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CHAPTER 1. INTRODUCTION

1.1 RESEARCH PROBLEM STATEMENT

Traffic control devices such as temporary sign supports are a primary means of
communicating information to motorists in work zones. The Federal Highway Administration
(FHWA) and the Manual on Uniform Traffic Control Devices (MUTCD) require work zone
traffic control devices to be crashworthy (7). That is, they should not pose a safety hazard to
motorists and/or work zone personnel if impacted by errant vehicles. The American Association
of State Highway and Transportation Officials (AASHTO) Manual for Assessing Safety
Hardware (MASH) contains recommended procedures for testing and evaluation of work zone
traffic control devices such as temporary sign supports (2).

Maintenance personnel and contractors have expressed interest in lightweight sign
support systems that are easy to handle and transport. For these reasons, perforated steel tubing
has become a popular choice for the fabrication of frames for temporary sign support systems.
Perforated steel tubing is relatively lightweight compared to other materials such as wood, thus
making it easier to handle and transport. The galvanized steel also provides good durability and
low maintenance (e.g., it does not require painting). However, the single, temporary sign support
system fabricated from perforated steel tubing requires the use of a corrugated plastic sign panel.
The Texas Department of Transportation (TxDOT) expressed desire to develop a nonproprietary,
lightweight, crashworthy, temporary single sign support system that can be used with an
aluminum sign substrate, which is stiffer and more durable than corrugated plastic.

1.2 RESEARCH OBJECTIVES

The objective of this research was to develop a nonproprietary, lightweight, crashworthy,
temporary single sign support system that can be used with an aluminum sign substrate. The
device is intended to meet the evaluation criteria in MASH. In addition to crashworthiness, due
consideration is given to cost and functionality. It was further desired that the sign support frame
possess a reasonable degree of adjustability to achieve the 7-ft mounting height and
accommodate placement under varying site conditions. Texas A&M Transportation Institute
(TTI) researchers decided to utilize perforated steel tubing for the frame of the new temporary
single sign support system to help accommodate the requests that the system be lightweight,
durable, easy to assemble, and adjustable.

In order to understand the impact behavior and failure modes of perforated steel tubing,
previous crash tests were critically analyzed. Three different design concepts were developed
through engineering analysis and developmental full-scale crash tests with a MASH 1100C
vehicle. Impact behavior was analyzed and finite element computer simulations were performed
to help predict whether or not secondary contact between the support system and a MASH 2270P
vehicle would occur, and the probable location of the contact. Additional engineering analysis
and computer simulation were conducted to modify the designs to include height adjustability for



placement in ditches. Results were reviewed with the project monitoring committee and a
system was selected by TxDOT for evaluation with full-scale crash tests.

This report summarizes the findings of the project. Chapter 2 describes testing

requirements for work-zone devices. The state of the practice pertaining to work-zone traffic
control devices as determined from a review of the literature and ongoing research is
summarized in Chapter 3. Chapter 4 describes the developmental full-scale crash tests conducted
with a MASH 1100C vehicle to evaluate the proposed single support design alternatives.
Chapter 5 contains computer simulation analyses performed in support to the design evaluation.
A MASH full-scale crash test of the selected temporary single sign support system with a 2270P
pickup truck is reported in Chapter 6. Chapter 7 contains a summary and recommendations for
future work regarding the temporary single sign support.

1.3  TESTING REQUIREMENTS FOR WORK ZONE DEVICES

According to MASH, three tests are recommended to evaluate work-zone support
structures to test level three (TL-3).

MASH Test Designation 3-70: A 2425-Ib vehicle impacting the support
structure at a nominal impact speed of 19 mph. This test is recommended to
accurately identify the potential for test article intrusion into the windshield or
roof of a small passenger car when impacting the test article at a low speed.

MASH Test Designation 3-71: A 2425-1b vehicle impacting the support
structure at a nominal impact speed of 62 mph. This test is recommended to
accurately identify the potential for test article intrusion into the windshield or
roof of a small passenger car when impacting the test article at a high speed.

MASH Test Designation 3-72: A 5000-1b pickup truck impacting the CIP of the
LON of the barrier at a nominal impact speed and angle of 62 mph. This test is
recommended to accurately identify the potential for test article intrusion into the
windshield or roof of a light truck and sport utility vehicle when impacting the
test article at a high speed.

FHWA requires the impact performance of temporary work zone sign supports be
evaluated for two different orientations. In addition to the common scenario involving the
vehicle impacting the device head-on (i.e., 0 deg.), an impact with the device turned 90 degrees
is also required. This test condition accounts for the common field practice of rotating a device
out of view of traffic until it is needed again and/or picked up and moved by work zone
personnel. In order to reduce testing cost, FHWA permits the evaluation of both the 0 and
90 degree orientations using two separate devices impacted in sequence in a single crash test.

The crash tests and data analysis procedures performed for this research were in
accordance with guidelines presented in MASH. The tests reported herein correspond to MASH



Test 3-71 (2425-1b passenger car, 62 mph, 90- and 0-degree sign orientation) and MASH Test
3-72 (5000-1b pickup, 62 mph, 90 and 0-degree sign orientation).

1.4 EVALUATION CRITERIA FOR WORK ZONE DEVICES

The crash tests were evaluated in accordance with the criteria presented in MASH. The
performance of the work-zone support structures is judged on the basis of three factors: structural
adequacy, occupant risk, and post impact vehicle trajectory. Structural adequacy is judged upon
the ability of the support structure to readily activate in a predictable manner by breaking away,
fracturing, or yielding. Occupant risk criteria evaluates the potential risk of hazard to occupants
in the impacting vehicle, and to some extent other traffic, pedestrians, or workers in construction
zones, if applicable. Post impact vehicle trajectory is assessed to determine potential for
secondary impact with other vehicles or fixed objects, creating further risk of injury to occupants
of the impacting vehicle and/or risk of injury to occupants in other vehicles. The appropriate
safety evaluation criteria from table 5-1 of MASH were used to evaluate the crash tests reported
herein. These criteria are described in further detail under the assessment of each crash test.






CHAPTER 2. CRASH TEST PROCEDURES

2.1 TEST FACILITY

The full-scale crash test reported herein was performed at Texas A&M Transportation
Institute (TTI) Proving Ground. TTI Proving Ground is an International Standards Organization
(ISO) 17025 accredited laboratory with American Association for Laboratory Accreditation
(A2LA) Mechanical Testing certificate 2821.01. The full-scale crash test was performed
according to TTI Proving Ground quality procedures and according to the MASH guidelines and
standards.

The TTI Proving Ground is a 2000-acre complex of research and training facilities
located 10 miles northwest of the main campus of Texas A&M University. The site, formerly an
Air Force base, has large expanses of concrete runways and parking aprons well suited for
experimental research and testing in the areas of vehicle performance and handling, vehicle-
roadway interaction, durability and efficacy of highway pavements, and safety evaluation of
roadside safety hardware. The site selected for testing of the temporary sign support evaluated
under this project was on the surface of an out-of-service apron. The apron consists of an
unreinforced jointed-concrete pavement in 12.5 ft by 15 ft blocks nominally 6 inches deep. The
apron is over 60 years old, and the joints have some displacement, but are otherwise flat and
level.

2.2 VEHICLE TOW AND GUIDANCE PROCEDURES

The test vehicle was towed into the test installation using a steel cable guidance and
reverse tow system. A steel cable for guiding the test vehicle was tensioned along the path,
anchored at each end, and threaded through an attachment to the front wheel of the test vehicle.
An additional steel cable was connected to the test vehicle, passed around a pulley near the
impact point, through a pulley on the tow vehicle, and then anchored to the ground such that the
tow vehicle moved away from the test site. A two-to-one speed ratio between the test and tow
vehicle existed with this system. Just prior to impact with the installation, the test vehicle was
released to be free-wheeling and unrestrained. The vehicle remained free-wheeling, i.e., no
steering or braking inputs, until the vehicle cleared the immediate area of the test site, at which
time brakes on the vehicle were activated to bring it to a safe and controlled stop.

2.3  DATA ACQUISITION SYSTEMS
2.3.1 Vehicle Instrumentation and Data Processing

The test vehicle was instrumented with a self-contained, on-board data acquisition
system. The signal conditioning and acquisition system is a 16-channel, Tiny Data Acquisition
System (TDAS) Pro produced by Diversified Technical Systems, Inc. The accelerometers, that
measure the x, y, and z axis of vehicle acceleration, are strain gauge type with linear millivolt
output proportional to acceleration. Angular rate sensors, measuring vehicle roll, pitch, and yaw
rates, are ultra small size, solid state units designs for crash test service. The TDAS Pro



hardware and software conform to the latest SAE J211, Instrumentation for Impact Test. Each of
the 16 channels is capable of providing precision amplification, scaling and filtering based on
transducer specifications and calibrations. During the test, data are recorded from each channel
at a rate of 10,000 values per second with a resolution of one part in 65,536. Once recorded, the
data are backed up inside the unit by internal batteries should the primary battery cable be
severed. Initial contact of the pressure switch on the vehicle bumper provides a time zero mark
as well as initiating the recording process. After each test, the data are downloaded from the
TDAS Pro unit into a laptop computer at the test site. The raw data are then processed by the
Test Risk Assessment Program (TRAP) software to produce detailed reports of the test results.
Each of the TDAS Pro units are returned to the factory annually for complete recalibration.
Accelerometers and rate transducers are also calibrated annually with traceability to the National
Institute for Standards and Technology.

TRAP uses the data from the TDAS Pro to compute occupant/compartment impact
velocities, time of occupant/compartment impact after vehicle impact, and the highest 10-
millisecond (ms) average ridedown acceleration. TRAP calculates change in vehicle velocity at
the end of a given impulse period. In addition, maximum average accelerations over 50-ms
intervals in each of the three directions are computed. For reporting purposes, the data from the
vehicle-mounted accelerometers are filtered with a 60-Hz digital filter, and acceleration versus
time curves for the longitudinal, lateral, and vertical directions are plotted using TRAP.

TRAP uses the data from the yaw, pitch, and roll rate transducers to compute angular
displacement in degrees at 0.0001-s intervals and then plots yaw, pitch, and roll versus time.
These displacements are in reference to the vehicle-fixed coordinate system with the initial
position and orientation of the vehicle-fixed coordinate systems being initial impact.

2.3.2 Anthropomorphic Dummy Instrumentation

Use of a dummy in the 2270P vehicle is optional according to MASH, and there was no
dummy used in the test with the 2270P vehicle. The tests run with the 1100C vehicle were
developmental in nature, and no dummy was used in the tests.

2.3.3 Photographic Instrumentation and Data Processing

Photographic coverage of the test included three high-speed cameras: one overhead with
a field of view perpendicular to the ground and directly over the impact point; one placed behind
the installation at an angle; and a third placed to have a field of view parallel to and aligned with
the installation at the downstream end. A flashbulb activated by pressure-sensitive tape switches
was positioned on the impacting vehicle to indicate the instant of contact with the installation
and was visible from each camera. The films from these high-speed cameras were analyzed on a
computer-linked motion analyzer to observe phenomena occurring during the collision and to
obtain time-event, displacement, and angular data. A mini-DV camera and still cameras
recorded and documented conditions of the test vehicle and installation before and after the test.



CHAPTER 3. LITERATURE REVIEW AND ENGINEERING ANALYSIS"

3.1 CATEGORIES OF WORK ZONE DEVICES

Along with FHWA’s formal adoption of NCHRP Report 350 came many questions from
the manufacturers, suppliers, and user agencies regarding the requirements for testing various
work-zone devices ranging from traffic cones, delineators, and drums to barricades, temporary
sign supports, work-zone barriers, and truck-mounted attenuators. Although some of these
devices are obviously benign in nature, others can represent significant hazards to occupants of
the impacting vehicle, surrounding traffic, and nearby workers. NCHRP Report 350 recognizes
that, depending on the nature of the device, less rigorous test procedures may be appropriate
(refer to Section 3.2.3.2 of NCHRP Report 350). For example, for tests of free-standing objects
with masses less than 99 1b, instrumentation can be reduced. However, to remove some of the
subjectivity and provide further clarification of this issue, FHWA defined four categories of
work-zone devices in the July 25, 1997, memorandum, “Identifying Acceptable Highway Safety
Features.” These categories are used to determine an appropriate level of effort needed to
demonstrate crashworthiness. These categories are defined as follows:

e (Category 1 includes small and lightweight channelizing and delineating
devices that have been in common use for many years and are known to be
crashworthy by crash testing of similar devices or years of demonstrable safe
performance. These devices include cones, tubularmarkers, flexible delineator
posts, and plastic drums with and without warning lights securely attached.
These devices may be allowed for use on the NHS based on the developer’s
self-certification subject to approval by the individual highway agencies.

e Category 2 includes devices that are not expected to produce significant
vehicular velocity change but may otherwise be hazardous. Examples of this
class are barricades, portable sign supports, intrusion alarms, and drums with
sign panels attached. Testing of devices in this category is required. However,
they may qualify for the reduced testing requirements, and less
instrumentation than required in NCHRP Report 350 may be acceptable.

e Category 3 is for hardware that is expected to cause significant velocity
change or other potentially harmful reactions to impacting vehicles. Hardware
in this category must be tested to the full requirement of NCHRP Report 350.
Barriers, fixed sign supports, crash cushions, and other work-zone devices not
meeting the definitions of Category 1 or 2 are examples from this category.

e Category 4 includes portable or trailer-mounted devices such as flashing
arrow panels, temporary traffic signals, area lighting supports, and portable
changeable message signs. Per FHWA Acceptance Letter WZ-161, dated

" TTI Proving Ground is an ISO 17025 accredited laboratory with A2LA Mechanical Testing certificate 2821.01.
The scope of this certificate does not include simulation/engineering analysis.



December 24, 2004, FHWA will look at the state of the art of the portable
sign industry and the number and severity of real-world crashes with these
devices in order to establish policy on their use. The current deadline for this
policy review is October 1, 2006.

3.2 STATE OF THE PRACTICE
3.2.1 Recent Research and Testing

Research and testing programs have emphasized the need to evaluate the impact
performance of portable sign supports. Over the years, TxXDOT has been very active in assessing
the impact performance of various work-zone traffic control devices, and seeking input from
manufacturers, contractors, and state maintenance personnel in the process. The objective of the
TxDOT research has been to provide generic, cost-effective work-zone traffic control devices
meeting the national safety performance guidelines contained in NCHRP Report 350 and, more
recently, MASH.

3.2.1.1 High-Mounting-Height Dual Sign Support

The researchers reviewed past tests performed with high-mounting-height dual sign
supports to understand and evaluate the behavior of these systems. Particular attention was
given to the material used for the sign support system and the criteria used for testing and
evaluation (NCHRP Report 350 or MASH). A brief design description and summary of test
results for each test investigated is presented in Appendix A.

3.2.1.2 High-Mounting-Height Single Sign Support

The researchers reviewed past tests performed with high-mounting-height single sign
supports to understand and evaluate the behavior of these systems. Particular attention was
given to the material used for the sign support system and the criteria used for testing and
evaluation (NCHRP Report 350 or MASH). A brief design description and summary of test
results for each test investigated is presented in Appendix B.

3.2.2 Design Considerations

During the design of the work-zone temporary single sign support, the researchers
considered various factors that can influence the impact performance, function, and utility of the
device to help ensure that it would be effectively and efficiently meet its intended purpose.

3.2.2.1 Factors Influencing Crashworthiness

The work-zone temporary single sign support device must be compliant with MASH
guidelines before it can be implemented on the National Highway System (NHS). There are
different factors that can affect the impact performance of the device. These include, but are not
necessarily limited to, mass of the primary components, connection details between the structural



components, failure mode of said connections, sign substrate material, sign panel size, and
mounting height.

The mass of the system components is known to influence the tendency for and severity
of occupant compartment deformation or intrusion (3, 4, 5). A small change in size or dimension
of the system components can considerably improve impact performance (5). The impact
performance of the device can also depend on the failure mode of its supports and/or
connections. Some devices incorporate components that breakaway or fracture at impact (3, 6),
while other devices are designed to yield and bend at their base (3, 7). A breakaway system may
rotate over the impacting vehicle without any secondary contact. A yielding system may remain
intact after the collision and, thereby, reduce the tendency for released components to penetrate
the occupant compartment.

3.2.2.2 Functional Design Considerations

In addition to being crashworthy, a work-zone single sign support should also satisfy
certain functional design requirements. For example, it should have sufficient structural capacity
to withstand anticipated service loads and be durable enough to accommodate frequent handling
and transportation. The uprights of temporary work-zone sign supports should be designed to
accommodate the flexural stresses induced by wind loading, and sufficient ballast should be
provided to prevent overturn of skid-mounted designs. The wind loads on a structure are
determined by applying the appropriate wind pressure to the exposed areas of any vertical
supports, braces, and the sign panel. Once the loads have been determined, the stresses in the
support members can be computed and compared to the allowable stresses. Due to the
probabilistic nature and uncertainty of wind load events, the specifications permit a 33 percent
increase in allowable stresses when making these computations. Calculations of wind pressure
follow the procedures prescribed in the AASHTO Standard Specifications for Structural
Supports for Highway Signs, Luminaries, and Traffic Signals 5" ed. (8).

Given a design wind speed, the associated wind pressure is computed by the following
formulas:

P = 0.00256KzGV>Cgl, (1)

V=C/\Vy (2)
where

P = wind pressure (psf).

V = adjusted wind speed (mph).

Vy = wind speed (mph).

Cq = drag coefficient.

C, = velocity conversion factor.
K, = height exposure factor.

G = gust effect factor.

I, = wind importance factor.



The design wind speed varies with geographic location and the life expectancy of the
structure. Since permanent roadside sign structures are considered to have a relatively short life
expectancy, they are typically designed for wind speeds based on a 10-year mean recurrence
interval per AASHTO Specifications (&). The duration of work zone activities is typically much
less than 10 years. However, no guidance is given regarding an appropriate design wind speed
or mean recurrence interval for use in the design of work zone traffic control devices. Therefore,
it was necessary to derive or estimate wind loads for use in the design of temporary sign
supports.

3.3 HIGH-MOUNTING HEIGHT SIGN SUPPORTS WITH ALUMINUM SIGNS

While some of the characteristics of a rigid substrate may be desirable from a cost or
functional standpoint, their rigidity and mass make them more critical than other substrate
materials from a crashworthiness standpoint. High-mounting-height temporary sign supports
with rigid aluminum or plywood substrates can be critical in terms of impact performance. When
impacted, the support need to readily release or fracture, otherwise it may deform around the
front of the impacting vehicle and cause the sign panel and top of the support to contact the
windshield and/or roof of the vehicle. In particular, impacts with high-mounting-height sign
supports oriented 90 degrees to the travel path of the vehicle have caused the rigid substrate to
penetrate the windshield and/or roof sheet metal. Some successful crash tests have involved the
early release of the rigid substrate or fracture of the support mast at or near bumper height.
Combinations of design modifications can be incorporated to allow the sign panel and fractured
supports to rotate higher above the vehicle. Secondary contact between the sign components and
vehicle may still occur, but the degree of damage can be reduced.

3.3.1 Design Considerations
3.3.1.1 Sign Substrate and Mounting Height

For purposes of this project, TxDOT specified a desire for using an aluminum diamond-
shaped sign substrate at a mounting height of 7 ft. Use of rigid sign substrate has been shown to
be acceptable for high-mounting-heights, primarily because direct windshield contact can be
avoided. The size of the sign panel was selected to be 36 inches % 36 inches.

3.3.1.2 Wind Load Analysis
The uprights of temporary work-zone sign supports were sized to accommodate the
flexural stresses induced by wind loading for the selected mounting height and sign panel size.

Calculations of wind pressure followed the procedures prescribed in the AASHTO Standard
Specifications for Structural Supports for Highway Signs, Luminaries, and Traffic Signals (8).
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3.3.2 Overturn

Sufficient ballast is required to prevent overturn of skid-mounted designs. The maximum
overturning moment that needs to be resisted by the sign support was determined for a 7 ft
mounting height by applying the design wind pressure on the exposed area of the sign panel
based on a design wind speed of 45 mph. This moment was then used to determine the amount of
ballast (sandbags) required to prevent overturn of the sign support.

3.3.3 Structural Adequacy

Additional analysis was conducted to determine the support member sizes required to
accommodate the selected design wind speed. The moment generated at the base of the support
by the wind load on a 36 inches % 36 inches sign panel at a 7-ft mounting height was compared
to the allowable moment capacity of different sizes of perforated square steel tubing. Perforated
square steel tubing used in steel-framed sign support systems is commonly manufactured from
ASTM A-446 steel, which has a yield stress of 33,000 psi. The section modulus varies with the
size and thickness of the tubing. The section modulus for a 1-3/4-inch square, 12-gauge steel
tube is 0.265 inch’. The allowable moment capacity based on yield strength is 729 ft-Ib.
Calculations show that a single 1-3/4-inches square, 12-gauge steel tube has sufficient flexural
capacity to accommodate a 36-inch x 36-inch sign panel at a mounting height of 7 ft when the
proper amount of ballast (2 x 40-1b sandbags) is provided at the base of the structure.

3.3.4 Design Alternatives

Having defined the basic requirements for the system (e.g., mounting height, sign
substrate, support material type and size) to accommodate service loads, the researchers
developed design alternatives with the potential to meet impact performance requirements and
provide some desirable functional characteristics. Factors that were considered include
durability, handling, and fabrication/repair. A total of eight high-mounting-height, temporary
single sign support concepts were developed for review and prioritization. A brief summary of
each of these systems is presented in the following sections.

3.3.4.1 Design 1: Telescopic Connection at Top and Bottom (4-inch)

Figure 3.1 shows that the sign support uses 12-gauge perforated steel tubing to support a
36-inch x 36-inch aluminum, diamond-shaped sign panel mounted 7 ft above ground. The
bottom of the vertical support is inserted into a long sleeve attached to the H-base and the top of
the support is inserted into the bottom of the sign assembly without bolted connections. The
bottom of the vertical support rests on top of the H-base and the insertion depth of the upper end
of the vertical support is controlled by a through bolt in the vertical sign support brace. The
short sleeve and unbolted connections are incorporated to provide slip connections that will
facilitate the release of the uprights from the base after impact. The top slip connection was
included with the expectation that the sign assembly would be ejected from the sign support after
impact and land behind the vehicle without contacting the occupant compartment. The 4-inch
sleeve is considered sufficient for developing the moment capacity of the upright to
accommodate service loads.
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3.3.4.2 Design 2: Telescopic Connection at Top and Bottom (34-inch)

The sign support shown in Figure 3.2 is similar to Design 1 except that the bottom of the
vertical support is inserted into a longer, 34-inch sleeve compared to a short, 4-inch sleeve. The
unbolted connections are incorporated to provide slip connections to facilitate the release of the
upright and sign after impact. The insertion depth of the vertical support is controlled by through
bolts in the sleeve and vertical sign support brace. The bottom sleeve is 34-inches tall to position
the lower slip joint above bumper height of the vehicle.

3.3.4.3 Design 3: Telescopic Connection Only at Bottom (4-inch)

The sign support shown in Figure 3.3 is similar to Design 1 except that it only
incorporates the lower slip joint with the 12-gauge perforated steel tube support inserted into a 4-
inch sleeve. The support post extends up to brace the sign panel in one piece. This is a simpler
design that might have promise if the release of the sign panel from the support is found to be
unnecessary.

3.3.4.4 Design 4: Telescopic Connection Only at Bottom (34-inch)

The sign support shown in Figure 3.4 is similar to Design 3 except that the lower slip
joint is raised to 34-inches through the use of a longer sleeve. This places the slip joint above the
vehicle bumper, which might provide a more efficient release mechanism during impact as the
support member begins to deform.

3.3.4.5 Design 5: Rigidized Sign

The sign support shown in Figure 3.5 incorporates a lower slip connection similar to
Design 1 in combination with a rigidized sign panel. The aluminum sign substrate is rigidized
by adding perforated steel tubing along the sides and across the back of the sign panel. The
concept is to raise the center of mass by increasing the mass of the sign assembly. This, in turn,
increases the point of rotation of the released sign support system and may reduce the potential
for secondary impact with the roof or windshield. The addition of the perforated steel tubing
along the sides of the sign panel also increases the contact surface area of the sign edge in the
event that secondary contact does occur in a 90-degree impact. This can help distribute the
impact load to the roof and prevent cutting of the sign substrate into the roof. However, the
increased mass can also increase the amount of roof deformation.

3.3.4.6 Design 6: Perforated Sign Panel

The sign support shown in Figure 3.6 incorporates a lower slip connection similar to
Design 1 in combination with a perforated aluminum sign panel. The aluminum sign has two
rows of vertical perforations. The perforations may help the corner of the sign bend when
contacting the roof of the vehicle in a 90-degree impact. The intent is to mitigate the potential
for the edge of the aluminum panel cutting into the roof.

13
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3.3.4.7 Design 7: Pivot at Sign Support Connection (4-inch)

The sign support shown in Figure 3.7 is similar to Design 1 except that it incorporates a
pivoting or hinged connection between the vertical support and sign assembly rather than a slip
connection. The top of the vertical support is connected to the bottom of the sign assembly by
steel plates similar to the fuse plate concept used on large guide signs. During impact, the plates
on the tension side are designed to fracture, and the sign assembly hinges about the plates on the
compression side. This behavior is intended to reduce the rotational inertia of the sign assembly,
thus reducing the severity of any secondary contact between the sign assembly and vehicle.

3.3.4.8 Design 8: Pivot at Sign Support Connection (34-inch)

The sign support shown in Figure 3.8 is similar to Design 7 except that the lower slip
joint is raised to 34 inches. This places the slip joint above the vehicle bumper, which might
provide a more efficient release mechanism during impact as the support member begins to
deform.

3.4.5 Prioritization

The design alternatives developed for high-mounting height temporary single sign
supports with rigid sign substrates were critically reviewed by the research team. The
researchers ranked the systems with consideration given to expected impact performance.
External input regarding constructability, handling, set up, and maintenance was also obtained
from representatives of a work zone contractor. The ranking analysis resulted in the following
prioritization of the design concepts:

. Design 2: Slip Connection at Top and Bottom (34-inch).
. Design 4: Slip Connection Only at Bottom (34-inch).

. Design 8: Pivot at Sign Support Connection (34-inch).

. Design 1: Slip Connection at Top and Bottom (4-inch).

. Design 3: Slip Connection Only at Bottom (4-inch).

. Design 7: Pivot at Sign Support Connection (4-inch).

. Design 5: Rigidized Sign.

00 9 N B kW N

. Design 6: Perforated Sign Panel.
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The top three devices were evaluated with developmental full-scale, high-speed crash
tests. The purpose of these crash tests was primarily to assess the capability of these devices to
readily activate after impact with the vehicle. Consideration was given to the use of a reusable
bogie impact vehicle. However, the researchers wanted to analyze the trajectory of the test
article during and after impact, and determine if there was any secondary contact between the
test article and the vehicle. For this reason, the developmental tests were run with a MASH
1100C vehicle (passenger car). The tests were performed with the temporary single sign
supports oriented 90 degrees (i.e., parallel to the path of the vehicle), because this was
considered to be the worst case orientation. Details of the developmental full-scale crash tests
conducted on these designs are described in the following chapter.
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CHAPTER 4. DEVELOPMENTAL FULL-SCALE CRASH TESTS

4.1 FULL-SCALE CRASH TESTING WITH 90° SIGN ORIENTATION AND 1100C
VEHICLE — MODIFIED DESIGN 2 (TEST 490022-7-1)

MASH test 3-71 was performed on a temporary single sign support with telescopic top
and bottom slip connections and a 36-inch % 36-inch aluminum sign panel. This was a variation
of Design 2, with a nested vertical support (rather than single vertical support) incorporated to
provide height adjustability in the field.

4.1.1 Test Installation Description

Three 1-3/4 inch perforated square steel tubes with a nominal wall thickness of 0.108 inch
were welded together to form an H-base assembly system. Each tube forming the H-base was
48 inches long. A 1-3/4 inch square steel tube with a nominal wall thickness of 0.108 inch and a
total length of 34 inches was welded to the center of the H-base assembly. The vertical support of
the temporary single sign support was comprised of two parts: a 1-1/2 inch square tube, with a
thickness of 0.108 inch and a length of 46 inches, and a 1-3/4 inch square tube, with a thickness of
0.108 inch and a length of 46 inches. The tubes were nested inside each other to provide height
adjustment to the sign assembly. They were bolted together using an ASTM A307 3/8-inch
diameter x 2-1/2 inch long bolt. This inner 1-1/2 inch tube of the telescopic connection was
extended 4-1/2 inches beyond the edge of the 1-3/4 inch square outer tube. This extension was
inserted into the top of the sleeve and rested on a bolt to provide a slip connection.

A 48 inch length of 1-1/2 inch square steel tube was used to provide bracing for the sign
panel. A 36-inch x 36-inch % 0.1-inch thick aluminum diamond-shaped sign was attached to the
1-1/2 inch tube in two locations: 18 inches top and bottom of the horizontal centerline of the sign.
The sign was attached to the tube using 3/8-inch diameter bolts. The 1-1/2 inch tube extended
beyond the bottom of the sign panel and was inserted into the top of the 1-3/4 inch vertical support
tube to form an upper slip connection. The insertion depth of 4 /2 inches was controlled by a bolt
inserted through the 1-1/2 inch sign brace tube that rested on the top edge of the vertical support.
The mounting height to the bottom of the sign blank was 7 ft. Figures 4.1 through 4.4 give details
of the sign support system.

A 40-1b sand bag was laid on each side of the base assembly. All perforated square steel

tubing was 12 gauge. All bolts were ASTM A307, but any grade bolt was considered
acceptable. Figure 4.5 presents photographs of the completed test installation.
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Figure 4.5. Temporary Sign Support System prior to Test No. 490022-7-1.
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4.1.2 Test Designation and Actual Impact Conditions

MASH test 3-71 involves an 1100C vehicle weighing 2420 1b £55 Ib and impacting the
sign support at an impact speed of 62 mph +£2.5 mph. Researchers identified the 90 degrees sign
orientation case (i.e., sign parallel to the path of the vehicle) as the most critical for this type of
test article. Consequently, the researchers decided to evaluate the impact performance of the
temporary single sign support at 90 degrees in the developmental test. It was understood that
another MASH 3-71 test would need to be performed with the test article oriented at 0 degrees
(i.e., perpendicular to the path of the vehicle) to complete the compliance testing.

The target impact point was the left quarter point of the vehicle aligned with the
centerline of the support. The 2003 Kia Rio passenger car used in the test weighed 2425 Ib, and
the actual impact speed and angle were 62.9 mph and 90 degrees, respectively. The actual
impact point was the left front quarter point of the vehicle with the centerline of the sign support.

4.1.3 Test Vehicle

A 2003 Kia Rio passenger car (shown in Figures 4.6 and 4.7) was used for the crash test.
This test vehicle was previously used in testing of flexible delineators and had some minor
damage (e.g., broken head light, dented hood). However, it was concluded that this minor
damage would not influence the impact performance or trajectory of the light weight, skid-
mounted temporary sign support. Test inertia weight of the vehicle was 2425 1b, and gross static
weight was 2425 1b. The height to the lower edge of the vehicle front bumper was 8.5 inches,
and the height to the upper edge of the front bumper was 22.75 inches. Table C1 of Appendix C
gives additional dimensions and information on the vehicle. The passenger car was directed into
the installation using the cable reverse tow and guidance system, and was released to be free-
wheeling prior to impact.

4.1.4 Weather Conditions

The crash test was performed on the morning of April 12, 2012. Weather conditions at
the time of testing were: wind speed: 8 mph; temperature: 68.5°F; relative humidity:
86 percent.

4.1.5 Test Description

The 1100C vehicle, traveling at an impact speed of 62.9 mph, contacted the sign support
at an impact angle of 90 degrees, with the left front quarter point aligned with the centerline of
the support. At approximately 0.015 s after impact, the vertical tube sleeve attached to the H-
base assembly started to fracture, but never separated. At approximately 0.017 s, the lower slip
joint activated and released the nested vertical support and sign assembly from the base. At
0.125 s, the released support and sign assembly were parallel to the ground. The top released as
the sign assembly was rotating toward the ground and had reached a rotation angle of almost
180 degrees from the initial configuration. The released vertical support and sign assembly
never contacted the vehicle. The vehicle subsequently came to rest 242 ft-6 inches downstream
of impact. Figure C1 in Appendix C presents sequential photographs of the test period.
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Figure 4.6. Vehicle/Installation Geometrics for Test No. 490022-7-1.
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Figure 4.7. Vehicle before Test No. 490022-7-1.
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4.1.6 Test Article and Component Damage

Figure 4.8 shows damage to the sign support system. Both slip joints activated, but the
upper slip joint only activated after significant rotation (almost 180 degrees) of the released
vertical support. The vertical sign brace was deformed, and the sign assembly came to rest 20 ft
downstream of the impact point. The base assembly was resting 77.5 ft downstream of the
impact point.

4.1.7 Test Vehicle Damage

The 1100C vehicle did not sustain any damage during the impact with the temporary
single sign support. Figure 4.9 shows photographs of the exterior of the vehicle.

4.1.8 Occupant Risk Values

No accelerometer or other types of instrumentation were installed in the vehicle. MASH
states that Test 71 “can be conducted without the instrumentation necessary for determining
occupant risk whenever the test article has a total weight of 220 1Ib (100 kg) or less. In this case,
vehicle intrusion, windshield damage, and vehicle stability are the primary performance
evaluation factors.” The weight of the temporary sign support system was 75 1b.

4.1.9 Assessment of Test Results

An assessment of the test based on the following applicable MASH safety evaluation
criteria is presented below.

4.1.9.1 Structural Adequacy
B. The test article should readily activate in a predictable manner by breaking
away, fracturing, or yielding.

Results:  The temporary sign support activated readily by yielding to the vehicle
and through activation of the slip connections. (PASS)

4.2.9.2 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.

Deformation of, or intrusions into, the occupant compartment should not
exceed limits set forth in Section 5.3 and Appendix E of MASH.

Results:  The detached elements did not penetrate or show potential to penetrate the
occupant compartment, or to present hazard to others in the area. (PASS)

No deformation or intrusion into the occupant compartment occurred.
(PASS)
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Figure 4.8. Installation after Test No. 490022-7-1.
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Figure 4.9. Vehicle after Test No. 490022-7-1.
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F. The vehicle should remain upright during and after collision. The maximum
roll and pitch angles are not to exceed 75 degrees.

Results:  The 1100C vehicle remained upright during and after the collision event.
Although roll and pitch angles were not recorded, it is clear from film

analysis that they did not exceed 75 degrees during the impact event.
(PASS)

H. Occupant impact velocities should satisfy the following:
Longitudinal and Lateral Occupant Impact Velocity

Preferred Maximum
10 ft/s 16 ft/s

Results:  Not required for test articles having a total weight of 220 1b or less. The
weight of the temporary sign support system was 75 1b. (N/A)

4.2.9.3 Vehicle Trajectory
N. Vehicle trajectory behind the test article is acceptable.

Result:  The 1100C vehicle exited behind the test article. (PASS)

A summary of the results from Test No. 490022-7-1 is presented in Figure 4.10.
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4.2  FULL-SCALE CRASH TESTING WITH 90° SIGN ORIENTATION AND 1100C
VEHICLE - DESIGN 4 (TEST 490022-7-2)

MASH Test 3-71 was performed on a temporary single sign support with a 34-inch sleeve
and bottom slip connection. This system corresponded to Design 4 described in the previous
chapter.

4.2.1 Test Installation Description

Three 1-3/4 inch perforated square steel tubes with a nominal wall thickness of 0.108 inch
were welded together to form an H-base assembly system. Each tube forming the H-base was
48 inches long. A 1-3/4 inch square steel tube sleeve with a nominal wall thickness of 0.108 inch
and a total length of 34 inches was welded to the center of the H-base assembly. A 98-inch long
piece of 1-1/2 inch square steel tubing was used as the vertical support and bracing for the sign
panel. The vertical support inserted 4-1/2 inches into the top of the sleeve and rested on a bolt
inserted through the sleeve.

A 36-inch x 36-inch x 0.1-inch thick aluminum diamond-shaped sign was attached to the
1-1/2 inch vertical support tube in two locations: 18 inches top and bottom of the horizontal
centerline of the sign. The sign was attached to the tube using 3/8-inch diameter bolts. The
mounting height to the bottom of the sign blank was 7 ft. Figures 4.11 through 4.13 give details of
the sign support system.

A 40-1b sand bag was laid on each side of the base assembly. All perforated square steel
tubing was 12 gauge. All bolts were ASTM A307, but any grade bolt was considered
acceptable. The test installation was placed on a concrete surface. Figure 4.14 presents
photographs of the completed test installation.

4.2.2 Test Designation and Actual Impact Conditions

MASH Test 3-71 involves an 1100C vehicle weighing 2420 1b +55 1b and impacting the
sign support at an impact speed of 62 mph £2.5 mph. Researchers identified the 90 degrees sign
orientation case (i.e., sign parallel to the path of the vehicle) as the most critical for this type of
test article. Consequently, the researchers decided to evaluate the impact performance of the
temporary single sign support at 90 degrees in the developmental test. It was understood that
another MASH 3-71 test would need to be performed with the test article oriented at 0 degrees
(i.e., perpendicular to the path of the vehicle) to complete the compliance testing.

The target impact point was the right quarter point of the vehicle aligned with the
centerline of the support. The same 2003 Kia Rio passenger car used in the previous test (test
490022-7-1) was used in this test. The vehicle weighed 2425 1b and the actual impact speed and
angle were 62.4 mph and 90 degrees, respectively. The actual impact point was the right front
quarter point of the vehicle with the centerline of the sign support.
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Figure 4.14. Temporary Sign Support System prior to Test No. 490022-7-2.
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4.2.3 Test Vehicle

A 2003 Kia Rio passenger car (shown in Figures 4.15 and 4.16) was used for the crash
test. Test inertia weight of the vehicle was 2425 1b, and gross static weight was 2425 Ib. The
height to the lower edge of the vehicle front bumper was 8.5 inches, and the height to the upper
edge of the front bumper was 22.75 inches. Table D1 of Appendix D gives additional
dimensions and information on the vehicle. The passenger car was directed into the installation
using the cable reverse tow and guidance system, and was released to be free-wheeling and
unrestrained just prior to impact.

4.2.4 Weather Conditions

The crash test was performed on the morning of April 12, 2012. Weather conditions at
the time of testing were: wind speed: 12 mph; temperature: 74°F; relative humidity: 73 percent.

4.2.5 Test Description

The 1100C vehicle, traveling at an impact speed of 62.4 mph, contacted the sign support
at an impact angle of 90 degrees, with the right front quarter point aligned with the centerline of
the support. At approximately 0.019 s, the lower telescopic slip connection activated, releasing
the vertical support and sign panel from the base assembly. At 0.119 s, the released post and
sign assembly was parallel to the ground level. The released support and sign panel did not
impact the vehicle. The vehicle subsequently came to rest 232 ft-6 inches downstream of
impact. Figure D1 in Appendix D presents sequential photographs of the test period.

4.2.6 Test Article and Component Damage

Figure 4.17 shows damage to the sign support system. The telescopic slip connection
activated as designed and released the vertical support and sign panel from the base. The vertical
sleeve and middle brace in the H-base to which it was attached were both deformed. The support
post and sign panel came to rest 17.5 ft downstream of the impact point. The base assembly
came to rest 82.5 ft downstream of the impact point.

4.2.7 Test Vehicle Damage

The 1100C vehicle did not sustain any additional damage during the impact with the
temporary single sign support. Figure 4.18 shows photographs of the exterior of the vehicle.

4.2.8 Occupant Risk Values

No accelerometer or other types of instrumentation were installed in the vehicle. MASH
states that Test 71 “can be conducted without the instrumentation necessary for determining
occupant risk whenever the test article has a total weight of 220 1b (100 kg) or less. In this case,
vehicle intrusion, windshield damage, and vehicle stability are the primary performance
evaluation factors.” The weight of the temporary sign support system was 67 Ib.

42



Figure 4.15. Vehicle/Installation Geometrics for Test No. 490022-7-2.
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Figure 4.16. Vehicle before Test No. 490022-7-2.
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Figure 4.17. Installation after Test No. 490022-7-2.
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Figure 4.18. Vehicle after Test No. 490022-7-2.

46



4.2.9 Assessment of Test Results

An assessment of the test based on the following applicable MASH safety evaluation
criteria is presented below.

4.2.9.1 Structural Adequacy
B. The test article should readily activate in a predictable manner by breaking
away, fracturing, or yielding.

Results:  The temporary sign support activated readily by yielding to the vehicle
and through activation of the slip connection. (PASS)

4.2.9.2  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.
Deformation of, or intrusions into, the occupant compartment should not

exceed limits set forth in Section 5.3 and Appendix E of MASH.

Results:  No deformation or intrusion into the occupant compartment was recorded.
(PASS)

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

Results:  The 1100C vehicle remained upright during and after the collision event.
Although roll and pitch angles were not recorded, it is clear that they did
not exceed 75 degrees during the impact event. (PASS)

L Occupant impact velocities should satisfy the following:
Longitudinal and Lateral Occupant Impact Velocity
Preferred Maximum
10 fit/s 16 fi/s

Results:  Not required for test articles having a total weight of 220 1b or less. The
weight of the temporary sign support system was 67 1b. (N/A)

4.2.9.3 Vehicle Trajectory
N. Vehicle trajectory behind the test article is acceptable.

Result:  The 1100C vehicle exited behind the test article. (PASS)

A summary of the results from Test No. 490022-7-2 is presented in Figure 4.19.
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4.3  FULL-SCALE CRASH TESTING WITH 90° SIGN ORIENTATION AND 1100C
VEHICLE — MODIFIED DESIGN 8 (TEST 490022-7-3)

MASH Test 3-71 was performed on a temporary single sign support with a telescopic
bottom slip connections and a pivot connection below the sign panel. This was a variation of
Design 8, with a different variation of the fuse plate than shown in Chapter 3.

4.3.1 Test Installation Description

Three 1-3/4 inch perforated square steel tubes with a nominal wall thickness of 0.108 inch
were welded together to form an H-base assembly system. Each tube forming the H-base was
48 inches long. A 1-3/4 inch square steel tube with a nominal wall thickness of 0.108 inch and a
total length of 34 inches was welded to the center of the H-base assembly. A 48-inch long piece of
1-1/2 inch square steel tubing served as the vertical support. The vertical support inserted
4-1/2 inches into the top of the sleeve and rested on a bolt inserted through the sleeve. A 48-inch
long section of 1-1/2-inch perforated square steel tube was used to provide bracing for the sign
panel. Two 1-1/2 inch wide x 8-1/2-inch long x 1/8-inch thick ASTM A36 steel fuse plates were
used to connect the vertical support and sign panel brace. The fuse plates incorporated a 1-inch
diameter weakening hole and were attached to the perforated steel tubing using four 3/8-inch
diameter ASTM A307 bolts.

A 36-inch x 36-inch X 0.1-inch thick aluminum diamond-shaped sign was attached to the
1-1/2 inch brace in two locations: 18 inches top and bottom of the horizontal centerline of the sign.
The sign was attached to the tube using 3/8-inch diameter bolts. The mounting height to the
bottom of the sign blank was 7 ft. Figures 4.20 through 4.22 give details of the sign support
system.

A 40-1b sand bag was laid on each side of the base assembly. All perforated square steel
tubing was 12 gauge. All bolts were ASTM A307, but any grade bolt was considered
acceptable. The test installation was placed on a concrete surface. Figure 4.23 presents
photographs of the completed test installation.

4.3.2 Test Designation and Actual Impact Conditions

MASH Test 3-71 involves an 1100C vehicle weighing 2420 1b +55 Ib and impacting the
sign support at an impact speed of 62 mph £2.5 mph. Researchers identified the 90 degrees sign
orientation case (i.e., sign parallel to the path of the vehicle) as the most critical for this type of
test article. Consequently, the researchers decided to evaluate the impact performance of the
temporary single sign support at 90 degrees in the developmental test. It was understood that
another MASH 3-71 test would need to be performed with the test article oriented at 0 degrees
(i.e., perpendicular to the path of the vehicle) to complete the compliance testing.
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Figure 4.23. Temporary Sign Support System prior to Test No. 490022-7-3.
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The target impact point was the right quarter point of the vehicle aligned with the
centerline of the support. The same 2003 Kia Rio passenger car used in the previous tests (tests
490022-7-1 and 490022-7-2) was used in this test. The vehicle weighed 2425 1b and the actual
impact speed and angle were 63.6 mph and 90 degrees, respectively. The actual impact point
was the right front quarter point of the vehicle with the centerline of the sign support.

4.3.3 Test Vehicle

A 2003 Kia Rio passenger car (shown in Figures 4.24 and 4.25) was used for the crash
test. Test inertia weight of the vehicle was 2425 1b, and gross static weight was 2425 Ib. The
height to the lower edge of the vehicle front bumper was 8.5 inches, and the height to the upper
edge of the front bumper was 22.75 inches. Table E1 of Appendix E give additional dimensions
and information on the vehicle. The passenger car was directed into the installation using the
cable reverse tow and guidance system, and was released to be free-wheeling and unrestrained
just prior to impact.

4.3.4 Weather Conditions

The reference fo

"
iiiii ¢90°
d as
S| J
@B
L =" —

T 270°

ssssss

The crash test was performed on the morning of April
12,2012. Weather conditions at the time of testing were: wind
speed: 12 mph; temperature: 81°F; relative humidity:

55 percent.

@, VEHICLE
——
180°

4.3.5 Test Description

The 1100C vehicle, traveling at an impact speed of 63.6 mph, contacted the sign support
at an impact angle of 90 degrees, with the centerline point aligned with the centerline of the
support. At approximately 0.016 s, the lower telescopic slip connection activated, releasing the
vertical support and sign assembly from the base. At the same time, the tension side of the fuse
plates began to fracture. At 0.076 s, the vertical support was parallel to the ground level and at
0.110 s the edge of the sign was parallel to the ground. The vertical support and sign assembly
cleared the vehicle and impacted the ground at 0.508 s. The vehicle subsequently came to rest
225 ft downstream of impact. Figure E1 in Appendix E presents sequential photographs of the
test period.

4.3.6 Test Article and Component Damage

Figure 4.26 shows damage to the sign support system. The lower telescopic slip
connection and fuse plates activated as designed. The support post and sign assembly came to
rest only a few inches downstream of the impact point. The base assembly was resting 225 ft
downstream of the impact point, underneath the vehicle body.

4.3.7 Test Vehicle Damage

The 1100C vehicle did not sustain any additional damage during the impact with the
temporary single sign support. Figure 4.27 shows photographs of the exterior of the vehicle.
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Figure 4.24. Vehicle/Installation Geometrics for Test No. 490022-7-3.
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Figure 4.25. Vehicle before Test No. 490022-7-3.
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Figure 4.26. Installation after Test No. 490022-7-3.
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4.3.8 Occupant Risk Values

No accelerometer or other types of instrumentation were installed in the vehicle. MASH
states that Test 71 “can be conducted without the instrumentation necessary for determining
occupant risk whenever the test article has a total weight of 220 Ib (100 kg) or less. In this case,
vehicle intrusion, windshield damage, and vehicle stability are the primary performance
evaluation factors.” The weight of the temporary sign support system was 67 Ib.

4.3.9 Assessment of Test Results

An assessment of the test based on the following applicable MASH safety evaluation
criteria is presented below.

4.3.9.1 Structural Adequacy
B. The test article should readily activate in a predictable manner by breaking
away, fracturing, or yielding.

Results:  The temporary sign support activated readily by yielding to the vehicle
and through activation of the slip connection. The fuse plates fractured on
their tensile sides as designed. (PASS)

4.3.9.2 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.

Deformation of, or intrusions into, the occupant compartment should not
exceed limits set forth in Section 5.3 and Appendix E of MASH.

Results:  No deformation or intrusion into the occupant compartment was recorded.
(PASS)

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

Results:  The 1100C vehicle remained upright during and after the collision event.
Although roll and pitch angles were not recorded, it is clear from film
analysis that they did not exceed 75 degrees throughout the impact event.
(PASS)

J. Occupant impact velocities should satisfy the following:
Longitudinal and Lateral Occupant Impact Velocity
Preferred Maximum
10 fit/s 16 fi/s
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Results:  Not required for test articles having a total weight of 220 Ib or less. The
weight of the temporary sign support system was 67 1b. (N/A)

4.3.9.3 Vehicle Trajectory
N. Vehicle trajectory behind the test article is acceptable.

Result:  The 1100C vehicle exited behind the test article. (PASS)

A summary of the results from Test No. 490022-7-3 is presented in Figure 4.28.
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44  SUMMARY OF TEST RESULTS

4.4.1 Test 490022-7-1 (MASH Test No. 3-71) of Temporary Single Sign Support with Top
and Bottom Telescopic Slip Connections (Modified Design #2)

The temporary sign support yielded to the vehicle and the bottom slip connection
activated as designed. The upper slip connection activated only after the released support rotated
almost 180 degrees. There was no secondary contact between the test article and the vehicle.
The 1100C vehicle remained upright and stable during and after the collision event.

4.4.2 Test 490022-7-2 (MASH Test No. 3-71) of Temporary Single Sign Support with
Bottom Telescopic Slip Connection (Design #4)

The temporary sign support yielded to the vehicle and the bottom slip connection
activated as designed. There was no secondary contact between the test article and the vehicle.
The 1100C vehicle remained upright and stable during and after the collision event.

4.4.3 Test 490022-7-3 (MASH Test No. 3-71) of Temporary Single Sign Support with
Bottom Telescopic Slip Connection and Upper Fuse Plate Connection (Modified Design #8)

The temporary sign support yielded to the vehicle and the bottom slip connection
activated as designed. The fuse plates fractured on their tension sides as design. There was no
secondary contact between the test article and the vehicle. The 1100C vehicle remained upright
and stable during and after the collision event.

4.4.4 Test Outcome Comparison

All three temporary single sign support designs behaved acceptably without any
secondary contact with the vehicle windshield or roof. In all three cases, the lower telescopic
connection activated as designed, releasing the inner support post and sign assembly from the
base and permitting it to rotate up and over the vehicle. In the first design, the upper telescopic
slip connection released the sign panel from the support post, but only after the support post had
rotated almost 180 degrees after impact. Thus, no substantial difference was noted in the
performance or trajectory of the sign supports evaluated in test 1 (modified Design #2) and test 2
(Design #4).

In test 3 (Design #8), the fuse plates fractured on their tensile sides as designed. The
permitted the sign assembly to hinge or rotate with respect to the vertical support. This reduced

the rotational inertia of the sign assembly compared to the other designs.

Table 4.1 presents side-by-side sequential images of the tests performed on the three
designs. This permits visual comparison of the three temporary single sign support systems.
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Table 4.1. Frame Comparison of Crash Tests on Possible Designs.

Time
(sec)

Design #1
(Telescopic Bottom &
Top Connections)
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Connection)
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Table 4.1. Frame Comparison of Crash Tests on Possible Designs (Continued).

. . Design
. Design #1 Design #2 esig #3
Time . > (Telescopic Bottom

(Telescopic Bottom & (Telescopic Bottom 3
(sec) . . Connection & Top

Top Connections) Connection) .
Frangible Plate)
0.027 EEEssii
| il 2 L 2 O
| 170 2 Y = B _.!.
Plate is Completely Broken at
Tension Side
0.060
0.075
0.086 PR
| R l:‘,.‘.-*_"ﬂj I
Sign Reaches 1* Horizontal
Line
0.089
¥Sl-gn eaches lgrﬁorlzontal |
Line
0.110
Slgn Reaches 1° Horizontal Line
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Table 4.1. Frame Comparison of Crash Tests on Possible Designs (Continued).

. Design #1 Design #2 Des1gn #3
Time . > (Telescopic Bottom
(Telescopic Bottom & (Telescopic Bottom 3
(sec) Top Connections) Connection) Connection & Top

P Frangible Plate)
0.112

Sign Reaches 2™ Horizontal
Line

0.117
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Line
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=
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0.137

Line

0.160
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Line
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Table 4.1. Frame Comparison of Crash Tests on Possible Designs (Continued).

. Design #1 Design #2 Des1gn #3
Time . > (Telescopic Bottom
(Telescopic Bottom & (Telescopic Bottom . .
(sec) . . Connection & Top Frangible
Top Connections) Connection)
Plate)

0.213 % i

-'fi T i .‘

:‘P-l-.rélte.(irorhple.telgl Re—ci;)seé in
“Straight” Position

4.4.5 Conclusions

The objective of this task was to evaluate the performance of three temporary single sign
support designs when impacted by an 1100C vehicle. Full-scale, high-speed crash tests
conforming to MASH Test 3-71 were performed to evaluate impact performance and trajectory
of the released sign support system. The tests were performed with the test article oriented at
90 degrees (i.e., with the sign panel oriented parallel to the path of the vehicle). Tables 4.2
through 4.4 summarize the evaluation of each system according to the relevant MASH criteria.

All three designs exhibited acceptable impact performance with vehicle 1100C with no
secondary contact between the support system and the vehicle windshield or roof. The
researchers chose Design #4 for further evaluation using finite element simulation because it was
the simplest and least expensive design to construct. The purpose of the simulation effort was to
assess performance of the selected design with the 2270P vehicle.
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CHAPTER 5. FINITE ELEMENT ANALYSIS’

5.1 FINITE ELEMENT MODELS OF THE VEHICLES USED FOR FE
SIMULATIONS

Figures 5.1 and 5.2 illustrate the finite element models of the small passenger car
(Toyota Yaris) and the pickup truck (Chevrolet Silverado) used in the computer simulations
performed during this project, and compares them to the actual vehicles used in the full-scale
crash tests (i.e., Kia Rio and Dodge Ram 1500 pickup, respectively). The analyses were
performed using the nonlinear finite element software LS-DYNA (9).

5.2  FINITE ELEMENT SIMULATIONS ANALYSIS
5.2.1 Simulation of Test No. 490022-7-2 (MASH Test 3-71)

A finite element model of temporary sign support system Design #4 was developed and
validated using data from the small car development test (Test No. 490022-7-2).

Figure 5.3 shows the finite element model of the temporary single sign support. The
1-3/4 inch square steel tubing used in the H-base assembly was 0.108 inch thick and was
modeled using piecewise linear plasticity material properties. A 36-inch x 36-inch % 0.10-inch
thick aluminum diamond-shaped sign panel was modeled with elastic material properties and
constrained to the 1-1/2 inch steel vertical support using nodal rigid body constraints at the
locations of connecting bolts. The 1-1/2 inch vertical support was inserted 4’2 inches into the
1-3/4 inch sleeve tube. The vertical support rested on null shells that were modeled to represent
the bolt. The mounting height to the bottom of the sign panel was 7 ft.

Figure 5.4 shows the passenger car vehicle model impacting the temporary single sign
support model (Design #4) at a speed of 62.4 mph and a 90 degree angle. These impact
conditions matched the actual crash test conditions. The impact location was the right quarter
point of the vehicle aligned with the center of the sign support.

Table 5.1 compares the results of the simulated impact to those of the crash test. Very
good correlation was achieved between simulation and test results. The FE simulation correctly
replicated the trajectory of the temporary single sign support during and after the impact event.
Figure 5.5 shows the energy balance for the FE simulation. Both hourglass and sliding interface
energy values remain under 5 percent as preferred during FE computer simulations.

" TTI Proving Ground is an ISO 17025 accredited laboratory with A2LA Mechanical Testing certificate 2821.01.
This certificate does not include simulation/engineering analysis.
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Test No. 490022-7-2 FE Model

DETAIL A
SCALE1:5

1-1/2" UNI-STRUT
RESTS ON BOLT

DO NOT BOLT THROUGH
1-3/4" UNI-STRUT-
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=
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I\ : ./‘I
(a) Details of Temporary Sign Support System (b) Details of FE Temporary Sign
Used in Test No. 490022-7-2 Support System

Figure 5.3. Comparison between Test No. 490022-7-2 and FE Model Temporary Single
Sign Support System Configurations.

Pre-Impact Frontal Configuration Impact Conditions

Kia Rio Test Vehicle Toyota Yaris FE Model

» Impact Speed:
62.4 mph

» Impact Angle:
90 degrees

» Impact
Location: right
quarter point
aligned with
centerline of
sign support

(a) Test No. 490022-7-2 (b) FE Simulation

Figure 5.4. Comparison between TxDOT Test No. 490022-7-2
and FE Model Impact Conditions.
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Table 5.1. Comparison of 490022-7-2 Crash Test and FE Impact Simulation
with Passenger Car (Yaris).

Time
(sec)

490022-7-2 Crash Test

FE Simulation

0.000

Impact Time

0.014

0.016

0.018

0.019

Middle Post Leaves Lower Telescopic
Connection (0.019 sec)

(0.018 sec)
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Table 5.1. Comparison of 490022-7-2 Crash Test and FE Impact Simulation
with Passenger Car (Yaris). (Continued)

Time

490022-7-2 Crash Test FE Simulation
(sec)

0.026

0.060

0.074

0.086

0.110
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Table 5.1. Comparison of 490022-7-2 Crash Test and FE Impact Simulation
with Passenger Car (Yaris). (Continued)

Time

490022-7-2 Crash Test FE Simulation
(sec)

0.116

0.136

0.152
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Figure 5.5. Energy Distribution from Finite Element Simulation of 490022-7-2.

5.2.2 Predictive Simulation with 2270P Vehicle

The impact performance of the selected temporary single sign support system (Design
#4) with the 2270P pickup truck was evaluated using FE simulation. Figure 5.6 shows the initial
simulation setup of the finite element model of the temporary single sign support and pickup
truck. The impact speed was 62.4 mph, and the sign panel was oriented at 90 degrees. The
initial impact location the right quarter point of the vehicle aligned with the centerline of the sign
support. Figure 5.7 shows the interaction between the sign support system and the pickup truck
vehicle model during the simulation. The simulation predicts contact of the corner of the sign
panel with the windshield of the pickup truck. This interaction is likely to result in unacceptable
occupant compartment deformation.

Figure 5.8 presents the energy balance from the FE impact simulation. Both hourglass
and sliding interface energy values remain under 5 percent as preferred during FE computer
simulations. Table 5.2 compares the results of the simulated impact with the 2270P vehicle to
those of the FE simulation with the 1100C vehicle.
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Impact Configurations Initial Impact Conditions

» Impact Speed:
62.4 mph

» Impact Angle:
90 degrees

» Impact
Location:
right quarter
point from
vehicle’s
centerline

(passenger’s
side)

(a) Frontal View (b) Lateral View

Figure 5.6. Initial Configuration for Finite Element Impact Simulation with MASH 2270P
Vehicle (Design #4).

Windshield Impact Configurations

(a) Frontal View (b) Perspective View

Figure 5.7. Predicted Windshield Impact in Finite Element Simulation with MASH 2270P
Vehicle (Design #4).
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Figure 5.8. Energy Balance from Finite Element Simulation of Impact of Design #4 with
MASH 2270P Vehicle.
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Table 5.2. Comparison of FE Simulation of Design #4
with 1100C Vehicle and 2270P Vehicle.

Time

(sec) 1100C FE Simulation (Design #2) 2270P FE Simulation (Design #2)

0.000

0.014

0.016

0.018

Telescopic Connection Releases
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Table 5.2. Comparison of FE Simulation of Design #4
with 1100C Vehicle and 2270P Vehicle. (Continued)

Time

(sec) 1100C FE Simulation (Design #2) 2270P FE Simulation (Design #2)

0.026

0.028

(0.026) Telescopic Connection Releases (0.028)

0.060

0.074

0.086

0.110
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Table 5.2. Comparison of FE Simulation of Design #4
with 1100C Vehicle and 2270P Vehicle. (Continued)

1100C FE Simulation (Design #2) 2270P FE Simulation (Design #2)

Time
(sec)

0.116

0.136

0.152

Various design modifications were considered to mitigate the windshield contact
associated with Design #4. Two modified designs were modeled:

- Raise Telescopic Slip Connection from 34 inches to 5 ft height above ground.
- Raise Telescopic Slip Connection from 34 inches to 5 ft height above ground and nest tube
inside vertical support post to provide height adjustability in the field.

The modified designs were modeled and used in predictive FE vehicle impact simulations
with both 1100C and 2270P vehicles. Of particular interest was the assessment of any secondary
contact between the sign support system and 2270P vehicle. Results obtained from the computer
simulations were used to select a temporary single sign support system for full-scale crash
testing.
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5.2.3 Design Modification #1: Telescopic Slip Connection 5-ft from Ground

The purpose of raising the height of the slip connection was to release the sign panel at a
greater height and, thereby, avoid impacting the windshield. Figures 5.9 to 5.11 show details of
the modified design.

Figure 5.12 shows the finite element model of the modified design. The base assembly
was similar to the previous design except the length of the 1-3/4-inch perforated square steel
vertical sleeve was increased from 34 inches to 60 inches. The length of the 1-1/2-perforated
square steel vertical support was correspondingly decreased to 72 inches. The vertical support
was inserted 4 72 inches into the sleeve and rested on null shells that were modeled to represent
the bolt. The mounting height to the bottom of the sign panel was 7 ft.

Figure 5.13 shows the initial simulation setup for both the 1100C and 2270P vehicles
impacting the modified temporary single sign support at 62.2 mph and 90 degrees. These impact
conditions correspond to MASH tests 3-71 and 3-72, respectively. The initial impact location for
each simulation was the right quarter point of the vehicle aligned with the centerline of the sign
support system.

The FE simulation did not predict any second impact between the released sign support
assembly and the 1100C vehicle (see Figure 5.14 (a and b)). However, although contact with the
windshield was avoided, secondary contact between the sign support assembly and the roof was
predicted in the simulation with the 2270P vehicle (see Figure 5.14 (¢ and d)). Figures 5.15 and
5.16 show the energy balance for the 1100C and 2270P simulations, respectively. Hourglass and
sliding interface energy values remained under 5 percent for both simulations. Table 5.3
compares the sign support trajectory for the 1100C and 2270P vehicle simulations.
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FE Model

Figure 5.12. FE Model of Temporary Single Sign Support System — Design Modification #1.

Initial Configurations Initial Impact Conditions

» Impact Speed:
62.2 mph
» Impact Angle:

(a) Frontal View - (b) Lateral View — 1100C 90 degrees

1100C Vehicle Vehicle > Impact

Location: right
quarter point
aligned with
centerline of
sign support

the Frontal View —

2270P Vehicle (d) Lateral View — 2270P Vehicle

Figure 5.13. Initial Configuration for the Finite Element Simulation with (a and b) MASH
1100C and (c and d) MASH 2270P Vehicles (Design Modification #1).
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Final Configurations

(a) Frontal View — 1100C Vehicle (b) Lateral View — 1100C Vehicle

the Frontal View — 2270P Vehicle (d) Perspective View — 2270P Vehicle

Figure 5.14. Predicted Outcomes of Finite Element Simulations with (a and b) MASH
1100C and (c and d) MASH 2270P Vehicles (Design Modification #1).
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Figure 5.15. Energy Balance from Finite Element Simulation with 1100C Vehicle (Design
Modification #1).
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