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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 
in2 square inches 645.2 square millimeters mm2 

ft2 square feet  0.093 square meters  m2 
yd2 square yard  0.836 square meters  m2 

ac acres  0.405 hectares  ha 
mi2 square miles  2.59 square kilometers  km2 

VOLUME  
fl oz fluid ounces 29.57 milliliters  mL 

gal gallons  3.785 liters  L 
ft3 cubic feet 0.028 cubic meters m3 

yd3 cubic yards 0.765 cubic meters m3 

NOTE: volumes greater than 1,000 L shall be shown in m3 
MASS 

oz ounces 28.35 grams  g 

lb pounds 0.454 kilograms kg 
T short ton (2,000 lb) 0.907 megagrams (or ñmetric tonò) Mg (or "t")  

TEMPERATURE (exact degrees) 

°F  Fahrenheit  
5(F-32)/9 

or (F-32)/1.8 
Celsius  °C  

ILLUMINATION  
fc foot-candles  10.76 lux lx 

fl  foot-Lamberts 3.426 candela per square meter cd/m2 

FORCE & PRESSURE or STRESS 
lbf poundforce  4.45 newtons  N 

lbf/in2 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 
mm2 square millimeters 0.0016 square inches in2 
m2 square meters  10.764 square feet  ft2 

m2 square meters  1.195 square yard  yd2 

ha hectares  2.47 acres  ac 
km2 square kilometers  0.386 square miles  mi2 

VOLUME  
mL milliliter   0.034 fluid ounces fl oz 
L liters  0.264 gallons  gal 

m3 cubic meters 35.314 cubic feet ft3 

m3 cubic meters 1.307 cubic yards yd3 

MASS 
g grams  0.035 ounces oz 

kg kilograms 2.202 pounds lb 
Mg (or "t")  megagrams (or ñmetric tonò) 1.103 short ton (2,000 lb) T 

TEMPERATURE (exact degrees) 
°C  Celsius  1.8C+32 Fahrenheit  °F  

ILLUMINATION  
lx lux 0.0929 foot-candles  fc 

cd/m2 candela per square meter  0.2919 foot-Lamberts fl  

FORCE & PRESSURE or STRESS 
N newtons  0.225 poundforce  lbf 
kPa kilopascals  0.145 poundforce per square inch lbf/in2 

*SI is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380. 
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1 INTRODUCTION  

1.1 Background 

Single-post, U-channel sign 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. Despite the 

wide use of U-channel sign supports, their crashworthiness has not been fully evaluated to the 

current safety criteria found in the American Association of State Highway and Transportation 

Officialsô (AASHTOôs) Manual for Assessing Safety Hardware, Second Edition (MASH 2016) 

[1]. MASH implementation dates established by the Federal Highway Administration (FHWA) 

and AASHTO indicate a strong need for evaluating the crashworthiness of single, U-channel, sign 

supports according to MASH 2016 Test Level 3 (TL-3) safety criteria. 

Numerous studies and full-scale crash tests have been conducted on U-channel sign 

supports over the past four decades. These tests may help identify critical configurations for 

evaluation prior to MASH testing. However, several of these projects were conducted under 

previous evaluation criteria, such as AASHTOôs Standard Specifications for Structural Supports 

for Highway Signs, Luminaries, and Traffic Signals [2], the National Cooperative Highway 

Research Program (NCHRP) Report No. 230 [3], and NCHRP Report No. 350 [4]. U-channel sign 

supports have not been tested to the full testing matrix required by MASH 2016. NCHRP Project 

No. 03-119 [5] is currently evaluating luminaire poles, sign supports, and work-zone traffic control 

devices to MASH 2016 standards, but U-channel supports will 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 single U-channel sign supports in accordance with impact 

conditions consistent with TL-3 criteria of MASH 2016. The evaluated breakaway sign support 

systems were identified as critical during the Phase Ia report based on sign panel mounting height, 

sign panel size, post weight, post material properties, and post splice configuration [6]. 

Additionally, a surrogate, reusable, 1100C test vehicle was developed and validated, which 

replicated the stiffness, dynamics, and geometry of a MASH 1100C small car test vehicle to 

evaluate the crashworthiness of the various breakaway sign systems. Concepts for developing a 

2270P surrogate test vehicle were explored, but only testing with the surrogate, reusable, 1100C 

test vehicle was completed due to cost and time constraints. 

1.3 Scope 

The research objectives were achieved by performing several tasks. First, multiple 

breakaway sign systems mounted on single U-channel sign supports were identified for evaluation 

based on literature review and sponsor survey results, as detailed in the Phase Ia report [6]. 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 were tabulated and 

used to identify potential concepts for a surrogate, reusable, 1100C test vehicle. Construction 

details, cost analysis, and methods of verifying the results were investigated. The preferred 
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candidate for the surrogate, reusable, 1100C test vehicle was a 2012 Kia Rio, modified by installing 

remote-controlled brake and electrical equipment adjacent to the fuel line in the undercarriage and 

welding a plate to protect against contact damage, and modifying the attachments for the front 

bumper cartridge, bumper cover, headlights, hood, and windshield. Panels, which replicated stock 

roof hardware, were purchased. Procedures for removing damaged roof panels were developed to 

repair the roof of the surrogate, reusable, 1100C test vehicle, if deemed necessary. Additional 

procedures were developed for documenting vehicle damage and comparing it to the baseline stock 

condition and pristine repaired condition, using a combination of LIDAR, photogrammetry, and 

single point mapping.  

The surrogate, reusable, 1100C test vehicle was validated against full-scale crash test 

results by conducting component tests with the same test article configuration and similar impact 

conditions as test nos. UCSS-1a, UCSS-1b, and UCSS-1c [6]. The behavior of the sign support, 

fracture location, roof contact, and vehicle damage in test nos. UCSS-2, UCSS-3, and UCSS-4 

were compared to results obtained from test nos. UCSS-1a, UCSS-1b, and UCSS-1c, respectively. 

Through comparisons between the surrogate vehicle and full-scale tests, the surrogate, reusable, 

1100C test vehicle was determined to be a valid representation of the MASH 1100C small car 

during sign support impacts. 

Next, a series of seven sign support tests were conducted using the validated surrogate, 

reusable, 1100C test vehicle with repairs. For each test, the trajectory of the sign, the damage to 

the surrogate, reusable, 1100C test vehicle, and the MASH full-scale test evaluation criteria were 

used to determine the potential performance of the sign support system during impact events. The 

tests were conducted according to MASH test designation no. 3-60, with a 0-degree impact angle 

and 19-mph impact speed, and MASH test designation no. 3-61, with a 0-degree impact angle and 

62-mph impact speed. Data 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 1a  

To determine critical sign configurations for analysis, a literature review was performed in 

which reports, photographs, and video footage of previous testing were reviewed, as detailed in 

the Phase Ia report [6]. Researchers at MwRSF subjectively graded each of the reviewed 

tests/installations in regards to meeting the MASH 2016 safety performance criteria on 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 strengths. Additionally, 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 designation no. 3-60 than the system 

with a panel mounting height of 7 ft and a heavier 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 current U-channel sign support usage [6]. 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 of U-channel sign supports for small delineators with 

sign panels. Generally, 1.12-lb/ft and 2-lb/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 small delineators, 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 U-channel sign supports were used for a purpose other than small 

delineators, but the specifications for each application varied widely with each response. These 

variations included both U-channel weight and sign panel size. While some responses indicated 

that U-channel sign supports are installed in concrete, all responses indicated that U-channel 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 shown in Table 1.
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Table 1. Sign Systems Prioritized for Testing 

Post Weight, 

lb/ft 
Sign Panel Size 

Lower Panel 

Height, 

ft 

Post Yield 

Strength, 

ksi 

Splice Configuration 

1.12 Reflector only 4 60 None 

1.12 8 in. x 2 ft x 0.08 in. 4 60 None 

3 3 ft x 3 ft x 0.1 in. 7 60 
8-in. overlap at ground 

line 

4 3 ft x 3 ft x 0.1 in. 7 80+ None 

4 3 ft x 3 ft x 0.1 in. 7 60 
8-in. overlap at ground 

line 

4 3 ft x 3 ft x 0.1 in. 5 60 
8-in. overlap at ground 

line 

 

2.2 Sign Panel Modifications 

The Phase 1a survey was intended to identify common, critical combinations of sign panels 

and breakaway sign supports to prioritize evaluation with MASH full-scale crash testing. It was 

recommended that for 3 lb/ft and 4 lb/ft sign supports, a 0.10-in. 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-in. thick extruded aluminum sign panel, and the availability of 

the 0.10-in. 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 sign supports which are evaluated with one sign panel thickness will 

not receive eligibility letters when installed in combination with alternative sign panel thicknesses. 

Therefore, in response to the limited availability and increased number of state DOTs which utilize 

0.08-in. thick extruded panels, MwRSF used only 0.08-in. thick 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 dependent on sign panel thickness. Future testing and 

simulation are recommended to evaluate the effects of increased sign panel thickness as well as 

sign support features, such as lights, additional cross-braces, or multiple concurrent sign panels, 

on the crashworthiness and impact behavior of the single, U-channel, breakaway sign supports. 
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3 SURROGATE, REUSABLE, 1100C TEST VEHICLE DEVELOPMENT  

3.1 Motivation  

Full-scale crash testing of roadside safety hardware can be expensive. For MASH-

compliant breakaway devices, including 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 damage to the test vehicleôs hood, front and rear windshield, roof, 

and front bumper can render the vehicle unusable for subsequent tests. MASH prohibits test 

vehicle use if the vehicle has suffered structural damage to these components where they cannot 

be repaired or replaced using original equipment manufacturer (OEM) parts. Thus, it was desired 

to develop a new surrogate test vehicle for the evaluation of roadside safety hardware that was 

expected to cause limited vehicle damage (i.e., no plastic deformation of components) that could 

be replaced. The surrogate test vehicle should have similar dynamic, stiffness, and geometrical 

properties as provided by MASH passenger vehicles, and have the ability to repair or replace 

damaged parts so that the surrogate test vehicle could be reused during testing in accordance with 

MASH criteria to decrease the cost of performing these tests. In addition, if possible, a ñunifiedò 

design was desired which could use the same or similar surrogate test vehicles for evaluating the 

small car and pickup truck behaviors. 

The geometrical and inertial properties of MASH test vehicles were reviewed to identify 

critical behaviors with which the new surrogate vehicle would be evaluated. The Kia Rio vehicle 

attributes obtained from the automotive attribute database in 4N6XPRT Expert AutoStats® [7] 

and consistent with a MASH 1100C small car vehicle are shown in Figures 1 and 2. An example 

Kia Rio 1100C small car test vehicle is shown in Figure 3. The Dodge Ram 1500 Quad Cab pickup 

truck attributes consistent with a MASH 2270P pickup truck test vehicle are shown in Figures 4 

and 5. An example Dodge Ram 1500 Quad Cab 2270P pickup truck test vehicle is shown in Figure 

6. 
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Figure 1. Vehicle Dimensions, 2012 Kia Rio [7] 
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Figure 2. Angle and Stability Measurements, 2012 Kia Rio [7] 

 

Figure 3. Kia Rio Crash Test Vehicle 
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Figure 4. Vehicle Dimensions, 2018 Dodge Ram 1500 Quad Cab [7] 
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Figure 5. Angle and Stability Measurements, 2018 Dodge Ram 1500 Quad Cab [7] 

 

Figure 6. 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: 

¶ Geometrical consistency at critical points 

o Front bumper lower and upper height, geometry 

o Front hood height and longitudinal offset from bumper at leading edge 

o Longitudinal and vertical location of the hood intersection at base of windshield 

o Windshield curve radius, inclination angle, and lower and upper heights and 

longitudinal offsets from bumper 

o Roof leading edge offset from bumper 

o Roof overall height and total length 

o Rear windshield longitudinal offset from front bumper 

o Rear windshield height at merger with roof, angle, and shape 

¶ Stiffnesses 

o Bumper and bumper cover 

o Hood front edge 

o Hood vertical crush force 

o Windshield 

o Roof vertical crush force 

¶ Inertial properties 

o Vehicle mass 

o Pitch and roll inertia 

o Center-of-gravity (c.g.) height 

¶ Guidance, towing, and suspension 

o Capable of supporting towing/steering/guidance at test speeds up to MASH TL-3 

o 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 

Designing a single vehicle with functionality as both an 1100C and 2270P MASH-

compliant surrogate, reusable test 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 three-dimensional scans were performed of an 1100C small car 

vehicle, which were digitized in a point cloud. Manual measurements collected using a FARO 

Edge scan arm, and baseline measurement points were also collected by hand to augment the 

digital mapping, as shown in Figure 7. The point cloud and measurement data were compared with 

an exemplar 3-D CAD geometry of a similar 2012 Kia Rio small car, and variances were observed 

to be within an estimated ½ in. for all critical measurement locations. Therefore, the CAD 

geometry of the Kia Rio was used to develop concepts for a new, surrogate, reusable, 1100C test 

vehicle.  
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Figure 7. Scan and Geometry Measurements of 2012 Kia Rio 

 

Figure 8. 3-D CAD of 2012 Kia Rio [8] 

3.2 Evaluation of Surrogate Bogie Profiles 

It was preferred that, if possible, existing MwRSF rigid-frame bogie vehicles could be 

adapted to match the geometrical and inertial properties of the MASH small car. The following 

bogie vehicles had been constructed and were available at MwRSFôs Outdoor Test Site: 

¶ Bogie No. 1 was constructed in the 1990s and was consistent with a Volkswagon Rabbit 

profile. The bogie could be equipped with a crushable-nose that was filled with aluminum 

honeycomb cartridges. Due to extensive vibrations of the bogie frame in accelerometer 

readings observed during testing, this vehicle was retired from service. 
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¶ Bogie No. 2 was a rigid, steel-frame vehicle weighing approximately 4,580 lb. The bogie 

vehicle is symmetrical and uses four E-rated, stiff trailer tires, and can be customized 

with different impact heads. 

 

¶ Bogie No. 3 was a rigid, steel-frame vehicle with lightweight chassis used primarily for 

recording resistance forces from post-in-soil testing. The bogie weighed approximately 

1,350 lb and could be customized with various impact heads. 

 

¶ Bogie No. 4 was a rigid, steel-frame vehicle, which had previously been used for 

preliminary sign support compliance testing in lieu the 820C small car test vehicle under 

NCHRP Report No. 350 [9] as well as to evaluate the propensity for some cable barrier 

posts to tear test vehicle 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. 

 

¶ Bogie No. 5 was constructed in the early 2000s and consisted of an upper structure 

conforming to a Chevrolet C2500 profile and placed on top of Bogie No. 1. The bogie 

represented the first major attempt for a reusable vehicle to evaluate sign support 

behaviors with taller vehicles, but testing with the pickup profile was limited and not 

calibrated to full-scale crash test data. 

The five bogie vehicles are shown in Figures 9 and 10. 
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Figure 9. MwRSF Bogie Vehicle Nos. 1 through 4 
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Figure 10. MwRSF Bogie Vehicle No. 5 

Although each of the five bogie vehicles had sufficient structural strength to support an 

additional frame for mounting key components to replicated crash 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 characteristics, which were 

representative of either the 1100C or 2270P vehicles. Second, all bogie vehicles were 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 addition, previous efforts tried to replicate the behavior 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 impacts, the impact behavior 

of the bogie vehicle with retrofit assemblies did not replicate the behavior of the crash test vehicle 

in select work-zone traffic control devices, specifically portable sign stands. A thorough review 

suggested that the stiff rubber bumper, customized hood and windshield mounts, and changes in 

suspension, rotational inertia, and mass affected bogie vehicle interaction with the lightweight sign 

supports. 

It was desired that a single bogie vehicle could be modified or retrofitted to represent both 

the 1100C and 2270P test vehicles, but the 2,580-lb difference in weight between the 2270P and 

1100C vehicles was greater than the 2,425-lb curb weight of the 1100C. It was not believed that a 

single, one-size-fits-all bogie could be reasonably developed with the available time and money. 

Therefore, researchers focused exclusively on reusable, surrogate, vehicle designs, which would 

be consistent with the 1100C small car.  
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3.3 New Surrogate Vehicle Design Options 

Three concepts were developed for a new reusable surrogate test vehicle and compared 

against the geometry and vehicle attributes for the 1100C small car vehicle. Details of each of the 

design options are discussed below.  

3.3.1 Design No. 1 

For the first design concept, researchers mapped critical points on the Kia Rio CAD 

corresponding to the windshield top and bottom mounting locations and rake angle, hood mounting 

locations and rake angle, grille, and bumper locations. A load frame was designed to support 

approximately 10,000 lb without frame deformation in critical load locations. Then, critical 

surrogate vehicle supports, which were needed for mounting accelerometers and other 

instrumentation, were added to the surrogate vehicle frame. The concept development of design 

no. 1 is shown in Figure 11. 

 

 
Iteration 1 

 
Iteration 2 

Figure 11. Design No. 1 Surrogate Vehicle Frame Iterations 
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The surrogate vehicle concepts in design no. 1 had a track width and wheelbase of 60 and 

101 in., respectively, which satisfied the MASH vehicle criteria and were consistent with the Kia 

Rio. To provide surrogate vehicle wheel suspension support, both the front and rear wheels were 

supported using solid-axle Hotchkis (i.e., leaf spring) suspensions, rated for maximum loads of 

approximately 2,500 lb each. Key chassis frames were located to allow for the principal direction 

of impact force to travel along the longitudinal chassis. Mounting locations and heights of critical 

components were identified to replicate weight distribution, total ballast weight on front and rear 

axles, suspension and tire deflections, ballast locations, as well as the rotational and translational 

inertial properties of the Kia Rio.  

Further iterations were performed to design quick-mount connections to allow MwRSFôs 

Outdoor Test Site staff to perform rapid repairs to the surrogate vehicle between tests. Mounting 

hardware was modified to allow for fast replacement of damaged original equipment manufacturer 

(OEM) components, such as the hood, windshield, bumper cover, bumper load cartridge, and 

headlights (if required) and with new components. 

Although the design was intended to match the behavior and construction of 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, 

other concepts using simplified fabrication were considered.  

3.3.2 Design No. 2 

The second design iteration addressed fabrication problems by modularizing the surrogate 

vehicle configuration. Four distinct fabrication steps were recommended, which allowed for proper 

customization and minimization of errors: 

¶ Chassis Frame - The 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 shown in Figure 12. 

 

¶ Suspension - Concerns were raised during the discussion of design no. 1 that bases or 

stubs of work-zone, temporary sign stands and breakaway sign supports may impact the 

undercarriage of the surrogate vehicle. It was desired that a floorpan representation be 

added to the surrogate vehicle to indicate whether undercarriage contact would 

potentially occur and lead to test failure by penetrating through vehicle floorpans. It was 

believed that a solid axle suspension system could significantly interfere with the 

accuracy and versatility of the undercarriage contact mechanics. Additionally, direct 

impact with sign support systems could damage the solid axle system, leading to costly 

and time-intensive repairs. To simplify the suspension mounting and control the ride 

height of the surrogate vehicle, an independent wheel trailer suspension kit was selected 

in lieu of the original double, solid-axle suspension configuration of design no. 1. The 

preferred independent suspension for cost, guidance, and ease of replacement or repair 

was a Timbren 2,500-lb rated suspension, as shown in Figure 13. 

 

¶ OEM Frame - Due to the spatial irregularity of aerodynamically-styled components for 

the bumper, hood, windshield, and roof, fabrication may be difficult to replicate good 
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connections for these OEM components. By extracting these components from a real 

vehicle and strongly-reinforcing connection points, it may be possible to produce a more 

accurate representation of real vehicle interactions. This component extraction could be 

accomplished by cutting (e.g., plasma torch) critical connections, including bumper load 

frame, bumper cartridge and plastic bumper cover mounts, hood latch and cradle mounts, 

windshield ñAò-pillar and roof supports, and air dam components and welding them to a 

frame in their corresponding locations and offsets from the front wheels. 

 

¶ Profile Assembly - The final assembly module of design no. 2 consisted of an ad hoc 

space frame, which 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. 

 

Figure 12. Suspension Chassis Frame Assembly, Surrogate Vehicle Design No. 2 
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Figure 13. Timbren Low-Profile Suspension Mount [10], Surrogate Vehicle Design No. 2 

3.3.3 Design No. 3 

Design no. 2 was estimated to have very high fabrication and maintenance costs. 

Researchers investigated a lower-cost, third surrogate vehicle option, which used an existing 

1100C test vehicle with strengthening at critical locations and modifications to allow for easy 

repair with replaceable components after damage. Component repair and replacement would also 

utilize OEM components that could be installed on the existing frame of the surrogate, reusable, 

1100C test vehicle. This design option was determined to be the lowest cost with the highest 

intrinsic fidelity to MASH 1100C small car designs. 

3.4 Surrogate, Reusable, 1100C Test Vehicle Selection 

The reduced-cost and simplified construction required for the third surrogate vehicle 

option, with the highest likelihood for comparability to the existing 1100C small car vehicle 

dynamics, led to its selection as the surrogate, reusable, 1100C test vehicle. A further review of 

the critical components of the surrogate vehicle option and their connections led to the following 

modifications to the Kia Rio small car for its use as a surrogate, reusable, 1100C test vehicle: 

¶ Bumper cartridge, bumper cover (shroud), hood, and front and rear windshields - Each of 

these components are standard OEM parts, relatively inexpensive, and readily available. 

Attachment of these components to the vehicle are usually small bolts, although the 

windshield is usually adhered to the frame using a silicone adhesive. Quick-exchange clip 

mounts were attached to the frame, which were robust and developed the full strength of 

the components, mimicked original component geometries, connections, and alignments, 

and were much faster and simpler to replace than full OEM part installation. Images of 

the vehicle modifications are shown in Figures 14 and 15. 

 

¶ Roof - The Kia Rio roof is a single-ply steel sheet, continuous panel extending between 

both A- and B-frames. The roof is not an OEM standard part, but replacement roof panels 
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with the correct geometries, thicknesses, and modified attachments were identified as 

purchasable counterparts to OEM hardware. Unique attachments, which would replicate 

the tensile membrane reactions of the roof panel, could be added at the roof line on the 

vehicle sides to 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 floorpan deformation are prohibited. As shown in Figure 16, 

a steel sheet was bolted to the undercarriage to shield critical wiring (remote braking 

signal wire, power, instrumentation) but the remainder of the undercarriage was not 

modified.
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(a) 

 

(b) 

Figure 14. Surrogate, Reusable, 1100C Test Vehicle Bumper and Hood Modifications (a) before 

OEM Replacement and (b) after OEM Replacement 
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(a) 

 

(b) 

Figure 15. Surrogate, Reusable, 1100C Test Vehicle Windshield Modification (a) before OEM 

Replacement and (b) after OEM Replacement 
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Figure 16. Surrogate, Reusable, 1100C Test Vehicle Modifications to 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 with a low 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 surrogate, reusable, test vehicle 

was only intended to predict if undercarriage contact would pose the risk of floor pan penetration 

and was not intended to predict occupant compartment intrusion. Lastly, it must be reiterated that 

a 2012 Kia Rio was used as the surrogate, reusable, 1100C test vehicle. It is understood that future 

changes could occur to MASH small car vehicle selection as well as vehicle geometry that are 

significantly different than the current test vehicle geometry. In such cases, the design no. 3 

surrogate vehicle may not predict vehicle-to-test hardware interactions that are consistent with 

updated MASH vehicle requirements. 
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4 TEST REQUIREMENTS AND EVALUATION CRITERIA  

4.1 Test Requirements 

Support structures, such as U-channel 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 new and existing hardware, these safety standards consist of the 

guidelines and procedures published in MASH 2016. According to TL-3 criteria, support 

structures must be subjected to three full-scale vehicle crash tests, as summarized in Table 2. 

Table 2. MASH 2016 TL-3 Crash Test Conditions for Support Structures 

Test 

Article 

Test 

Designation 

No. 

Test 

Vehicle 

Vehicle 

Weight, 

lb 

Impact Conditions 
Evaluation 

Criteria1 Speed, 

mph 

Angle, 

degrees 

Support 

Structures 

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

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

3-62 2270P 5,000 62 CIA B,D,F,H,I,N 
1
Evaluation criteria explained in Table 3 

 

Surrogate vehicle testing was planned for the research and development effort in 

accordance with MASH test designation nos. 3-60 and 3-61 on various sign support systems. Each 

sign support installation was contacted by the surrogate, reusable, 1100C test vehicle at a 0-degree 

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 evaluation criteria. Since permanent sign 

supports are not typically installed 90 degrees from the normal direction of travel, a critical impact 

angle ranging between 0 and 25 degrees is recommended. Historically, sign systems have been 

impacted using a 0-degree angle due to a belief that it provided the most critical condition for 

maximizing the potential area of sign panel contact with the windshield and roof. The critical 

impact point in each test was either the centerline or the right or left quarter point of the vehicleôs 

front bumper in accordance with MASH recommendations for impact points at 0-degree impact 

angles. For this exploratory research effort, only 0-degree impacts were evaluated, although further 

evaluation is recommended to determine if non-zero impact angles are more critical for single, U-

channel, breakaway sign support evaluations. 

Note that although the surrogate, reusable, 1100C test vehicle nearly resembled a compliant 

1100C MASH small car, the test results are considered exploratory in nature. Thus, the test results 

are believed to be consistent with MASH 1100C crash performance according to MASH 3-60 or 

3-61 specifications, and a 0-degree impact angle. Additionally, MASH test designation no. 3-62 

impact conditions were not conducted as part of this research and development effort. Therefore, 

future research and development will be required with 2270P vehicles or 2270P surrogate vehicles 

to better understand MASH TL-3 behavior of the systems investigated herein. For a complete 

evaluation of the sign support systems examined herein, MASH TL-3 crash tests should be 

conducted on each system, as shown in Table 2. As well, further investigation may be necessary 

to evaluate system performance at a non-zero impact angle, up to 25 degrees as specified in MASH. 



May 27, 2021  

MwRSF Report No. TRP-03-445-21 

24 

4.2 Evaluation Criteria  

Evaluation criteria for vehicle crash testing are based on three appraisal areas: (1) structural 

adequacy; (2) occupant risk; and (3) vehicle trajectory after collision. Criteria for structural 

adequacy 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 occupants in the impacting 

vehicle. Post-impact 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 vehicle and/or other vehicles. These evaluation criteria are 

summarized in Table 3 and are defined in greater detail in MASH 2016. 

It is important to note that in tests of breakaway features, the impulse on the vehicle may 

be relatively small and of short duration. It is not unusual for x and y in the flail-space model to be 

less than 2 ft and 1 ft, respectively, during the period in which accelerations are recorded or up to 

the time 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 set equal to the vehicleôs change in velocity that 

occurs during contact with the test article, or parts thereof [1]. If parts of the test article remain 

with the vehicle after impact, the vehicleôs change in velocity should be computed at the time the 

vehicle clears the footing or foundation of the test article. 

In addition to the standard occupant risk measures, the Post-Impact Head Deceleration 

(PHD), Theoretical Head Impact Velocity (THIV), and Acceleration Severity Index (ASI) were 

determined and reported. Additional discussion on PHD, THIV, and ASI is provided in MASH 

2016. 
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Table 3. MASH 2016 Evaluation Criteria for Support Structures 

Structural 

Adequacy 

B. The test article should readily activate in a predictable manner by 

breaking away, fracturing, or yielding. 

Occupant 

Risk 

D. Detached elements, fragments or other debris from the test article 

should not penetrate or show potential for penetrating the 

occupant 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 

limits set forth in Section 5.2.2 and Appendix E of MASH 2016. 

F. The vehicle should remain upright during and after collision. The 

maximum roll and pitch angles are not to exceed 75 degrees. 

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

A5.2.2 of MASH 2016 for calculation procedure) should satisfy 

the following limits: 

 Occupant Impact Velocity Limits 

Component Preferred Maximum 

Longitudinal and Lateral 10 ft/s 16 ft/s 

I. 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 gôs 20.49 gôs 

Post-Impact 

Vehicular 

Response 

N. Vehicle trajectory behind the test article is acceptable. 

 



May 27, 2021  

MwRSF Report No. TRP-03-445-21 

26 

5 TEST CONDITIONS 

5.1 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. 

5.2 Vehicle Tow and Guidance System 

A reverse-cable, 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 were one-half that of the test 

vehicle. The test vehicle was released from the tow cable before impact with the breakaway sign 

supports. A digital speedometer on the tow vehicle increased the accuracy of the test vehicle impact 

speed. 

A vehicle guidance system developed by Hinch [11] was used to steer the test vehicle. A 

guide flag, attached to the guide cable and the right-front wheel in test no. UCSS-2 and the left-

front wheel in test nos. UCSS-3 through UCSS-11, was sheared off before impact with the barrier 

system. The Ȩ-in. diameter guide cable was tensioned to approximately 3,500 lb and supported 

both laterally and vertically every 100 ft by hinged stanchions. The hinged stanchions 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. 

5.3 Test Vehicles 

For test nos. UCSS-2 through UCSS-11, a surrogate, reusable, 1100C test vehicle, which 

was developed from a 2012 Kia Rio small car, was used to test and evaluate the breakaway sign 

support systems. The curb, test inertial, and gross static vehicle weights were 2,480 lb, 2,432 lb, 

and 2,432 lb, for test nos. UCSS-2 through UCSS-4 and 2,480 lb, 2,408 lb, and 2,421 lb for test 

nos. UCSS-5 through UCSS-11, respectively. The surrogate test vehicle is shown in Figures 17 

through 19, and vehicle dimensions are shown in Figure 20. Note that the model year lies outside 

of the MASH 2016 six-year-old targeted range for tests conducted in the year 2020. During the 

initial phase of the testing, difficulties were observed with acquiring test vehicles consistent with 

specifications required in MASH 2016. AASHTO guidance provided in 2018 indicated that older 

test vehicles could be used in MASH-compliant 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 vehicle years. While the surrogate, 

reusable, 1100C test vehicle is representative of the MASH 1100C vehicle, it was used for research 

and development purposes, and the tests detailed herein are not in compliance with the vehicle age 

criterion of MASH 2016. It is anticipated that these tests will be reviewed and analyzed in future 

studies to evaluate potential for eligibility as MASH full-scale crash tests. Note that pre-test 

photographs of the vehicleôs interior floorboards are not available. 

The longitudinal component of the center of gravity (c.g.) was determined using the 

measured axle weights. The vertical component of the c.g. for the 1100C vehicle was determined 

utilizing a procedure published by SAE [12]. The location of the final c.g. is shown in Figures 20 
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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, black- and white-checkered targets were placed on the vehicle for reference to be 

viewed from the high-speed digital video cameras and aid in the video analysis, as shown in Figure 

21. Round, checkered targets were placed at the c.g. on the left-side door and the right-side door. 

Additional black- and white-checkered targets were placed along the vehicle sills to aid 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 the toe-in 

value was adjusted to zero such that the vehicles would track properly along the guide cable. A 5B 

flash bulb was mounted under the vehicleôs left-side windshield wiper and was fired by a pressure 

tape switch mounted at the impact location 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-

speed digital videos. A remote-controlled brake system was installed in the test vehicle so the 

vehicle could be brought safely to a stop after the test. 

 

 



May 27, 2021  

MwRSF Report No. TRP-03-445-21 

28 

 

 

 

Figure 17. Test Vehicle, Test Nos. UCSS-2 through UCSS-11 
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Figure 18. Pretest Test Vehicleôs Undercarriage, Test Nos. UCSS-2 through UCSS-11  
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Figure 19. Test Vehicleôs Undercarriage, Test Nos. UCSS-2 through UCSS-11
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Figure 20. Vehicle Dimensions, Test Nos. UCSS-2 through UCSS-11 
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Figure 21. Target Geometry, Test Nos. UCSS-2 through UCSS-11 
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5.4 Data Acquisition Systems 

5.4.1 Accelerometers 

Two environmental shock and vibration sensor/recorder systems were used to measure the 

accelerations in the longitudinal, lateral, and vertical directions. All  accelerometer systems were 

mounted near the c.g. of the test vehicle. The electronic accelerometer data obtained in dynamic 

testing was filtered using the SAE Class 60 and the SAE Class 180 Butterworth filter conforming 

to the SAE J211/1 specifications [13]. 

The two systems, the SLICE-1 and SLICE-2 units, were modular data acquisition systems 

manufactured by Diversified Technical Systems, Inc. (DTS) of Seal Beach, California. The 

SLICE-1 unit was designated as the primary system in each test. The acceleration sensors were 

mounted inside the bodies of custom-built, SLICE 6DX event data recorders and recorded data at 

10,000 Hz to the onboard microprocessor. Each SLICE 6DX was configured with 7 GB of non-

volatile flash memory, a range of Ñ500 gôs, a sample rate of 10,000 Hz, and a 1,650 Hz (CFC 

1000) anti-aliasing filter. The ñSLICEWareò computer software programs and a customized 

Microsoft Excel worksheet were used to analyze and plot the accelerometer data.  

5.4.2 Rate Transducers 

Two identical angular rate sensor systems mounted inside the bodies of the SLICE-1 and 

SLICE-2 event data recorders were used to measure the rates of rotation of the test vehicle. Each 

SLICE MICRO Triax ARS had a range of 1,500 degrees/sec in each of the three directions (roll, 

pitch, and yaw) and recorded data at 10,000 Hz to the onboard microprocessors. The raw data 

measurements were then downloaded, converted to the proper Euler angles for analysis, and 

plotted. The ñSLICEWareò computer software program and a customized Microsoft Excel 

worksheet were used to analyze and plot the angular rate sensor data.  

5.4.3 Retroreflective Optic Speed Trap 

The retroreflective optic speed trap was used to determine the speed of the vehicle before 

impact. Five retroreflective targets, spaced at approximately 18-in. intervals, were applied to the 

left 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, recording at 10,000 

Hz, as well as the external LED box activating the LED flashes. The speed was then calculated 

using the spacing between the retroreflective targets and the time between the signals. LED lights 

and high-speed digital video analysis are only used as a backup in the event that vehicle speeds 

cannot be determined from the electronic data. 

5.4.4 Vehicle Deformation Measurement 

A FARO Freestyle was utilized to capture and record critical vehicle deformation data for 

each applicable test. The FARO Freestyle is a 3-D scanner that utilizes light detection and ranging 

(LIDAR) technology to capture the vehicle deformation data. The raw data was processed utilizing 

the FARO SCENE Capture program and the report figures and vehicle deformation measurements 

were generated with the CloudCompare program. 
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The lighting and reflectivity of the vehicle surfaces were controlled to mitigate erroneous 

data point collection. Black- and white-checkered targets were placed along the vehicle sills in 

locations that would not experience deformation and were utilized as anchor points to align vehicle 

scans for deformation measurements. Each time the surrogate, reusable, 1100C test vehicle was 

repaired, a new baseline scan was performed to establish a comparison for damage in post-test 

analysis and to confirm the surrogate, reusable, 1100C test vehicle remained representative of the 

geometry of the MASH 1100C small car vehicle. 

5.4.5 Digital Photography 

Two AOS high-speed digital video cameras, three GoPro digital video cameras, and four 

Panasonic digital video cameras were utilized to film test no. UCSS-2. Two AOS high-speed 

digital video cameras, three GoPro digital video cameras, and three Panasonic digital video 

cameras were utilized to film test nos. UCSS-3 through UCSS-9. Two AOS high-speed digital 

video cameras, two GoPro digital video camera, and three Panasonic digital video cameras were 

utilized to film test no. UCSS-10. Two AOS high-speed digital video cameras, three GoPro digital 

video cameras, and three Panasonic digital video cameras were utilized to film test no. UCSS-11. 

Camera details, camera operating speeds, lens information, and a schematic of the camera 

locations relative to the system are shown in Figures 22 through 31 for test nos. UCSS-2 through 

UCSS-11, respectively. 

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 high-speed videos. A digital still camera was also used to document pre- and post-

test conditions for the test. 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-5 AOS X-PRI 500 Fujinon 75 mm Fixed - 

AOS-6 AOS X-PRI - Fujinon 50 mm Fixed - 

GP-8 GoPro Hero 4 120   

GP-23 GoPro Hero 7 240   

GP-24 GoPro Hero 7 240   

PAN-3 Panasonic HC-V770 120   

PAN-4 Panasonic HC-V770 120   

PAN-5 Panasonic HC-VX981 120   

PAN-6 Panasonic HC-VX981 120   

Figure 22. Camera Locations, Speeds, and Lens Settings, Test No. UCSS-2 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-9 AOS TRI-VIT  1000 Fujinon 50 mm - 

AOS-10 AOS TRI-VIT  1000 Fujinon 35 mm - 

GP-8 GoPro Hero 4 120   

GP-23 GoPro Hero 7 240   

GP-24 GoPro Hero 7 240   

PAN-4 Panasonic HC-V770 120   

PAN-5 Panasonic HC-VX981 120   

PAN-6 Panasonic HC-VX981 120   

Figure 23. Camera Locations, Speeds, and Lens Settings, Test No. UCSS-3 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-9 AOS TRI-VIT  1000 Fujinon 35 mm Fixed - 

AOS-10 AOS TRI-VIT  1000 Fujinon 50 mm Fixed - 

GP-8 GoPro Hero 4 120   

GP-23 GoPro Hero 7 240   

GP-24 GoPro Hero 7 240   

PAN-4 Panasonic HC-V770 120   

PAN-5 Panasonic HC-VX981 120   

PAN-6 Panasonic HC-VX981 120   

Figure 24. Camera Locations, Speeds, and Lens Settings, Test No. UCSS-4 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-9 AOS TRI-VIT  1000 Fujinon 35 mm Fixed - 

AOS-10 AOS TRI-VIT  500 100 mm Fixed - 

GP-8 GoPro Hero 4 120   

GP-20 GoPro Hero 6 240   

GP-24 GoPro Hero 7 240   

PAN-4 Panasonic HC-V770 120   

PAN-5 Panasonic HC-VX981 120   

PAN-6 Panasonic HC-VX981 120   

Figure 25. Camera Locations, Speeds, and Lens Settings, Test No. UCSS-5 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-5 AOS X-PRI 500 100 mm Fixed - 

AOS-9 AOS TRI-VIT  1000 Fujinon 35 mm Fixed - 

GP-9 GoPro Hero 4 120   

GP-20 GoPro Hero 6 240   

GP-24 GoPro Hero 7 240   

PAN-4 Panasonic HC-V770 120   

PAN-5 Panasonic HC-VX981 120   

PAN-6 Panasonic HC-VX981 120   

Figure 26. Camera Locations, Speeds, and Lens Settings, Test No. UCSS-6 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-9 AOS TRI-VIT  1000 Fujinon 50 mm Fixed - 

AOS-10 AOS TRI-VIT  500 100 mm Fixed - 

GP-9 GoPro Hero 4 120   

GP-20 GoPro Hero 6 240   

GP-24 GoPro Hero 7 240   

PAN-4 Panasonic HC-V770 120   

PAN-5 Panasonic HC-VX981 120   

PAN-6 Panasonic HC-VX981 120   

Figure 27. Camera Locations, Speeds, and Lens Settings, Test No. UCSS-7 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-9 AOS TRI-VIT  1000 Fujinon 35 mm Fixed - 

AOS-10 AOS TRI-VIT  500 100 mm Fixed - 

GP-9 GoPro Hero 4 120   

GP-20 GoPro Hero 6 240   

GP-24 GoPro Hero 7 240   

PAN-4 Panasonic HC-V770 120   

PAN-5 Panasonic HC-VX981 120   

PAN-6 Panasonic HC-VX981 120   

Figure 28. Camera Locations, Speeds, and Lens Settings, Test No. UCSS-8 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-9 AOS TRI-VIT  1000 Fujinon 35 mm Fixed - 

AOS-10 AOS TRI-VIT  500 100 mm Fixed - 

GP-8 GoPro Hero 4 120   

GP-20 GoPro Hero 6 240   

GP-24 GoPro Hero 7 240   

PAN-4 Panasonic HC-V770 120   

PAN-5 Panasonic HC-VX981 120   

PAN-6 Panasonic HC-VX981 120   

Figure 29. Camera Locations, Speeds, and Lens Settings, Test No. UCSS-9 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-9 AOS TRI-VIT  1000 Fujinon 35 mm Fixed - 

AOS-10 AOS TRI-VIT  500 100 mm Fixed - 

GP-20 GoPro Hero 6 240   

GP-24 GoPro Hero 7 -   

PAN-4 Panasonic HC-V770 120   

PAN-5 Panasonic HC-VX981 120   

PAN-6 Panasonic HC-VX981 120   

Figure 30. Camera Locations, Speeds, and Lens Settings, Test No. UCSS-10 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-9 AOS TRI-VIT  1000 Fujinon 35 mm Fixed - 

AOS-10 AOS TRI-VIT  500 100 mm Fixed - 

GP-9 GoPro Hero 4 120   

GP-20 GoPro Hero 6 120   

GP-24 GoPro Hero 7 240   

PAN-4 Panasonic HC-V770 120   

PAN-5 Panasonic HC-VX981 120   

PAN-6 Panasonic HC-VX981 120   

Figure 31. Camera Locations, Speeds, and Lens Settings, Test No. UCSS-11 
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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, structurally-intact vehicles. The most commonly-damaged 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 but did not violate 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 permanent deflections 

were greater than ¼ 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 

adhesive, a ñquick-exchangeò system using a series of bolted-on steel clips were adopted to hold 

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. Therefore, it is 

anticipated that the windshield and rear 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 near-pristine 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 damage led to incremental 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 roof section 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 using the surrogate, reusable, 1100C 

test vehicle, it was necessary to confirm that the behavior of the surrogate, reusable, 1100C test 

vehicle was representative of full-scale 1100C vehicle behavior during breakaway sign support 

impacts. To confirm the behavior of the surrogate, reusable, 1100C test vehicle, three component 

tests (test nos. UCSS-2, UCSS-3, and UCSS-4) were conducted on breakaway sign support 

installations identical to those full -scale crash tested during test nos. UCSS-1a, UCSS-1b, and 

UCSS-1c, as detailed in the Phase Ia report [6]. The surrogate, reusable, 1100C test vehicle results 

were compared to the full-scale crash test results of test nos. UCSS-1a, UCSS-1b, and UCSS-1c, 

for each respective system [6]. The details of each system evaluated during the validation effort 

are shown in Table 4. 

Table 4. Summary of Breakaway Sign Supports for Validation Comparison 

Test No. 
Test 

Vehicle 

Post 

Weight, 

lb/ft 

Sign Panel 

Size, 

in. 

Lower 

Panel 

Height, 

ft 

Post Yield 

Strength, 

ksi 

Splice 

Configuration 

UCSS-1a 1100C 

1.12 
36 x 12 x 

0.08 
4 80 None 

UCSS-2 
Surrogate 

1100C 

UCSS-1b 1100C 

4 
36 x 36 x 

0.08 
7 60 

8-in. overlap 

at ground line 
UCSS-3 

Surrogate 

1100C 

UCSS-1c 1100C 

4 
36 x 36 x 

0.08 
5 60 

8-in. overlap 

at ground line 
UCSS-4 

Surrogate 

1100C 

 

The sign support reactions, including rotation speed and fracture location, test article 

contact locations on the surrogate, reusable, 1100C test vehicle, and change in speed and energy 

of the surrogate, reusable, 1100C test vehicle, were recorded. These reactions were used to confirm 

that the surrogate, reusable, 1100C test vehicle could reliably reproduce the sign support behavior 

of an unmodified, MASH-compliant, 1100C small car. Details and results from the three surrogate 

vehicle tests on breakaway sign supports are provided below, followed by a comparison analysis 

between the surrogate, reusable, 1100C test vehicle and MASH 1100C small car. 
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6.2 Surrogate, Reusable, 1100C Test Vehicle Test No. UCSS-2 

6.2.1 Test No. UCSS-2 Design Details 

The test installation for test no. UCSS-2 consisted of a single U-channel sign support, as 

shown in Figures 32 through 37. The test article and test conditions were comparable to test no. 

UCSS-1, system no. 1 (i.e., test no. UCSS-1a) [6]. Photographs of the test installation are shown 

in Figure 38. Material specifications, mill certifications, and certificates of conformity for the 

system materials are shown in Appendix B. 

The sign support was constructed with 1.12-lb/ft ASTM A499 Grade 60 U-channel, which 

supported a 36-in. x 12-in. x 0.08-in. aluminum sign panel with reflective sheeting. The sign panel 

was installed at a height of 4 ft measured from the bottom of the sign panel to the ground line. The 

sign support for test no. UCSS-2 comprised a single 96-in. long U-channel sign post directly 

embedded into coarse, crushed limestone (well-graded gravel) at a depth of 24 in. 
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Figure 32. Test Installation Layout, Test No. UCSS-2
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Figure 33. Sign Post Assembly, Test No. UCSS-2



 

 

5
0 

M
a
y
 2

7
, 2

0
2

1  

M
w

R
S

F
 R

e
p
o

rt N
o
. TR

P
-0

3-4
4
5-2

1 

 
Figure 34. U-Channel Detail, Test No. UCSS-2
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Figure 35. Sign Panel Detail, Test No. UCSS-2
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Figure 36. Hardware, Test No. UCSS-2
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Figure 37. Bill of Materials, Test No. UCSS-2
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Figure 38. Sign Installation, Test No. UCSS-2 
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6.2.2 Weather Conditions 

Test no. UCSS-2 was conducted on August 4, 2020 at approximately 12:00 p.m. The 

weather conditions as per the National Oceanic and Atmospheric Administration (station 

14939/LNK) were reported and are shown in Table 5. 

Table 5. Weather Conditions, Test No. UCSS-2 

Temperature 73° F 

Humidity 46% 

Wind Speed 13 mph 

Wind Direction 220° from True North 

Sky Conditions Sunny 

Visibility  9.9 Statute Miles 

Pavement Surface Dry 

Previous 3-Day Precipitation  0.00 in. 

Previous 7-Day Precipitation  0.26 in. 

Soil Moisture Content Not Available 

 

6.2.3 Test Description 

The 2,432-lb surrogate, reusable, 1100C test vehicle impacted the single, U-channel sign 

support installation at a speed of 63.6 mph and at an angle of 0 degrees. Impact occurred at the 

centerline of the surrogate vehicleôs front bumper, as shown in Figure 39. Following the impact 

with the sign installation, the surrogate vehicle 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 in Table 6. Documentary photographs of the crash test are shown in Figures 40 and 

41. 
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Figure 39. Impact Location, Test No. UCSS-2 










































































































































































































































































































































































































































































































































































































































































































































