vehicle couldreased during testing in accordance with
MASH criteria to decrease the cost of perform
designwas desireavhich could use the same or similar surrogate test vehicles for evaluating the
small car and pickutruck behaviors.

The geometrical and inertial properti@lsMASH test vehicles were reviewed ittentify
critical behaviors with which the new surrogate vehicle would be evaluttedia Rio vehicle
attributesobtainedfrom the automotive attribute @gdiasein 4AN6XPRT Expert AutoStats®/|
and consistent with a MASH 1100C small car vehicle are shown in Fifjamed2. An example
Kia Rio 1100C small car test vehicle is showkigure3. TheDodgeRam 150@0Quad Cab pickup
truck attributes consistent with a MASH 2270P pickup truck test vehicle are shown in Fgures
and5. An exampleDodgeRam 1500 Quad Cab 2270P pickup truck test vehicle is showiguine
6.
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Expert AutoStats®

Horizontal Dimensions

Length 172
Wheelbase 101
Front Bumper to Front Axle 32
Front Bumper to Front Hood 6
Front Bumper to Bot. windshield 35
Front Bumper to Top Wind Shield 68
Front Bumper to Front Wheel well 18
Rear Bumper to Rear of Trunk 5
Rear Bumper to Rear window 18
Rear Bumper to Rear well 26
Rear Bumper to Rear Axle 39
Depth Dimensions
width 68
Front Track 60
Rear Track 60

Expert AutoStats@ Registered to: MIDWEST ROADSIDE SAFETY...

2012 KIA RIO 4 DOOR SEDAN

Vertical Dimensions

Height

Ground to:

Front Bumper (Top)
Headlight - Center
Hood - Top Front
Base of windshield
Rear Bumper (Top)
Trunk - Top Rear
Base of Rear window

21

30

31

40

26

43

45

weight Dimensions

Curb weight

Curb Weight Distribution:

61 |%
39| %

Front

Rear

Gross Vehicle weight [:::::::]

18R-121002AQ. ..

serial Number:

Acceleration/Braking

Acceleration 0-30 mph 13.8| ft/sec?
Acceleration 0-60 mph 9.3| ft/secz
Acceleration 45-65 mph ft/sec?
Braking 60-0 mph feet
Drive wheels FRONT

Turn Circle 33 | feet
Number of wheels 4

wheel Radius

Tire Size 185/65R15

2012 KIA RIO 4 DOOR SEDAN

Bumper Strength
Steering Ratio

mph

Interior Dimensions

Front Shoulder Room

Front Head Room
Front Leg Room
Rear Shoulder Room
Rear Head Room
Rear Leg Room

53

40

44

52

38

31

ALL DISC - ALL WHEEL ABS

3pt - front and rear - FRONT SEAT AIRBAGS + SIDE ATIRBAGS

6spd MANUAL

N.S.D.C. =[2012 - 2015 |
= Not in Database

Expert AutoStats® Registered to: MIDWEST ROADSIDE SAFETY...

serial Number:

18R-121002AQ. ..

Registered Owner. MIDWEST ROADSIDE SAFETY FACILITY

Figurel. Vehicle Dimensions, 2012 Kia Rid@][

Serial Number. 18R-121002AQ05201
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Expert AutoStats®
2012 KIA RIO 4 DOOR SEDAN

Angle Measurements
Angle Front Bumper to Hood Front = 59.0 | degrees
Angle Front of Hood to windshield Base = 17.2 | degrees
Angle Front of Hood to windshield Top = 21.2 | degrees
Angle of windshield = 24.4 | degrees
Angle of Steering Tires at Max Turh = 29.2 | degrees

Center of Gravity
Inches from ground = 22.37 Inches from side of vehicle = 34.00
Inches behind front axle = 39.39 Inches in front of rear axle = 61.61
Inches from front bumper = 71.39 Inches from rear bumper = 100.61
Inches from front corner = 79.07 Inches from rear corner = 106.20
Tip-over stability Ratio = | 1.34] stable
NHTSA Static Stability Factor (calculated) Star Rating = HRRR

Moments of Inertia
Yaw Moment of Inertia = 1272.18 | Tb*ft*sec?
Pitch Moment of Inertia = 1232.94 | 1b*ft*sec?
Rol1 Moment of Inertia = 283.08 | 1b*ft*sec?
Expert AutoStats© Registered to: MIDWEST ROADSIDE SAFETY... Serial Number: 18R-121002AQ...

Figure2. Angle and Stability Measurements, 2012 Ria [7]

Figure3. Kia Rio Crash Test Vehicle
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2018 RAM 1500 QUAD CAB 140wWB 4 DOOR 4X2 PICKUP

Horizontal Dimensions vVertical Dimensions

Length 229 Height
Wheelbase 140 Ground to:
Front Bumper to Front Axle 40 Front Bumper (Top) 26
Front Bumper to Front Hood 4 Headlight - Center 39
Front Bumper to Bot. windshield 51 Hood - Top Front 47
Front Bumper to Top Wind Shield 80 Base of Windshield 54
Front Bumper to Front Wheel well 19 Rear Bumper (Top) 25
Rear Bumper to Rear of Trunk 2 Trunk - Top Rear 56
Rear Bumper to Rear window 88 Base of Rear window 55
Rear Bumper to Rear well
Rear Bumper to Rear Axle 49 weight Dimensions

curb weight

Depth Dimensions

width 79 Curb Weight Distribution:
Front Track 68 Front = 53 |%
Rear Track 68 Rear = 47 | %

Gross Vehicle weight
Expert AutoStats®© Registered to: MIDWEST ROADSIDE SAFETY... Serial Number: 18R-121002AQ...

Acceleration/Braking

Acceleration 0-30 mph 17.6| ft/sec?
Acceleration 0-60 mph 11.7 | ft/sec?
Acceleration 45-65 mph 7.3| ft/secz
Braking 60-0 mph 123 | feet
Drive wheels REAR

Turn Circle 45 | feet
Number of wheels 4

wheel Radius

Tire Size 265/70R17

2018 RAM 1500 QUAD CAB 140wWB 4 DOOR 4X2 PICKUP

Bumper Strength No Requirement

Steering Ratio 17.90:1|

Interior Dimensions

Front Shoulder Room

66

Front Head Room

40

Front Leg Room

41

Rear Shoulder Room

66

Rear Head Room

40

Rear Leg Room

40

ALL DISC - ALL WHEEL ABS

3pt LAP & SHOULDER - front, None or Unknown - rear - FRONT SEAT ATRBAGS + SIDE AIRBAGS |

AUTOMATIC

N.s.D.C. =[2013 - 2018 |
= Not in Database

Expert AutoStats® Registered to: MIDWEST ROADSIDE SAFETY... Serial Number:

18R-121002AQ. . .

Figure4. Vehicle Dimensions, 2@DodgeRam 1500 Quad Cdf@]
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Expert AutoStats®

2018 RAM 1500 QUAD CAB 140wWB 4 DOOR 4X2 PICKUP

Angle Measurements

Angle Front Bumper to Hood Front = 79.2 | degrees
Angle Front of Hood to windshield Base = 8.5 | degrees
Angle Front of Hood to windshield Top = 18.9 | degrees
Angle of windshield = 33.2 | degrees
Angle of Steering Tires at Max Turh = 29.7 | degrees

Center of Gravity

Inches from ground = 28.84 Inches from side of vehicle = 39.50
Inches behind front axle = 65.80 Inches in front of rear axle = 74.20
Inches from front bumper = 105.80 Inches from rear bumper = 123.20
Inches from front corner = 112.93 Inches from rear corner = 129,38
Tip-Over Stability Ratio = | 1.18 | Reasonably Stable
NHTSA Static Stability Factor (calculated) Star Rating = bl

Moments of Inertia

Yaw Moment of Inertia = 3904.85 | Tb*ft*sec?
Pitch Moment of Inertia = 4049.40 | Tb*ft*sec?
Rol1 Moment of Inertia = 885.90 | 1b*ft*sec?
Expert AutoStats© Registered to: MIDWEST ROADSIDE SAFETY... Serial Number: 18R-121002AQ...

Figure5. Angle and Stability Measuremeng)18DodgeRam 1500 Quad Cdi]

Figure6. Dodge Ram Crash Test Vehicle
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Based on the review of vehicle attributes and geometries, the following criteria were
established to evaluate all surrogate vehicle concepts:

1 Geometrical consistency at critical points
o Front bumper lower and upper height, geometry
Front hood height and longitudinal offset from bumper at leading edge
Longitudinal and vertical location of the hood intersection at base of windshield
Windshield curve radius, inclination angle, and loaed upper heights and
longitudinal offsets from bumper
Roof leading edge offset from bumper
Roof overall height and total length
Rear windshield longitudinal offset from front bumper
o Rear windshield height at merger with roof, angle, and shape
1 Stiffnesses
0 Bumper and bumper cover
o Hood front edge
o Hood vertical crush force
o Windshield
o0 Roofvertical crush force
1 Inertial properties
0 Vehicle mass
o Pitch and roll inertia
o Centerof-gravity (c.g.) height
1 Guidance, towing, and suspension
o Capable of supporting towing/steng/guidance at test speeds up to MASH3IL
o0 Representative of vehicle vertical stiffnesses when traversing bumps, sign support
masts or legs, and stable when traversing tarmac and soil areas
o Oscillation natural frequency in pitch direction

(ol o]

(ol o]

Designing a sigle vehicle with functionality as both an 1100C and 2270P MASH
compliant surrogatereusabletest vehicle was challenging. It was decided to first design the
vehicle with similar chassis, guidance system, suspension, and inertial properties as the 1100C
small car, and to determine what changes, if any, would allow the new surrogate test vehicle to be
modified to represent the behavior of the 2270P pickup truck.

Many of the properties evaluated in the small car criteria were either available or estimated
based on the information provided by Expert AutoStats®, but some critical geometrical properties
needed to be measured. Full thd@mensional scans were performed of an 1100C small car
vehicle which were digitized in a point cloudManual measurements catted using a FARO
Edge scan arjmand baseline measurement points were also collected by hand to augment the
digital mapping, as shown Figure7. Thepoint cloudandmeasurement data were compared with
an exemplar-® CAD geometry of a similar 2012 Kia Rio small cand variances were observed
to be withinan estimated %2 in. for all critical measurement locations. Therefore, the CAD
geometry of the Kia Rio was useddevelop concepts for a nesyrrogate, reusable, 1100C test
vehicle
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Figure7. Scan and Geometry Measurements of 2012 Kia Rio

Figure8. 3-D CAD of 2012 Kia Rio §]

3.2 Evaluation of Surrogate Bogie Profiles

It was preferred that, if possible, existing MWRSF riff@ime bogie vehicles could be
adapted to match the geometrical and inepiaberties of the MASH small car. The following
bogie vehicles had been constructed and were available at MwRS8feloor Test Site:

1 Bogie No. 1 was constructed in the 1990s and was consistent with a VolksReigjoib
profile. The bogie could be equippediwa crushableosethat wadilled with aluminum
honeycomlxartridges Due to extensive vibrations of the bogie frame in accelerometer
readings observed during testing, this vehiedsretired from service.
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1 Bogie No. 2 was a rigid, steame vehicle wighing approximately 4,580 Ib. The bogie
vehicle is symmetrical and uses fourdied, stiff trailer tires, and can be customized
with different impact heads.

1 Bogie No. 3 was a rigid, steame vehicle with lightweight chassis used primarily for
recordng resistance forces from pdstsoil testing. The bogie wghed approximately
1,350 Ib and coultde customized with various impact heads.

1 Bogie No. 4 was a rigid, steame vehiclewhich had previously been used for
preliminary sign support compliaa testing in lieuhe820C small car test vehicle under
NCHRP Report No. 35(®] as well as to evaluate the propensity for some cable barrier
posts to tear test vite floor pans. Unfortunately, previous attempts with a bumper,
hood, and windshield mounting frame for this vehicle could not successfully replicate the
behavior of the 820C Geo Metro small car.

1 Bogie No. 5 was constructed in tearly 2000sand consted of an upper structure
conforming toa Chevrolet C2500 profiland placed on top of Bogie No. The bogie
represented the first major attempt for a reusable vehicle to evaluate sign support
behaviors with taller vehicles, but testing with the pickugileravas limited and not
calibrated to fullscale crash test data.

Thefive bogie vehicles are shown figures9 and10.
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Figure9. MWRSF Bogie Vehicle Nos. 1 through 4
13
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Figure10. MWRSF Bogie Vehicle No. 5

Although each of theife bogie vehicles had sufficient structural strength to support an
additional frame for mounting key componenatsreplicatedcrash test vehicles, such as hood,
bumper, windshield, and roof, concerns were raised about each of the four vehicles. First, none of
the bogie vehicles had wheelbase, track width, or suspension charactewsiicls were
representative of either the 1100C or 2270P vehicles. Second, all bogiesvetick designed
with rigid mounting hardware for the wheels. It has been observed that suspensionless bogie
vehicles can track well on MWRSF guidance systems at low speeds but show instability and loss
of guidance or control at higher speeds.

In addiion, previous efforts trietb replicate the behar of the NCHRP Report No. 350
820C small car vehicle using bogie no. 4. These tests utilized a parabolic, stiff rubber bumper,
plastic bumper cover, hood, and windshield. However, after several impadtaptwt behavior
of the bogie vehicle with retrofit assemblies did not replicate the behavior of the crash test vehicle
in select workzone traffic control devices, specifically portable sign staAdgorough review
suggested that the stiff rubbdeumper, customized hood and windshield mounts, and changes in
suspension, rotational inertia, and mass affected bogie vehiclectiaanaith the lightweight sign
supports.

It was desired that a single bogie vehicle couldhoélified or retrofittedo regesent both
the 1100C and 2270P test vehicles, but2/a80Ib difference in weight between the 2270P and
1100C vehicles was greater than 2#25I|b curb weight of the 11000t was not believed that a
single, onesizefits-all bogie could be reasonaligveloped with the available time and money.
Therefore, researchers focused exclusively on reusslni®gatevehicle designswhich would
be consistent with the 1100C small car.
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3.3 New Surrogate Vehicle Design Options

Three conceptsvere developedor a new reusable surrogate test vehicle and compared
against thgeometry and vehicle attributés the 1100C small car vehicle. Details of each of the
design options are discussed below.

3.3.1Design No. 1

For the first design concept, researchers mapped crgmats on the Kia Rio CAD
corresponding to the windshield top and bottom mounting locations and rakghaoglenainting
locations and rake anglgrille, and bumper locations. A load frame was designed to support
approximately 10,000 Ib without frame fdamation in critical load locations. Themgritical
surrogate vehicle supports which were needed for mounting accelerometers and other
instrumentationwere added to thsurrogate vehiclérame. The oncept development of design
no. lis shown inFigurell.

Iteration 2

Figurell. Design No. ISurrogate Vehicl&rame Iterations
15
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Thesurrogate vehicleoncepts in design no.lad a track width andheelbase of 60 and
101 in., respectivelywhich satisfied the MASH vehicle criteria and were consistent with the Kia
Rio. To providesurrogatevehicle wheel suspension support, bittefront and rear wheelsere
supported using sohdxle Hotchkis (i.e., leaf spring) suspensions, rated for maximum loads of
approximately 2,500 Ib each. Key chassis frames were lotmtdlbw forthe principal direction
of impact forceo travel along the longitudinal chassMounting locations and heights of critical
components were identified replicateweight distribution, total ballast weight on front and rear
axles, suspension and tire deflections, ballast locatameell aghe rotational and translational
inertial properties of the Kia Rio.

Further iterations were performed to design guiekunt connections to allow MwRS&Fs
Outdoor Test Site staff to perform rapid rep&irshe surrogatevehicle between tests. Mounting
hardware vasmodified to allow br fast rephcement of damaged original equipment manufacturer
(OEM) componentssuch as the hood, windshield, bumper cover, bumper load cartridge, and
headlights (if required) and with nes@mponents

Although the design was intended to match the behavior and adiwtrof the Kia Rio
with high fidelity, demanding constructional tolerances and fabrication difficulties led to
significant fabrication expenses, which exceeded the price of a brand new small car. Therefore,
otherconceptsisingsimplified fabrication wes considered.

3.3.2Design No. 2

The second design iteratiaddressefabrication problems by modularizing tearrogate
vehicleconfiguration Four distinct fabrication steps were recommendsich allowed for proper
customization and minimization of errors:

1 Chassis FrameThe primary load frame of the vehicle was a planar, tubular steel frame
with an open front end, tubular back plate, and width tuned to the frame width of the Kia.
The chassis frame recommendation is showFigarel2.

1 Suspension Concerns were raised during the discussioslesfgnno. 1 thatbases or
stubs ofwork-zone, temporargign standsind breakaway sign supp®nmay impact the
undercarriage of theurrogatevehicle. It was desired that a floorpan representation be
added to theurrogate vehicléo indicate whetheundercarriage contawatould
potentially occur and lead test failure ly penetrating through vehicle floorpans. It was
believed that solid axle suspension system could significantly interfere with the
accuracy and versatility of the undemtage contact mechanics. Additionally, direct
impact withsign support systems couddmage the solid axle system, leading to costly
and timeintensive repairs. To simplify the suspension mounting and control the ride
height of thesurrogatevehicle, an independent wheel trailer suspension kit was selected
in lieu of the original doublesolid-axle suspension configuration @ésign nol. The
preferred independent suspension for cost, guidance, and ease of replacement or repair
was a Timbren 2,50 rated suspensioasshown inFigure13.

1 OEM Frame Due to the spatial irregularity of aerodynamicadtyledcomponents for
the bumper, hood, windshield, and roof, fabrication may be difficult to replicate good
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connections for these OEM componeiig.extracting these components from a real
vehicle and stronglyeinforcing connection pointg may be possibleotproducea more
accurataepresentation of real vehicle interactiohbis component extractiooould be
accomplished bygutting (e.g., plasma torch) critical connectignsluding bumper load
frame, bumper cartridge and plastic bumper cover mounts,latwbdand cradle mounts,
wi n d s h i-pdlar dnd fodf supports, and air dam component$ welding them to a
frame in their corresponding locations and offsets from the front wheels

1 Profile Assembly The final assembly module désignno. 2 consisted of an ad hoc
space framawhich connected the OEM frame to the chassis frame at the correct heights,
longitudinal positions, and stiffnesses as a representative crash test vehicle. Using the Kia
Rio CAD, 3-D scans, and physical measurements, the OEM frame would be positioned in
space relative to the chassis frame and connecting elements would be used to support the
vehicle shape. Additionally, ballast would be added to the vehicle in critical locations to
satisfy weight and inertial properties of the representative vehicle.

—
:
@\ 44 3/4" 38 3/4" J
"
80 1/2"
]
6 1/2
I
PLAN VIEW
v o
(3 £ {1
Tl_;' } L —|
ELEVATION VIEW
Itern b Material Treatment
No. ary. Description Specification Specification
- 1 [Chassis Assembly - ASTM A123 S lated S I c
imulate ma ar
a1l | 2 [HSS 5"x4"x1/4", 150" Long Steel Tube ASTM AS00 Gr. C See .
: . Assembly Bogie
02 | 1 [HSS 18"x4"x3/8", 82" Long Steel Tube ASTM AB5Q0 Gr. C AssS;Fﬁbly Chassis & Suspension
a3 | 2 |HSS 4"x3"x1/4”, 41" Long Steel Tube ASTM AS00 Gr. C See . . Chassis Assembly
Assembly | Midwest Roadside
HE DWG. NAME 1:20
a4 | 1 [HSS 10°2'x1/4", 60 1/2" Long Stesl Tube  |ASTM AS00 Gr. C| , S€¢ Safety Facility  ["0 = oo - an?an[ " |-

Figurel2. Suspension Chassis Frame AssemBlyyogate Vehicl®esign No. 2
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Figure13. Timbren LowProfile Suspension Mouni()], Surrogate Vehicl®esignNo. 2

3.3.3Design No. 3

Design no. 2 was estimatedto have very highfabrication and maintenancecosts.
Researchers investigatedl@ver-cost third surrogate vehicl@ption which used anexisting
1100Ctest vehiclewith strengthening atritical locations and moddations to allow for easy
repair withreplaceable components after dam&gemponent repair and replacement would also
utilize OEM componentthat could benstalled on the existing frame of tearrogate, reusable,
1100C test vehicleThis design option was determined to be the lowestwibstthe highest
intrinsic fidelity toMASH 1100C small car designs

3.4 Surrogate, Reusable, 11000 estVehicle Selection

The reducedcost and simplified construction required for the théwrogate vehicle
option, with the highest likelihood for comparability to the existing 1100C small cacleehi
dynamics, led to its selecti@sthe surrogatereusable1100Ctest vehicle. A further review of
the critical components of theirrogatevehicle option and their connections led to the following
modifications tahe Kia Rio small cafor its useasasurrogate, reusable, 1100C test vehicle

1 Bumper cartridge, bumper cover (shroud), hood, and front and rear windslt@icls of
these components are standard OEM parts, relatively inexpensive, and readily available.
Attachment of these componemdsthevehicleare usually small bolts, although the
windshield is usually adhered to the frame using a silicone adhesive -€xailcnge clip
mounts were attached to the framdich were robusanddevelogdthe full strength of
the components, mimicked origihcomponent geometriesonnectionsand alignments,
and were much faster and simpler to repthea full OEM part installatioimages of
the vehicle modifications are shown in Figutdsand15.

1 Roof- The Kia Rio roof is a singiply steel sheet, continuous panel extending between
both A- and Bframes. The roof is not an OEM standard part, but replacement roof panels
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with the corret geometriesthicknessesand modified attachments were identified as
purchasable counterparts to OEM hardware. Unique attachmémts would replicate
the tensile membrane reactions of the roof pamelld beadded at the roof line on the
vehicle sigésto mimic the original geometry of the roof.

Undercarriage The vehicle undercarriage consists of components in exhaust,
suspension, frame, body structure, and floorpan assemblies. Of these components, only
floorpan tearing or extensive tigpan deformation are prohibitedls shown inFigure 16,
asteel sheet wasoltedto the undercarriage to shield critical wiring (remote braking

signal wire, power, irtsumentation) but the remainder of tinedercarriage was not

modified.
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(b)

Figurel4. Surrogate, Reusable, 1100C Test VehBlenper and Hood Modifications (bgfore
OEM Replacemerdand(b) after OEM Replacement
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(b)

Figurel5. Surrogate, Reusable, 1100C Test Vehwiedshield Modification (apefore OEM
Replacemenand(b) after OEM Replacement
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Figurel6. Surrogate, Reusable, 1100C Test VehMtalificationsto Undercarriage

The modified vehicle was visually indistinguishable from an unmodified small car and
utilized standard hardware and representative connections whenever feasible. Nonetheless, this
vehicle was limited in use to scenarios watlow risk of critical structural damage (deformation
greater than the depth of the crushable bumper cartridge or damage to the door sill connections).
Undercarriage contact and damage would be monitored, but the surregatbletestvehicle
was only intended torpdict if undercarriage contact would pose the risk of floor pan penetration
and was not intended to predict occupant compartment intrusion. libstlyst be reiterated that
a 2012 Kia Rio was used as tharogate, reusable, 1100C test vehiltlss urderstood that future
changescould occur to MASH small car vehicle selectias well as vehiclgeometrythat are
significantly differentthan the currenttest vehicle geometryin such cases, thdesignno. 3
surrogate vehiclenay not predict vehicko-test hardware interactioribat areconsistent with
updated MASH vehicle requirements.
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4 TEST REQUIREMENTS AND EVALUATION CRITERIA
4.1 Test Requirements
Support structures, such ascbannel sign supports, must satisfy impact safety standards
in order to be declared eligible for federal reimbursement by the FHWA for use on the National
Highway System (NHS). For neand existinghardware, these safety standards consist of the

guidelines and procedures published in MASH 2016. AccordingLte8 criteria, support
structures must be subjected to threedalle vehicle crash tests, as summariz&chbile?2.

Table2. MASH 2016TL-3 Cras Test Conditions for Support Structures

Test Vehicle | _mpact Conditions _
Test Desianation Test Weiaht q | Evaluation

Article 9 Vehicle gnt, | Speed, | Angle, Criteriat

No. Ib mph degrees

3-60 1100C 2,420 19 CIA B,D,F,H,I,N
Support

3-61 1100C 2,420 62 CIA B,D,F,H,I,N
Structures

3-62 2270P 5,000 62 CIA B,D,F,H,I,N

Evaluation criteria explained ifiable3

Surrogatevehicle testing wasplanned for theresearch and developmesftfort in
accordance with MASHestdesignation na 3-60 and3-61 on varioussign supporsystemsEach
signsupportnstallationwascontacted by theurrogate, reusable, 1100C test velatla Gdegree
angle. MASH notes that the critical impact angle (CIA) should be selected to represent the highest
risk for the system to fail any of the recommended evaluairdaria. Since permanent sign
supportsarenot typically installed 90 degrees from the normal direction of travel, a critical impact
anglerangingbetween 0 and 25 degrees is recommenHdetorically, sign system$iave been
impacted using &-degreeande due to a belief that it provided the most critical condition for
maximizing the potential area sfgn panelcontact with the windshield and rodfhe critical
impact pointin each test was either the centerline or the right or left quarter pointwfahle i c | e 6 s
front bumperin accordance with MASH recommendations for impact pointsdegdee impact
anglesFor this exploratory research effashly O-degree impacts were evaluated, although further
evaluation is recommended to determine if-zeno img@ct angles are more critical for single, U
channel, breakaway sign support evaluations.

Note that although theurrogate, reusable, 1100C test velearly resembled compliant
1100C MASH small cathe test results are considered exploratory in naiimes, theest results
are believed to be consistent wNtASH 1100Ccrash performancaccording taVIASH 3-60 or
3-61 specificationsand a 6degree impact anglédditionally, MASH test designation no-&
impact conditions weraot conducted as part tfis researctand developmersgffort. Therefore
future research and development will be required with RZ/@hicles or 2270P surrogate vehicles
to better understand MASH TR behavior of the systems investigated herBor. a complete
evaluation of thesign supportsystemsexamined hereinMASH TL-3 crashtess should be
conductedn each systengas shown inrable2. As well, further investigation malye necessary
to evaluate system performance at a-pero impact angle, up to 25 degrees as specified in MASH.
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4 .2 Evaluation Criteria

Evaluation criteria for vehicle crash testing are based on three appraisal areas: (1) structural
adequacy; (2) occupant riskand (3) vehicle trajectory after collision. Criteria for structural
adequacy is that the test article should readily activate in a predicable manner by breaking away,
fracturing, or yielding. Occupant risk evaluates the degree of hazard to occuphatsnpdcting
vehicle. Postmpact 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 impacting vehicledé@r other vehicles. These evaluation criteria are
summarized iMable3 and are defined in greater detail in MASH 2016.

It is important to note that in tests of braalay features, the impulse on the vehicle may
be relatively small and of short duration. It is not unusuak ordy in the flaikspace model to be
less than 2 ft and 1 ft, respectively, during the period in which accelerations are recorded or up to
thetime brakes are applied to the test vehicle. As specified in Section A5.5.2 of MASH 2016, in

such cases, it is recommended that the OIV be
occurs during contact with the test article, or parts thefdotf[parts of the test article remain
with the vehicle after impact, the vehicl ebs

vehicle clears the footing doundation of the test article.

In addition to the standard occupant risk measures, thelRpatt Head Deceleration
(PHD), Theoretical Head Impact Velocity (THIV), and Acceleration Severity Index (ASI) were
determined and reported. Additional discussom PHD, THIV, and ASI is provided in MASH
2016.
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Table3. MASH 2016 Evaluation Criteria for Support Structures

Structural | B- The test article should readily activate in a predictable mann
Adequacy breaking awayfracturing, or yielding.
D. Detached elements, fragments or other debris from the test ;

should not penetrate or show potential for penetrating
occupant compartment, or present an undue hazard to
traffic, pedestrians, or personnel in a work zone. Deformatior
or intrusions into, the occupant compartment should not ex
limits set forth in Section 5.2.2 and Appendix E of MASH 20

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

H. Occupant Impact Velocity (OIV) (see Appendix A, Sect

Occupant A5.2.2 of MASH 2016 for calculation procedure) should sat
Risk the following limits:
Occupant Impact Velocity Limits
Component Preferred Maximum
Longitudinal and Lateral 10 ft/s 16 ft/s

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

Occupant Ridedown Acceleration Limits
Component Preferred Maximum
Longitudinal and Lateral 15. 0 ¢ 20. 49
Postimpact | N, Vehicle trajectory behind the test article is acceptable.
Vehicular
Response
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5 TEST CONDITIONS
5.1 Test Facility

The Outdoor Test Sités located at the Lincoln Air Park on the northwest side of the
Lincoln Municipal Airport and is approximatefymilesnorthwest of the University of Nebraska
Lincoln.

5.2Vehicle Tow and Guidance System

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

A vehicle guidance system developed by HifitH was used to steer the test vehicle. A
guideflag, attached to thguide cable anthe rightfront wheel in test ndUCSS2 andthe left-
front wheelin test nosUCSS3 throughUCSS11, was sheared off before impact with the barrier
system. The;-in. diameter guide cable was tensioned to approxim&@&§0 Iband supported
both laterally and vertically evefy00 ftby hinged stachions. The hinged stanchions stood upright
while holding up the guide cable, but as the vehicle was towed down the line, théagugiaick
and knocked each stanchion to the ground.

5.3Test Vehicles

For testnos. UCSS2 throughUCSS11, asurrogate, reusable, 1100C test vehialeich
was developed from a 2012 Kia Rio small,ecaas used to test and evaluate the breakaway sign
support systemd he curb,test inertial and gross statieehicleweights were2,480Ib, 2,4321b,
and2,432lb, for test nos. UCSS through UCSSI and 2,480 Ib, 2,408 Ib, and 2,421 Ib for test
nos. UCSSs through UCSS 1, respectively The surrogatetest vehicle is shown iRigures17
through19, and vehicle dimensions are showrFigure20. Note that the model year $eutside
of the MASH 2016six-yearold targetedangefor tests conducted ithe year2020.During the
initial phase of the testing, difficulties were observed with acquiring test vehicles consistent with
specifications required in MASH 2016. AASHTO guidance provided ir820dicated that older
test vehiclexould be used in MASHompliant testing if the specifications for the vehicles were
consistent with MASH requirements; supplemental guidance in 2019 updated test vehicle
geometrical parameters which were more consistent with newer vehicleWedesthesurrogate,
reusable, 1100C test vehicserepresentative of the MASH 1100C vehicle, it was used for research
and development purposesid the tests detailed herein arein@ompliancewith thevehicleage
criterion of MASH 2016.1t is anticipated thathese tests will be reviewed and analyzed in future
studies to evaluate potential for eligibility as MASH fsdlale crash test®ote that preest
photographs of the vehiclebds interior floorbo

The longitudinal component of theerter of gravity €.g) was determined using the
measured axle weight§he vertical component of the c.g. for the 1100C vehicle was determined
utilizing a procedure published by SAEZ]. The location of the final c.g. is shown in Figugts
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and 21. Data used to calculate the location of the c.g. and ballast information are shown in
Appendix A

Square, blackand whitecheckered targets were placed on the vehicle for reference to be
viewed from the higfspeed digital video cameras and aid in the video analysis, as shBigarna
21. Round, checkered targets were placed at the c.g. on ts@deftioor and the rigiside door.
Additional black and whitecheckered targets were placed along the vehicletsilésd in the
processing of the vehicle LIDAR scans. Locations of the LIDAR targets were not recorded.

The front wheels of the test vehicle were aligned to vehicle standards except-ithe toe
value was adjusted to zesachthat the ehicles would track properly along the guide cable. A 5B
flash bul b was mo uleftisidedvindshiedldeviper and was fired vy aglessiies
tape switch mounted at the impact location of the bumper. The flash bulb was fired upon initial
impad with the test article to create a visual indicator of the precise time of 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.
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Figurel7. Test VehicleTest NosUCSS2 throughUCSS11
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Vehi cl e,lsest NdsUCES2 thraughUCaSd.le

Figurel8. Pretestl e s t
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Figurel. Test Vehicl ebs UGSB2throughdQSElAge, Test Nos.
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Model Year:

2012

Tire Size:

185/65R15

Test Name: Ucss

Make: Kia

Tire Inflation Pressure: 32 psi

Mass Distribution - Ib (kg)

Note any damage prior to test:

Gross Static LF 708 (321) RF 753 (342)
LR 485 (220) RR 486 (220)
Weights
Ib (kg) Curb Test Inertial Gross Static
W-front 1509  (684) 1461  (663) 1461 (663)
W-rear 971 (440) 971 (440) 971 (440)
W-total 2480  (1125) 2432 (1103) 2432 (1103)
2420£55 (1100£25) 2585255 (1175£50)

GVWR Ratings Ib Surrogate Occupant Data

Front 2028 Type: Hybrid I

Rear 1852 Mass: 161 1b

Total 3595 Seat Position: N/a

No Damage

VIN No: knadm4a38c6085061
Model: Rio
Odometer: 123552

Vehicle Geometry - in. (mm)

Target Ranges listed below

A: 67 (1702) B: 573/4  (1467)
65+3 (1650£75)
C: 1717/8 (4366) D: 33 (838)
1698 (4300£200) 35£4 (900+100)
E: 101 (2565) F: 377/8  (962)
9815 (25004125)
G: 22 716 (570) H: 40 5/16 (1024)
39+4 (9902100)
9 (229) J: 233/4  (603)
K: 255/8 (651) L: 125i8  (321)
M: 597/8 (1521) N: 597/8 (1521)
5642 (1425£50) 5642 (1425+50)
O: 313/4 (806) P: 3 (76)
2414 (600£100)
Q: 24 (610) R: 163/4  (425)
S: 115/8 (295) T: 67 (1702)
U (impact width): 33172 (851

Height (Front): 6 (152)
Bottom Frame
Height (Rear): 8 (203)
Engine Type: Gasoline
Engine Size: 1.6 4 cyl
Transmission Type: Manual
Drive Type: FWD

Top of radiator core

support: 29 1/2 (749)

Wheel Center

Height (Front): 11 3/8 (289)

Wheel Center

Height (Rear): 26 (660)
Wheel Well

Clearance (Front): 11 5/8 (295)
Wheel Well

Clearance (Rear): 26 1/4 (667)

Bottom Frame

Figure20. Vehicle Dimensions, Testdd. UCSS2 throughUCSS11
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Test Name: Ucss VIN: knadm4a38c6085061
Model Year: 2012 Make: Kia Model: Rio
B C D E =—F

TARGET GEOMETRY-- in. (mm)

A: N/a F: N/a K: N/a
Windshield Target
B: Nia G: 40 516  (1024) L: Nia
Front round CG target
c: Nia H: 22 7/16 (570) M: 30 1/4 (768)
D: Nia I 61 316  (1554) N: Nia
Rear Round target
E: Nia J: 29 78 (759)

Figure21. Target Geometrylest NosUCSS2 throughUCSS11
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5.4 Data Acquisition Systems
5.4.1Accelerometers

Two environmental shock and vibration sensor/recorder sysiegne used tmeasure the
accelerations in the longitudinal, éaal, and vertical direction&ll accelerometesystemswvere
mounted near the.g. of the test vehicleThe electronic accelerometer data obtained in dynamic
testing was filtered using the SAE Class 60 #nr®@dSAE Class 180 Butterworth filter conforming
to the SAE J211/1 specificationky.

The two systems, the SLICEand SLICE2 units,weremodular data acquisitiosystems
manufactured byDiversified Technical Systems, Inc. (DT®j Seal Beach, Californialhe
SLICE-1 unit was designated as the primaystemin each testThe acceleration sensors were
mounted inside the baas of custombuilt, SLICE 6DX event dateecordersaand recorded data at
10,000 Hz to the onboard microproces&achSLICE 6DX was configured with 7 GB of non
volatile flash memory, a range 0af1,630 %D (@FCg 6 s , é
1000) antialiasing fiterr The ASLI CEWared computer software
Microsoft Excel worksheet were used to analyze and plot the accelerometer data.

5.4.2Rate Transducers

Two identicalangular rate sensosystens mounted inside the loieesof the SLICEL and
SLICE-2 event data recorders warsed to measure the rates of rotation of the test vehiatéh
SLICE MICRO Triax ARShadarange of 1,500 degrees/sec in each of the three directions (roll,
pitch, ard 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. The ASLI CEWared computer software p
worksheet were used to analyze and plot the angular rate sensor data.

5.4.3Retroreflective Optic Speed Trap

The retroreflective optic speed trap was used to determine the speed of the vehicle before
impact.Five retroreflective targetspaced at approximatel@-in. intervals were applied to the
left side of the vehiclewhen the emitted beam of light weeflected by the targets aneturned
to the Emitter/Receiver, a signal was sent to the data acquisition conmpateding atL0,000
Hz, as well as thexternal LED boxactivating the LED flashe§ he speed was thenlcalated
using the spacing between tieroreflective targetand the time between the signalgD lights
and highspeed digital video analysis are only used as a backup in the event that vehicle speeds
cannot be determined from the electronic data.

5.4.4Vehicle Deformation Measurement

A FARO Freestyle was utilized to capture and reawitical vehicle deformation data for
eachapplicabletest. The FARO Freestyle is elBscanner that utilizes light detection and ranging
(LIDAR) technology to capture the vele deformation data. The raw data was processed utilizing
theFARO SCENE Capturprogramandthe report figures and vehiaieformation measurements
were generated with the CloudComppregram
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The lighting and reflectivity of the vehicle surfaces wesatmlled to mitigate erroneous
data point collection. Blackand whitecheckered targets were placed along the vehicle sills in
locations that wuld not experience deformatiand were utilizeés anchor point® align vehicle
scans fordeformationmeasuements Each time thesurrogate, reusable, 1100C test vehwés
repaired, a new baseline scan was performed to establish a comparison for damagtesh post
analysis and to confirm theurrogate, reusable, 1100C test vehielmained representative thie
geometry of the MASH 1100C small car vehicle.

5.4.5Digital Photography

Two AOS high-speeddigital video camergghreeGoPro digital video cameras, afalr
Panasonidligital video camerasvere utilized to film test no.UCSS2. Two AOS highspeed
digital video cameras, threBoPro digital video cameras, and thrieanasonialigital video
cameraswere utilized to film test rm UCSS3 throughUCSS9. Two AOS highspeed digital
video cameragwo GoPro digital video camera, and thieRenasonidligital video cameragere
utilized to film test noUCSS10. Two AOS highspeed digital video cameradkreeGoPro digital
video cameras, arttiree Panasonidigital video camerawere utilized to film test ndJCSS11.
Camera details, camera operating spedeiss information, anda schematic of the camera
locationsrelative to the system ahown inFigures22 through31 for test nosUCSS2 through
UCSS11, respectively

The high-speedvideos were analyzed usifgEMA Motion and Redake MotionScope
softwareprograms Actual amera speed and camera divergence factors were considered in the
analysis of the higispeed videosA digital still camera waslsoused to document @rand post
test conditions fothetest
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5.5 Surrogate, Reusable, 1100C Test Vehicle Repairs

When the surrogate, reusable test vehicle selected for use in this research study required
repairs, the research team considered how to perform repairs which would maximize consistency
with unmodified, structuralyntact vehicles. The most commordamagd components in this
research study were the bumper load cartridge, bumper shroud, hood, windshield, roof, and rear
window. Minor damage, mostly consisting of scraping, was noted on the undercarriage.
Undercarriage damage was monitored and reported butadidiolate occupant compartment
deformation limits in any test. Undercarriage damage was typically limited such that deflection
measurements were within the measurement error tolerances.

For bumper cartridge, bumper shroud, and hood components, if parhdeflections
were greater than Y in. after a test, the components were replaced with OEM hardware. The
bumper cartridge, bumper shroud, and hood were attached at the original equipment mounting
locations and using hardware consistent with OEM production

Both the front windshield and the rear window were replaced if cracking was observed.
Because both the front windshield and rear window are typically mounted to the vehicle using an
adhesi veex ahdimauae @« ksy st e m -orssieal fjps weresadoptadeodoldo f b o
the windshield in the original mounting position and provide torsional stability, shear resistance,
and geometric consistency. However, new adhesive was not applied to the glass. Tlitisefore
anticipated that the windshield camear window were likely slightly weaker than unmodified
hardware, which would lead to a more demanding evaluation of the tested systems.

Roof repairs were completed using a steel roller and rubber mallets to replace the damaged
portions of the roof to rapristine condition. To confirm the geometry of the roof was consistent
with the undeformed geometry, lidar scans were collected of the pristine vehicle, and before and
after every repair, to compare the vehicle geometry. The roof damageitetdetmenal creases
formed in the sheet metal. These creases induced residual elastic and plastic strains in the sheet
metal, but had the tendency to weaken the roof section and make it more susceptible to subsequent
damage. As with the windshield, the weakened ssation was believed to be a more critical
evaluation of the strength of the thin sheet metal roof panel, and thus results were believed to be
comparable or slightly more severe than an unmodified roof panel.
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6 VALIDATION OF SURROGATE, REUSABLE, 1100C TEST VEHICLE
6.1 Introduction

Before conducting research and development testing usirsgitfagate, reusable, 1100C
test vehicleit was necessary to confirm that the behavior ofstineogate, reusable, 1100C test
vehiclewas representative of futicale 1100C vehicleehavior during breakaway sign support
impacts.To confirm the behavior of th&urrogate, reusable, 1100C test vehittleee component
tests(test nos. UCSR, UCSS3, and UCSS!) were conductedn breakaway sign support
installations identical to thoselfscale crash tested during test nos. UG8SUCSSLb, and
UCSS1c,asdetailed in the Phase la repd}l.[Thesurrogate, reusable, 1100C test vehiekults
werecompared to the fukcale crash test results of test nos. UGSSUCSSLb, and UCSSH.c,
for each respective systdi]. The details of each system evaluated dythe validation effort
are shown imable4.

Table4. Summary of Breakaway Sign Supports for Validation Comparison

Post Sign Panel Lower Post Yield ,
Test ) : Panel Splice
Test No. ; Weight, Size, : Strength, . .
Vehicle : Height, . Configuration
Ib/ft in. ft Ksi
UCSSla 1100C
112 | 36Xx12x 4 80 None
UCSS? Surrogate 0.08
1100C
UCSSIb 1100C 36 x 36 X 8-in. overlap
4 7 60 i
UCSS3 Surrogate 0.08 at ground line
1100C
UesSie 1100C 36 x 36 X 8-in. overlap
4 5 60 i
UCSS4 Surrogate 0.08 at ground line
1100C

The sign support reactionsicluding rotation speed and fracture location, test article
contact locations on th&urrogate, reusable, 1100C test vehialed change in speed and energy
of thesurrogate, reusable, 1100C test vehiokrerecorded. These reactions wased to confim
thatthesurrogate, reusable, 1100C test vehitdeld reliably reproduce the sign support behavior
of an unmodifiedMASH-compliant 1100C small caiDetails and @sultsfrom the threesurrogate
vehicletestson breakaway sign suppodseprovidedbelow, followed by a comparison analysis
between thaurrogate, reusable, 1100C test vehaasldMASH 1100C small car
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6.2 Surrogate, Reusable, 1100C Test Vehicleest No.UCSS2
6.2.1Test No.UCSS2 Design Details

The test installation for test nICSS2 consisted of a single-‘channel sign support, as
shown in Figure82 through37. The test article and test conditions were comparable to test no.
UCSS1, system no. 1 (i.e., test.nidCSS1a) [6]. Photographs of the test installation are shown
in Figure 38. Material specifications, mill certifications, and certificates of conformity for the
sysem materials are shown Appendix B

The sign support was constructed with Hld/2 ASTM A499 Grade 60 tEhannel, which
supported a 3é. x 12in. x 0.08in. aluminum sign panel with reflective sheeting. The sign panel
was installed at a height of 4 ft measured from titéomof the sign panel to the ground line. The
sign support for test ndAJCSS2 comprised a single 9@. long U-channel sign post directly
embedded intgoarse, crushed limestone (wgthded gravelat a depth of 24 in.
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‘}f;’ QTY. Description Material Specification Treatment Specification H‘g&‘g’gre
al | 1 [1.12 Ib/ft U=Channel Sign Post, 96” Long oL a9 Br T, ASTM A123 -
b1 1 [36"x12"x0.08” Sign with Reflective Sheeting Aluminum Alloy 5052 or Similar - -
cl 2 |5/16"-18 UNC, 1 3/4” Long Hex Bolt SAE J429 Gr. 5 or 9 Fe/Zn 3AN per ASTM F1941 FBX08b
c2 2 [5/16"—18 UNC Heavy Hex Nut SAE J995 Gr. 5 or 9 Fe/Zn 3AN per ASTM F1941 FNX08b
c3 2 |3/8" Dia. Lock Washer Low Carbon Steel Fe/Zn 3AN per ASTM F1941 -
c4 4 |5/16” Dia. Plain Round Washer Low Carbon Steel Fe/Zn 3AN per ASTM F1941 FWC08a
[6)]
w
[SHEET:
U—Channel Sign 6 of 6
Test no. UCSS—-2 DATE:
8,/5,/2020
DRAWN BY:
) s Bill of Materials
Midwest Roadside BPERE /S
Sofety Focility DWG. NAME. SCALE: 1:192 |REV. BY:
UCss—2_R8 UNITS: in. JDS/KAL

Figure37. Bill of Materials, Test NOUCSS2
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Figure38. Sign Installation, Test N&JCSS2
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6.2.2Weather Conditions
Test no.UCSS2 was conducted oAugust 4 2020at approximatelyl2:00 p.m.The

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

Table5. Weather Conditions, Test NOCSS?2

Temperature 73 F

Humidity 46%

Wind Speed 13 mph

Wind Direction 22C from True North
Sky Conditions Sunny

Visibility 9.9 Statute Miles
Pavement Surface Dry

Previous 3Day Precipitation | 0.00 in.

Previous 7Day Precipitation | 0.26in.

Soil Moisture Content Not Available

6.2.3Test Description

The 2,4321b surrogate, reusable, 1100C test vehigipacted thesingle, Uchannel sign
supportinstallation at a speeaf 63.6mphand at an angle of 0 degrees. Impact occurredeat
centerlineof thesurrogater e hi cl ed6s f r ont Fidure3agelowing thesimpsdh o wn
with the sign installation, theurrogatevehicle collided with a temporary barrier downstream from
the sign installation before it came to rest. A detailed description of the sequential impact events
is contained inTable6. Documentary photographs of the crash test are showigures40 and
41
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Figure39. Impact Location, Test N&JCSS2
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