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1 INTRODUCTION
1.1 Background

Over the years, it has become desirable to place a longitudinal concrete slab or
continuous asphalt pavement under W-beam guardrail systems in order to reduce the time and
costs for mowing operations around guardrail posts. Unfortunately, prior research has
demonstrated that standard strong-post W-beam guardrails may not perform in an acceptable
manner when the guardrail posts are placed directly in an asphalt or concrete pavement that
restricts post rotation. Rail ruptures have been attributed to a loss of energy dissipation in the
barrier system when posts were restricted from rotating through the soil [1-2].

Currently, guardrail posts installed within mow strips have required a blocked-out area or
“leave-out” that surrounds each post. Leave-outs allow posts to rotate through the soil, which
results in acceptable safety performances for standard W-beam guardrails [3-6]. Many leave-out
designs incorporate weak cement, grout mixes, or rubber/foam pads that restrict plant growth but
crumble away under impact loads. After an impact event, the debris is removed, soil is retamped,
a new post is driven into place, and a new batch of the weak cement/grout is poured into the
leave-out. Therefore, significant effort is required to reset a post after an impact. Examples of
typical grout-filled leave-outs before and after impact are shown in Figure 1.

In 2010, the Midwest Guardrail System (MGS) Bridge Rail was developed utilizing
S3x5.7 (S76x8.5) steel posts at half-post spacing, or 37% in. (953 mm) on center, to support
standard W-beam guardrail segments [7-8]. The posts were installed in tubular steel sockets that
were side-mounted to a concrete bridge deck, as shown in Figure 2. Energy was dissipated
during impact events through bending of the weak posts instead of post rotation through soil. The
MGS bridge rail was successfully crash tested to the Teat Level 3 (TL-3) safety performance

standards of the Manual for Assessing Safety Hardware (MASH) [9].
1
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Figure 2. MGS Bridge Rail Installation
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Since the MGS bridge rail posts were installed in rigid sleeves, it was believed that the
MGS Bridge Rail could be adapted for use in guardrail applications where mow strips similarly
restrict the movement of the posts below the groundline. Ideally, this application would eliminate
the need for leave-outs around guardrail posts installed in unyielding pavements. Additionally,
the use of sockets would minimize costs and labor time during installation and repairs to
damaged posts.
1.2 Objective

The objective of this research effort was to adapt the weak-post, MGS bridge rail for use
in mow strips and other pavements. lIdeally, the steel guardrail system components would
withstand the impact loads and dissipate enough energy to leave the mow strip undamaged.
Thus, system repairs would require only the removal and replacement of damaged barrier
components (posts and rail segments). The new guardrail system was to be evaluated according
to MASH TL-3 safety performance criteria.
1.3 Research Approach

The project was completed via a series of tasks. First, a review of multiple Departments
of Transportation (DOTSs) standards was conducted to determine typical mow strip widths,
thicknesses, and materials (concrete or asphalt), and to select a critical mow strip configuration
for testing. Next, dynamic component testing was conducted to evaluate pavement damage
resulting from impacts into posts with various socket configurations. Based on the component
testing results, a design configuration was selected and full-scale crash tested according to
MASH TL-3 conditions. Finally, conclusions and recommendations were formed concerning the

final system design and installation practices.
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2 REVIEW OF MOW STRIP STANDARDS AND PRACTICES
Before the MGS bridge rail could be adapted for use in mow strips, it was vital to identify
the mow strip configurations currently being installed. Of specific importance to this project
were the thicknesses, widths, and pavement materials of typical mow strip installations, as these
characteristics determine the strength of a mow strip. Therefore, a review was conducted on the
mow strip standards from the various members of the Midwest States Pooled Fund Program. The

results of this review are summarized in Table 1.

Table 1. Typical Mow Strip Configurations of Pooled Fund Members

Typical Mow Strip Configuration
State DOT

Material Thickness Width

Wisconsin Asphalt 41in. 4 ft

South Dakota Asphalt >4 in. 4 ft

lowa Asphalt 4in. 4 ft

Wyoming Asphalt 41in. 3ft
New Jersey Asphalt 4-6in. >2 ft

Missouri Asphalt 3-41n. 4 ft

Nebraska Asphalt 41in. 4 ft

linois Concrete 4in. 4 ft

Asphalt 41in. 4 ft

Ohio Concrete 41in. 4 ft

Asphalt 3-4in. 4 ft

Kansas Concrete 41in. 4 ft
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From the ten State Departments of Transportation (DOTS) that participated in the review,
nine installed asphalt mow strips, while three installed concrete mow strips (two states used
both). Thicknesses were reported between 3 to 6 in. (76 to 152 mm), although 4 in. (102 mm)
was the most commonly utilized thickness. Typical mow strip widths were consistently reported
as 4 ft (1.2 m), with only two states allowing narrower mow strips.

The results of this review indicated that a 4-in. (102-mm) thick, 4-ft (1.2-m) wide asphalt
mow strip was the most commonly utilized configuration. Therefore, it was desired for the weak-
post guardrail system to be compatible with 4-in. (102-mm) thick, 4-ft (1.2-m) wide asphalt mow
strips. However, through discussions with the project sponsors, other mow strip configurations
would be acceptable if stronger mow strips were necessary to prevent damage. As such, the use
of asphalt thicknesses up to 6 in. (152 mm) and/or the use of concrete as the pavement material
were also options for the mow strip design. Dynamic component testing would be conducted to
evaluate the mow strip configurations and determine the required strength to prevent pavement

damage.
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3 COMPONENT TESTING CONDITIONS

3.1 Purpose

One of the objectives for the new guardrail system was to prevent damage to the mow
strip, thereby minimizing repair time and costs. As such, it was important to quantify the
expected level of damage that various mow strip configurations would incur while supporting
S3x5.7 (S76x8.5) guardrail posts. Dynamic component testing was conducted to evaluate various
mow strips and aid in the selection of the final system design configuration.
3.2 Scope

Dynamic component testing was conducted with a bogie vehicle impacting an S3x5.7
(S76x8.5) post installed within concrete and asphalt mow strips of various widths. Additionally,
some of the tests utilized steel sockets of varying depths to support the posts. Altogether, 11
component tests were conducted over three rounds of component testing. The tests were
conducted on an iterative basis in order to determine the minimum size and strength of a mow
strip to prevent damage during vehicle impacts to the weak-post guardrail system.
3.3 Equipment and Instrumentation

Equipment and instrumentation utilized to collect and record data during the dynamic
bogie tests included a bogie vehicle, accelerometers, a retroreflective speed trap, high-speed and
standard-speed digital video, and still cameras.

3.3.1 Bogie Vehicle

A rigid-frame bogie was used to impact the posts. A variable-height, detachable impact
head was used in the testing. The bogie head was constructed of 2%2-in. x 2%-in. (64-mm X 64-
mm), %/16-in. (8-mm) thick square steel tubing, with %-in. (19-mm) neoprene belting attached to
the front of the head to prevent local damage to the post from the impact. The impact head was

bolted to the bogie vehicle, creating a rigid frame with an impact height of 12 in. (305 mm),
6
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which was selected to simulate the bumper height of a small car. The bogie with the impact head
is shown in Figure 3. The weight of the bogie with the addition of the mountable impact head

and accelerometers was approximately 1,800 Ib (820 kg).

MwRSHM BOGIEJN .~

Figure 3. Rigid-Frame Bogie on Guidance Track

The tests were conducted using a steel corrugated beam guardrail to guide the tire of the
bogie vehicle. A pickup truck was used to push the bogie vehicle to the required impact velocity.
After reaching the target velocity, the push vehicle braked, allowing the bogie to be free-rolling
as it came off the track. A remote braking system was installed on the bogie, allowing it to be
brought safely to rest after the test.

3.3.2 Accelerometers

During each component test, an accelerometer system was mounted on the bogie vehicle
near its center of gravity to measure accelerations in the longitudinal, lateral, and vertical
directions. However, only the longitudinal acceleration was processed and reported. The
electronic accelerometer data obtained in dynamic testing was filtered using the SAE Class 60

and the SAE Class 180 Butterworth filters conforming to SAE J211/1 specifications [10]. Four
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different accelerometer systems were utilized throughout the component testing program. Table

2 contains a breakdown of the accelerometers utilized during each component test.

Table 2. Accelerometers Utilized during Each Component Test

Round of Test No Accelerometers
Testing ' SLICE-1 SLICE-2 DTS
MS-1
MS-2
MS-3
MS-4
MS-5 X
MSSP-1
2 MSSP-2
MSSP-3
MSSP-4
MSSP-5
MSSP-6

X[ X[ X[ X

m
x| x| x| x| x| %

XXX XXX

The first 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 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 +500 g’s, a sample rate of 10,000
Hz, and a 1,650 Hz (CFC 1000) anti-aliasing filter. The “SLICEWare” computer software
program and a customized Microsoft Excel worksheet were used to analyze and plot the
accelerometer data.

The third accelerometer system was a two-arm piezoresistive accelerometer system
manufactured by Endevco of San Juan Capistrano, California. Three accelerometers were used to
measure each of the longitudinal, lateral, and vertical accelerations independently at a sample

rate of 10,000 Hz. The accelerometers were configured and controlled using a system developed
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and manufactured by DTS. More specifically, data was collected using a DTS Sensor Input
Module (SIM), Model TDAS3-SIM-16M. The SIM was configured with 16 MB SRAM and
eight sensor input channels with 250 kB SRAM/channel. The SIM was mounted on a TDAS3-R4
module rack. The module rack was configured with isolated power/event/communications,
10BaseT Ethernet and RS232 communication, and an internal backup battery. Both the SIM and
module rack were crashworthy. The “DTS TDAS Control” computer software program and a
customized Microsoft Excel worksheet were used to analyze and plot the accelerometer data.

The fourth system, Model EDR-3, was a triaxial piezoresistive accelerometer system
manufactured by Instrumented System Technology (IST) of Okemos, Michigan. The EDR-3 was
configured with 256 kB of RAM, a range of £200 g’s, a sample rate of 3,200 Hz, and a 1,120 Hz
low-pass filter. The “DynaMax 1 (DM-1)" computer software program and a customized
Microsoft Excel worksheet were used to analyze and plot the accelerometer data.

At the time of testing, the EDR-3 transducer was not calibrated to 1ISO 17025 standards,
due to the lack of an ISO 17025 calibration laboratory with the capabilities of calibrating the
unit. However, the EDR-3 was calibrated by IST, which provided traceable documentation for
the calibration. MWRSF also recognizes that the EDR-3 does not satisfy the 10,000 Hz sample
frequency recommended by MASH. Following numerous test comparisons, the EDR-3 has been
shown to provide equivalent results to the DTS unit, which does satisfy MASH criteria and has
ISO 17025 calibration traceability. Therefore, MWRSF has continued to use the EDR-3 as a
backup device during physical impact testing.

3.3.3 Retroreflective Optic Speed Trap

The retroreflective optic speed trap was used to determine the speed of the bogie vehicle
before impact. Three retroreflective targets, spaced at approximately 18-in. (457-mm) intervals,

were applied to the side of the vehicle. When the emitted beam of light was reflected by the
9



October 1, 2015
MwRSF Report No. TRP-03-322-15

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.

3.3.4 Digital Photography

At a minimum, one AOS high-speed digital video camera, one GoPro digital video
camera, and one JVC digital camera were used to document each test. The AOS high-speed
camera had a frame rate of 500 frames per second, the GoPro video camera had a frame rate of
120 frames per second, and the JVC digital video camera had a frame rate of 29.97 frames per
second. The cameras were typically placed laterally from the post, with a view perpendicular to
the bogie’s direction of travel. A Nikon D50 digital still camera was used to document pre- and
post-test conditions for all tests.
3.4 End of Test Determination

When the impact head initially contacted the test article, the force exerted by the
surrogate test vehicle was directly perpendicular. However, as the post rotated, the surrogate test
vehicle’s orientation and path moved farther from perpendicular. This introduced two sources of
error: (1) the contact force between the impact head and the post had a vertical component and
(2) the impact head slid upward along the test article. Therefore, only the initial portion of the
accelerometer trace is typically used, since variations in the data become significant as the
system rotates and the surrogate test vehicle overrides the system. Additionally, guidelines were
established to define the end-of-test time using the high-speed video of the impact. The first
occurrence of either of the following events was used to determine the end of the test: (1) the test

article fractures or (2) the surrogate vehicle overrides/loses contact with the test article.
10
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3.5 Data Processing

The electronic accelerometer data obtained in dynamic testing was filtered using the SAE
Class 60 Butterworth filter conforming to the SAE J211/1 specifications [10]. The pertinent
acceleration signal was extracted from the bulk of the data signals. The processed acceleration
data was then multiplied by the mass of the bogie to get the impact force using Newton’s Second
Law. Next, the acceleration trace was integrated to find the change in velocity versus time. Initial
velocity of the bogie, calculated from the speed trap data, was then used to determine the bogie
velocity, and the calculated velocity trace was integrated to find the bogie’s displacement. This
displacement was also the displacement of the post. Combining the previous results, a force vs.
deflection curve was plotted for each test. Finally, integration of the force vs. deflection curve

provided the energy vs. deflection curve for each test.

11
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4 COMPONENT TESTING - ROUND 1

4.1 Purpose

The original MGS bridge rail system utilized 4-in. x 4-in. (102-mm x 102-mm) steel tube
sockets to support the S3x5.7 (S76x8.5) posts to the bridge deck. The sockets were designed to
be rigid and prevent movement of the posts below the groundline during impacts. However, it
was unclear if sockets would be necessary for these posts installed in mow strips, as the
concrete/asphalt may have enough strength to prevent movement of the posts at the groundline.
To explore this possibility, Round 1 of component testing was conducted to evaluate the damage
associated with both asphalt and concrete mow strips without sockets.
4.2 Scope

Round 1 of component testing consisted of four tests on S3x5.7 (S76x8.5) posts installed
within various mow strips without sockets, as shown in Figures 4 through 6. Test nos. MS-1 and
MS-3 were conducted with the posts installed with a 4-in. (102-mm) thick concrete mow strip,
test no. MS-2 was conducted with a 4-in. (102-mm) thick asphalt mow strip, and test no. MS-4
was conducted with a 6-in. (152-mm) thick asphalt mow strip. For Test MS-1, the post was
installed through a 4-in. x 4-in. (102-mm x 102-mm) leave-out formed in the concrete during
casting of the mow strip, while the post for MS-3 was installed through a 4-in. (102-mm)
diameter hole cored in the concrete. The posts for MS-2 and MS-4 were driven through the
asphalt and into the ground without any holes or leave-outs in the pavement. All mow strips were
4 ft (1.2 m) wide, and the posts were installed at the center of the mow strip width.

The unreinforced concrete mow strip was constructed from a concrete mix with a
compressive strength of 4,000 psi (28 MPa). The asphalt mow strip was constructed from a 52-
34 grade binder typically utilized in highway shoulder construction in Nebraska. The S3x5.7

(S76x8.5) posts were designated as A36 steel. However, the posts were fabricated from a 50 ksi
12
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(345 MPa) steel that also satisfied A992 requirements. This increased strength resulted in a more
critical evaluation of the mow strips. Material specifications, mill certifications, and certificates
of conformity for the installation materials are shown in Appendix A.

The bogie vehicle impacted the posts at a height of 12 in. (305 mm), a targeted impact
speed of 20 mph (32 km/h), and an angle of 90 degrees, thus causing strong-axis bending. This
impact condition was selected to provide a critically high load to the post and the supporting
mow strip. The same impact conditions were used previously when evaluating the adaptation of
the MGS bridge rail for use on culvert headwalls [11]. The complete test matrix for Round 1 of

component testing is shown in Table 3.

Table 3. Component Testing Matrix, Round 1

Mow Strip Impact Impact
: ) Impact
Test Thickness | Width | Installation | Height Speed Angle
No. Material in. ft Hole in. mph Deg.
(mm) (m) (mm) (km/h)
4 4 . 12 20 o
MS-1 | Concrete (102) (1.2) 4” dia. hole (305) (32) 90
4 4 12 20 0
MS-2 Asphalt (102) (1.2) NA (305) (32) 90
4 4 47x4” 12 20 o
MS-3 | Concrete | 159y (1.2) | leave-out | (305) (32) 20
6 4 12 20 o
MS-4 Asphalt (152) (1.2) NA (305) (32) 90

13
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4.3 Results

Through component testing, the performance of each mow strip configuration was
evaluated in terms of both structural integrity and resistance force. Mow strips would be deemed
adequate if no damage was sustained during the impact event, allowing quick and easy repair of
the system. Additionally, accelerometer data for each test was processed to obtain acceleration,
velocity, and deflection data, as well as force vs. deflection and energy vs. deflection curves.
Although the individual transducers produced similar results, the values described herein were
calculated from the SLICE data curves in order to provide a common basis for comparing results
from multiple tests. Test results for all transducers are provided in Appendix B.

4.3.1 Test No. MS-1

Test no. MS-1 was conducted on July 17, 2013 at approximately 11:00 a.m. The weather
conditions, per the National Oceanic and Atmosphere Administration (station 14939/LNK), were

reported and are shown in Table 4.

Table 4. Weather Conditions, Test No. MS-1

Temperature 88° F
Humidity 47%
Wind Speed 9 mph
Wind Direction 210° From True North
Sky Conditions Sunny
Visibility 10 Statute Miles
Pavement Surface Dry
Previous 3-Day Precipitation 0.0in.
Previous 7-Day Precipitation 0.0 in.

During test no. MS-1, the bogie impacted the S3x5.7 (S76x8.5) steel post at a speed of
19.7 mph (31.7 km/h) and an angle of 90 degrees, causing strong-axis bending in the post. By
0.008 sec after impact, a plastic hinge had formed in the post at groundline. The post continued

to bend backward until the bogie head overrode the top of the post 0.121 sec after impact.

17
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Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data and are shown in Figure 7. Upon impact, the resistance force increased rapidly to a peak
force of 14.5 kips (64.5 kN) at a displacement of 1.1 in. (28 mm). The force remained above 10
kips (4.5 kN) for the next 5 in. (127 mm) of displacement. By 0.030 sec and a displacement of 10
in. (254 mm), the bogie head was sliding up the post as it bent over, resulting in a reduction of
force. Subsequently, the resistance force oscillated below 8.5 Kkips (37.8 kN) until the bogie head
overrode the post at a displacement of 34.0 in. (864 mm). At this deflection, 122.5 k-in. (13.8 kJ)
of energy was dissipated.

Damage to the test article consisted of plastic bending of the post at the groundline and
minimal surface spalling at the back edge of the concrete hole. The spalling was less than % in.
(6 mm) deep, and cracking was not evident. The post was removed without causing further
damage. Thus, a new post could be installed without repairs to the concrete. Time-sequential

photographs and pre- and post-impact photographs are shown in Figures 8 and 9, respectively.

Test No. MS-1
20 160
15 \/\/ o 120
/\/ \ /"\_/ —~Force
10 80 —
——Energy .

(9]

\

—

8

Energy (k-in.)

Force (kips)

0 \ AN
/S VU VW

-5 -40
0 5 10 15 20 25 30 35
Deflection (in.)

Figure 7. Force vs. Deflection and Energy vs. Deflection, Test No. MS-1
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Figure 8. Time-Sequential Photographs, Test No. MS-1
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Figure 9. Pre- and Post-Impact Photographs, Test No. MS-1
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4.3.2 Test No. MS-2
Test no. MS-2 was conducted on July 17, 2013 at approximately 12:00 p.m. The weather
conditions, per the National Oceanic and Atmosphere Administration (station 14939/LNK), were

reported and are shown in Table 5.

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

Temperature 90° F
Humidity 42%
Wind Speed 9 mph
Wind Direction 210° From True North
Sky Conditions Sunny
Visibility 10 Statute Miles
Pavement Surface Dry
Previous 3-Day Precipitation 0.0in.
Previous 7-Day Precipitation 0.0in.

During test no. MS-2, the bogie impacted the S3x5.7 (S76x8.5) steel post at a speed of
19.4 mph (31.2 km/h) and an angle of 90 degrees, causing strong-axis bending in the post. By
0.006 sec after impact, a plastic hinge had formed in the post at the groundline. The post
continued to bend backward until the bogie head overrode the top of the post 0.128 sec after
impact.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data and are shown in Figure 10. Upon impact, the resistance force increased rapidly to a peak
force of 12.1 kips (53.8 kN) at a displacement of 1.8 in. (46 mm). The force remained above 10
kips (4.5 kN) through a displacement of 9.8 in. (249 mm). At 0.032 sec and a displacement of 10
in. (254 mm), the bogie head was sliding up the post as it bent over, resulting in a reduction of

force. Subsequently, the resistance force oscillated below 5 kips (22.2 kN) until the bogie head
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overrode the post at a displacement of 34.0 in. (864 mm). At this deflection, 134.2 k-in. (15.2 kJ)
of energy was dissipated.

Damage to the test article consisted of plastic bending of the post at the groundline and
displacement and spalling of the asphalt. The post displaced backward approximately 2.5 in. (64
mm) into the asphalt mow strip, which caused displacement and spalling of the asphalt. Removal
of the post caused further spalling and cracking to the asphalt. Time-sequential photographs and

pre- and post-impact photographs are shown in Figures 11 and 12, respectively.
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Figure 10. Force vs. Deflection and Energy vs. Deflection, Test No. MS-2
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4.3.3 Test No. MS-3
Test no. MS-3 was conducted on July 31, 2013 at approximately 1:00 p.m. The weather
conditions, per the National Oceanic and Atmosphere Administration (station 14939/LNK), were

reported and are shown in Table 6.

Table 6. Weather Conditions, Test No. MS-3

Temperature 85° F
Humidity 51%
Wind Speed 7 mph
Wind Direction 030° From True North
Sky Conditions Cloudy
Visibility 10 Statute Miles
Pavement Surface Dry
Previous 3-Day Precipitation 0.72 in.
Previous 7-Day Precipitation 0.72 in.

During test no. MS-3, the bogie impacted the S3x5.7 (S76x8.5) steel post at a speed of
20.8 mph (33.5 km/h) and an angle of 90 degrees, causing strong-axis bending in the post. By
0.006 sec after impact, a plastic hinge had formed in the post at the groundline. The post
continued to bend backward until the bogie head overrode the top of the post 0.109 sec after
impact.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data and are shown in Figure 13. Upon impact, the resistance force increased rapidly to peaks of
13.9 kips (61.8 kN) and 14.7 kips (65.4 kN) at displacements of 1.2 in. (30 mm) and 6.9 in. (175
mm), respectively. At 0.030 sec and a displacement of 10 in. (254 mm), the bogie head was
sliding up the post as it bent over, resulting in a reduction of force. Subsequently, the resistance
force oscillated below 6 Kips (26.7 kN) until the bogie head overrode the post at a displacement

of 32.3 in. (820 mm). At this deflection, 132.8 k-in. (15.0 kJ) of energy was dissipated.
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Damage to the test article consisted of plastic bending of the post at the groundline and
some surface spalling at the back edge of the concrete hole. However, the spalling was less than
Yain. (6 mm) deep, and cracking was not evident. The post was removed without causing further
damage, so a new post could be installed without repairs to the concrete. Time-sequential

photographs and pre- and post-impact photographs are shown in Figures 14 and 15, respectively.
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Figure 13. Force vs. Deflection and Energy vs. Deflection, Test No. MS-3
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Figure 14. Time-Sequential Photographs, Test No. MS-3
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Figure 15. Pre- and Post-Impact Photographs, Test No. MS-3
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4.3.4 Test No. MS-4
Test no. MS-4 was conducted on July 31, 2013 at approximately 2:00 p.m. The weather
conditions, per the National Oceanic and Atmosphere Administration (station 14939/LNK), were

reported and are shown in Table 7.

Table 7. Weather Conditions, Test No. MS-4

Temperature 85° F
Humidity 49%
Wind Speed 5 mph
Wind Direction 280° From True North
Sky Conditions Cloudy
Visibility 10 Statute Miles
Pavement Surface Dry
Previous 3-Day Precipitation 0.72 in.
Previous 7-Day Precipitation 0.72 in.

During test no. MS-4, the bogie impacted the S3x5.7 (S76x8.5) steel post at a speed of
23.8 mph (38.3 km/h) and an angle of 90 degrees, causing strong-axis bending in the post. By
0.008 sec after impact, a plastic hinge had formed in the post at the groundline. The post
continued to bend backward until the bogie head overrode the top of the post 0.088 sec after
impact.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data and are shown in Figure 16. Upon impact, the resistance force increased rapidly to 13.9 kips
(61.8 kN) at a displacement of 1.8 in. (46 mm). The force remained above 8 kips (35kN) until
reaching a peak force of 14.2 kips (63.2 kN) at a displacement of 11.5 in. (292 mm). At 0.028
sec and a displacement of 12 in. (305 mm), the bogie head was sliding up the post as it bent over,

resulting in a reduction of force. Subsequently, the resistance force oscillated below 5 kips (22.2
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kN) until the bogie head overrode the post at a displacement of 31.4 in. (798 mm). At this
deflection, 155.2 k-in. (17.5 kJ) of energy was dissipated.

Damage to the test article consisted of plastic bending of the post at the groundline and
displacement and spalling of the asphalt. The post translated backward approximately 2 in. (51
mm) into the asphalt mow strip, which caused displacement and spalling of the asphalt. Removal
of the post caused further spalling and cracking in the asphalt. Time-sequential photographs and

pre- and post-impact photographs are shown in Figures 17 and 18, respectively.
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Figure 16. Force vs. Deflection and Energy vs. Deflection, Test No. MS-4
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0.060 sec 0.140 sec

Figure 17. Time-Sequential Photographs, Test No. MS-4
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Figure 18. Pre- and Post-Impact Photographs, Test No. MS-4
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4.4 Discussion

The results from Round 1 of dynamic component testing are summarized in Table 8, and
force vs. displacement and energy vs. displacement comparisons for all four tests are shown in
Figures 19 and 20, respectively. The results from these four tests were similar in terms of
resistance forces, absorbed energy, and post behavior, as a plastic hinge formed in the post at the
groundline during each test. However, the damage sustained by the mow strips was dependent
upon the mow strip material. The concrete mow strips remained intact and sustained only minor
spalling along the back edges of the post holes. Both post hole types, the 4-in. x 4-in. (102-mm X
102-mm) leave-out and the 4-in. (102-mm) diameter cored hole, performed similarly, and repairs
to the concrete mow strip would not be necessary during replacement of damaged system posts.

Damage to the asphalt mow strips was more prominent than the concrete mow strips, as
the posts translated backward at least 2 in. (51 mm) through both the 4-in. and 6-in. (102-mm
and 152-mm) thick asphalt mow strips. This displacement caused spalling and cracking that
would likely require repairs after impact events. Further asphalt damage occurred when the
damaged posts were removed. Therefore, asphalt mow strips were susceptible to permanent
damage when guardrail posts were driven directly into the pavement.

The resistance forces recorded during all four of these tests were very similar, with peak
forces between 12 and 15 kips (53 and 67 kN). Additionally, significant drops in force between 9
and 12 in. (229 and 305 mm) of displacement correlated to the times when the bogie head began
to slide up the posts as they bent over. As a result, the energy absorbed during the tests was very
similar, especially over the first 10 to 15 in. (254 to 381 mm) of deflection. Only small
differences in forces could be seen between the concrete and asphalt mow strips. The concrete
mow strips tended to be slightly stiffer, as they created higher initial peaks through the first 7 in.

(178 mm) of displacement. This behavior may be a result of the posts translating through the
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asphalt mow strips during the first parts of test nos. MS-2 and MS-4, while the concrete
prevented post translation at the groundline in test nos. MS-1 and MS-3.

From these results, a 4-in. (102-mm) thick unreinforced concrete mow strip was shown to
be strong enough to support the guardrail posts without sustaining significant damage during
impacts. Unfortunately, asphalt mow strips up to 6 in. (152 mm) thick proved too weak to
prevent damage and would require repairs. The addition of some type of load-distribution
mechanism may be necessary to prevent damage from occurring to asphalt mow strips. This idea

was explored in Round 2 of bogie testing.
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Table 8. Results Summary, Component Testing — Round 1

. Average Force Total
Mow Strip Impact Impact Peak kips (kN) Energy
Test Velocity Force i
No. Thickness | Angle mph Kips Absorbed | Mow Strip Damage
Material n. deg (km/h) (kN) @ 107 @15” k-in.
(mm) (kJ)
Concrete 4 19.8 14.5 9.3 6.8 122.5 . .
MS-1 | 4 Dia Hole | (102) 0 (319) | (645 | (414) | (302) | (138) Minor spalling
Displacement
4 19.4 12.1 9.5 7.7 134.2 ; ’
MS-2 | Asphalt (102) %0 31.2) | (538) | (423) | 343) | (15.2) spg::;gi?i,nznd
Concrete 4 20.8 14.7 10.0 7.2 132.8 . .
MS-3 | prxahole | (102) %0 (335) | (65.4) | (445) | (32.0) (15.0) Minor spalling
Displacement
6 23.8 14.2 9.7 8.4 155.2 ; ’
MS-4 Asphalt (152) %0 (38.3) | (632) | (43.1) | (37.4) (17.5) Spg:ggfi’nznd

*All tests conducted by impacting S3x5.7 (S76x8.5) posts at a height of 12 in. (305 mm).
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Figure 19. Force vs. Deflection Comparison, Component Testing - Round 1
Energy vs. Deflection
180 gy
160
140
=/_T_f-——=-—"'"'
’—/——_-_—‘—_.= -
°>5 7
g
w —MS5-1
-== MS-2
——MS-3
MS-4
10 15 20 25 30 35
Deflection (in.)

Figure 20. Energy vs. Deflection Comparison, Component Testing - Round 1
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5 COMPONENT TESTING — ROUND 2, SOCKETED POSTS

5.1 Purpose

From the first round of dynamic component testing, it was determined that asphalt
pavements were not strong enough to support driven S3x5.7 (S76x8.5) guardrail posts without
sustaining damage during impact events. The impact load needed to be distributed over a larger
area of the asphalt to prevent the post from translating and rotating through the asphalt.
Therefore, Round 2 of dynamic component testing was conducted to evaluate the use of steel
sockets or sleeves with and without shear plates within asphalt mow strips to prevent pavement
damage.
5.2 Scope

Round 2 of component testing consisted of five tests conducted on S3x5.7 (S76x85) posts
installed within 4-in. (102-mm) thick asphalt mow strips, as shown in Figures 21 through 24. In
all five tests, steel sockets measuring 4 in. x 4 in. X % in. (102 mm x 102 mm x 6 mm) were
utilized to house the guardrail posts and distribute the load. In test nos. MSSP-1 through MSSP-
4, a steel shear plate was welded to the backside of the socket to further distribute the impact
load. The test article in test no. MS-5 did not utilize a shear plate on the socket. The length, or
embedment depth, of the socket varied throughout the testing matrix to evaluate the minimum
depth required to prevent damage. All tests were conducted with an impact height of 12 in. (305
mm) and a targeted impact speed of 20 mph (32 km/h). Four of the tests were conducted with
impact angles of 90 degrees causing strong-axis bending, while test no. MSSP-2 was conducted
at a 0 degree impact angle to evaluate longitudinal impacts (weak-axis bending) to the post and
socket assembly. The complete test matrix for Round 2 component testing is shown in Table 9.

The same 4-in. (102-mm) asphalt pad from the first round of component testing was

utilized during Round 2 of component testing. The S3x5.7 (S76x8.5) posts were designated as
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A36 steel. However, the posts were fabricated from 50-ksi (345-MPa) steel that also satisfied
A992 requirements. This increased strength resulted in a more critical evaluation of the mow
strips. The sockets were fabricated from A500 Grade B steel, and the plates were cut from A572
Grade 50 steel. Material specifications, mill certifications, and certificates of conformity for the
installation materials are shown in Appendix A.

All of the sockets were installed by driving them into the asphalt mow strip. Initially, the
sockets were just capped with a flat plate at the bottom. However, when this configuration was
driven into the mow strip, it punched a hole larger than the socket into the asphalt. Subsequently,
two steel plates were welded to the base of the socket to form a triangular wedge. Through an
experimentation process, the wedge plates shown in Figure 23 were developed to prevent
damage to the asphalt and provide a tight fit around the socket. This design allowed the socket to
be driven into place with minimal damage to the asphalt and provided a tight fit between the
asphalt and the socket. The asphalt damage corresponding to both a wedge-shaped base and a flat

base are illustrated in Figure 25.

Table 9. Component Testing Matrix, Round 2

Mow Strip Socket LPOSth Impact Impact
Test No Thickness | Width Dgpth oot Shear Speed Angle
" | Material in. ft In. o Plate meR deg.
(mm) (m) (mm) (mm) (km/h)

4 4 30 62 20 o

MS-5 | Asphalt (102) (1.2) (762) (1,575) No (32) 90
4 4 30 62 20 o

MSSPL | Asehalt | aop) | a2) | e | ass) | Y® | @ | P
4 4 30 62 20 o

MSSP-2 | Asphalt (102) (1.2) (762) (1575) Yes (32) 0
4 4 20 52 20 o

MSSP-3 | Asphalt | 105y | (12) | (s08) | (321) | Y (32) %
4 4 24 56 20 o

MSSP-4 | Asphalt (102) (1.2) (610) | (1,422) Yes (32) %
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(2) Al posts to be installed down centerline of mow strip.
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(4) Soil beneath mow strips must be well compacted. (No specific soil type)
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Figure 21. Mow Strip Configuration, Component Testing Round 2
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Bogie Socket Depth "D”[ Post Length "L~ Load Height [Impact Speed
Test No. | Test Qty. Ng. Socket in: mF;n in. r’r?m] Shear Plate e ik mgh Tkmp/h] Impact Angle
MS—5 1 3 [‘}Oxz";(;‘a fe] 30" [762] 62" [1575] NA 12 [305] | 20 [32.2] 90°
MSSP=1| 1 3| fAosadsts | 307 (762 62" [1575] | (o Xl&r | 12 [305] | 20 [32.2] 90
~ 47%4"x1 /4" 7 B 10"x9"x1 /4" .
MSSP—2 1 3| [1050hne] 30" [762] 62" [1575] [Dsiyaded] | 12 [305) | 20 [32.2] 0
MSSP-3 1 3 [’18‘24;;‘6 ;"g] 20" [508] 52" [1321] [1205"22'2"‘21 x"é'j 12 [305] | 20 [32.2] 90"
4x4"x1 /4" 9 " 107x97x1 /4" ’
MSSP—4 1 3| (305 0hne] 24" [610] 56" [1422] [D5ivodee] | 12 [305] | 20 [322] 90
B \‘~\\\\J/ o
gl - bt
— U
e & | e —
L = N
30" | e
[762] — =g
N
L_ 24" 92
(6107~ PLAN VIEW
12” // \
[305] Al |
\ )
L ‘ \\\ ///
T — -
1 T «
[102]
l ELEVATION VIEW

Notes: (1) A minimum of 2’ [610] of soil adjacent to backside of mow strip.

(2) Sockets driven directly through asphalt. Posts inserted into sockets.
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Figure 22. Bogie Testing Matrix and Setup, Component Testing Round 2
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(1) Socket depth, D, varried to match test specifications.
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Figure 23. Post Socket Details, Component Testing Round 2
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Notes:

3"

Ui

(1) Post length, L, varried to match test specifications.

Tz

Part b2-b4

ltem No.

QTY.

Description

Material Spec

a2 1 |25'x4’x4” [7620x1219x102] Asphalt Mow Strip 52—34 Grade Binder

b2 3 [S3x5.7 [S76x8.5] 62" [1575] Long Line Post ASTM A36

b3 1 |S3x5.7 [S76x8.5] 56" [1422] Long Line Post ASTM A36

b4 1 |S3x5.7 [S76x8.5] 52" [1321] Long Line Post ASTM A36

d3 3 [4"x4"x3/8” [102x102x10] Square Socket, 24" [610] Long | ASTM A500 Grade B Steel Galvanized
d4 5 |10"x9"x1/4” [254x229x6] Steel Soil Plate ASTM A572 Grade 50 Steel Galvanized
d5 10 [4"x4"x1/4” [102x102x6] Steel Plate ASTM A572 Grade 50 Steel Galvanized
d6 1 |4"x4"x3/8” [102x102x10] Square Socket, 24” [610] Long | ASTM A500 Grade B Steel Galvanized
d7 1 |4"x4"x3/8” [102x102x10] Square Socket, 20” [508] Long | ASTM A500 Grade B Steel Galvanized

[SHEET:
Mow Strip Bogie Testing [*°"*
— Roun 2 DATE:
2/6/2015
. 5 : DRAWN BY:
. . ost Detai
Midwest Roadside -
Scfety FOClllty DWG. NAME. SCALE: 1:16  [REV. BY:
MowStrip_Round2_R2 UNITS: in.[mm]|KAL/SKR

Figure 24. Post Details and Bill of Materials, Component Testing Round 2
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B Flat Bottocke

Figure 25. Installation Results by Bottom Socket Shape

5.3 Results

5.3.1 Test No. MS-5

Test no. MS-5 was conducted on August 23, 2013 at approximately 11:30 a.m. The
weather conditions, per the National Oceanic and Atmosphere Administration (station

14939/LNK), were reported and are shown in Table 10.

Table 10. Weather Conditions, Test No. MS-5

Temperature 86° F
Humidity 57%
Wind Speed 13 mph
Wind Direction 170° From True North
Sky Conditions Sunny
Visibility 10 Statute Miles
Pavement Surface Dry
Previous 3-Day Precipitation 0.01 in.
Previous 7-Day Precipitation 0.01 in.
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During test no. MS-5, the bogie impacted the S3x5.7 (S76x8.5) steel post at a speed of
21.7 mph (34.9 km/h) and an angle of 90 degrees, thus causing strong-axis bending in the post.
At 0.004 sec after impact, the socket began displacing through the asphalt, and by 0.010 sec, a
plastic hinge had formed in the post at the groundline. The post continued to bend backward until
the bogie head overrode the top of the post 0.116 sec after impact.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data and are shown in Figure 26. Upon impact, the resistance force increased rapidly to 13.6 Kips
(60.5 kN) at a displacement of 2.0 in. (51 mm). The force then peaked at 14.7 kips (65.4 kN) at a
displacement of 5.7 in. (145 mm). At 0.030 sec and a displacement of 10 in. (254 mm), the bogie
head was sliding up the post as it bent over, resulting in a force reduction. Subsequently, the
resistance force oscillated until the bogie head overrode the post at a displacement of 35.5 in.
(902 mm). At this deflection, 140 k-in. (15.8 kJ) of energy was dissipated.

Damage to the test article consisted of plastic bending of the post at the groundline,
rotation of the steel socket, and displacement and spalling of the asphalt. The socket had rotated
backward leaving a 1-in. (25-mm) gap between the asphalt and the front edge of the socket.
Additionally, the asphalt on the back side of the socket displaced, which caused cracking and
spalling. The post was easily removed from the socket without further damage to the asphalt.
However, the asphalt displacement would require repairs, and the socket would need to be reset
prior to replacing the damaged post. The backside of the socket sustained minor deformations
from the post bearing against it, but the damage was minimal and the socket remained reusable.
Time-sequential photographs and pre- and post-impact photographs are shown in Figures 27 and

28, respectively.
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Figure 26. Force vs. Deflection and Energy vs. Deflection, Test No. MS-5
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0.060 sec 0.140 sec

Figure 27. Time-Sequential Photographs, Test No. MS-5
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Figure 28. Pre- and Post-Impact Photographs, Test No. MS-5
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5.3.2 Test No. MSSP-1
Test no. MSSP-1 was conducted on May 30, 2014 at approximately 3:00 p.m. The
weather conditions, per the National Oceanic and Atmosphere Administration (station

14939/LNK), were reported and are shown in Table 11.

Table 11. Weather Conditions, Test No. MSSP-1

Temperature 85° F
Humidity 48%
Wind Speed 13 mph
Wind Direction 140° From True North
Sky Conditions Cloudy
Visibility 10 Statute Miles
Pavement Surface Dry
Previous 3-Day Precipitation 0.00 in.
Previous 7-Day Precipitation 1.34in.

During test no. MSSP-1, the bogie impacted the S3x5.7 (S76x8.5) steel post at a speed of
21.4 mph (34.4 km/h) and an angle of 90 degrees, thus causing strong-axis bending in the post.
By 0.010 sec, a plastic hinge had formed in the post at the groundline. The post continued to
bend backward until the bogie head overrode the top of the post 0.098 sec after impact.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data and are shown in Figure 29. Upon impact, the resistance force increased rapidly and peaked
at 16.5 Kips (73.4 kN) at a displacement of 3.6 in. (91 mm). At 0.020 sec and a displacement of 7
in. (178 mm), the bogie head was sliding up the post as it bent over, resulting in the force
dropping below 10 Kips (4.5 kN). The resistance force oscillated below 5 kips (22.2 kN) until the
bogie head overrode the post at a displacement of 31.4 in. (798 mm). At this deflection, 122.1 k-

in. (13.8 kJ) of energy was dissipated.
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Damage to the test article consisted of plastic bending of the post at the groundline,
displacement of the steel socket through the asphalt, and minor bending of the steel shear plate.
The socket rotated backward, leaving a ¥2-in. (6-mm) gap between the asphalt and the front edge
of the socket. The free edges of the shear plate were bent forward slightly due to the socket
displacement. The post was easily removed from the socket, and a new one could be installed
plumb. Thus, no repairs were necessary on the asphalt or socket to replace the damaged post.
Time-sequential photographs and pre- and post-impact photographs are shown in Figures 30 and

31, respectively.

Test No. MSSP-1

25 250
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20 ——Energy 200
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Displacement (in. )

Figure 29. Force vs. Deflection and Energy vs. Deflection, Test No. MSSP-1
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0.000 sec 0.080 sec

0.020 sec 0.100 sec

0.040 sec 0.120 sec

0.060 sec 0.140 sec

Figure 30. Time-Sequential Photographs, Test No. MSSP-1
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5.3.3 Test No. MSSP-2
Test no. MSSP-2 was conducted on June 4, 2014 at approximately 4:00 p.m. The weather
conditions, per the National Oceanic and Atmosphere Administration (station 14939/LNK), were

reported and are shown in Table 12.

Table 12. Weather Conditions, Test No. MSSP-2

Temperature 79° F
Humidity 56%
Wind Speed 13 mph
Wind Direction 020° From True North
Sky Conditions Sunny
Visibility 10 Statute Miles
Pavement Surface Dry
Previous 3-Day Precipitation 1.54in.
Previous 7-Day Precipitation 2.27 in.

Since damage was minimal during test no. MSSP-1, the same socket was utilized for test
no. MSSP-2 without removing or resetting the socket. During test no. MSSP-2, the bogie
impacted the S3x5.7 (S76x8.5) steel post at a speed of 20.1 mph (32.3 km/h) and an angle of 0
degrees, thus causing weak-axis bending in the post. By 0.008 sec after impact, a plastic hinge
had formed in the post at the groundline. The post continued to bend backward until the bogie
head overrode the top of the post 0.104 sec after impact.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data and are shown in Figure 32. Upon impact, the resistance force increased rapidly to a peak of
5.4 kips (24.0 kN) at a displacement of 1.8 in. (46 mm). Another force peak of 4.9 kips (21.8 kN)
occurred at 10.1 in. (257 mm) before the bogie head began to slide up the post as it bent over.

Subsequently, the resistance force oscillated below 3.5 kips (15.6 kN) until the bogie head
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overrode the post at a displacement of 33.4 in. (848 mm). At this deflection, 80.6 k-in. (9.1 kJ) of
energy was dissipated.

Damage to the test article consisted of plastic bending of the post at the groundline and
minor displacement of the socket. The socket had rotated slightly, leaving a “-in. (3-mm) gap
between the asphalt and the upstream edge of the socket. The post was easily removed from the
socket, and a new one could be installed plumb. Thus, no repairs were necessary on the asphalt
or socket to replace the damaged post. Time-sequential photographs and pre- and post-impact

photographs are shown in Figures 33 and 34, respectively.

Test No. MSSP-2

25 250
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20 — 200
= Energy
15 150
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g =
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[T ____/
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5 -50
0 5 10 15 20 25 30 35 40

Displacement (in. )

Figure 32. Force vs. Deflection and Energy vs. Deflection, Test No. MSSP-2
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0.060 sec 0.140 sec

Figure 33. Time-Sequential Photographs, Test No. MSSP-2
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Figure 34. Pre- and Post-Impact Photographs, Test No. MSSP-2
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5.3.1 Test No. MSSP-3
Test no. MSSP-3 was conducted on July 24, 2014 at approximately 2:20 p.m. The
weather conditions, per the National Oceanic and Atmosphere Administration (station

14939/LNK), were reported and are shown in Table 13.

Table 13. Weather Conditions, Test No. MSSP-3

Temperature 87° F
Humidity 43%
Wind Speed 24 mph
Wind Direction 160° From True North
Sky Conditions Sunny
Visibility 10 Statute Miles
Pavement Surface Dry
Previous 3-Day Precipitation 0.00 in.
Previous 7-Day Precipitation 0.00 in.

During test no. MSSP-3, the bogie impacted the S3x5.7 (S76x8.5) steel post at a speed of
20.5 mph (33.0 km/h) and an angle of 90 degrees, thus causing strong-axis bending in the post.
At 0.006 seconds after impact, the socket began displacing through the asphalt, and by 0.018
seconds, shear cracks had formed between the socket and the backside of the asphalt. By 0.040
sec, the asphalt behind the socket had completely broken free from the mow strip and was
displacing backward. The socket and post continued to rotate backward until the bogie head
overrode the top of the post 0.156 sec after impact.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data and are shown in Figure 35. Upon impact, the resistance force increased rapidly to 12.6 Kips
(56.0 kN) at a displacement of 1.8 in. (46 mm). The force then peaked at 20.0 kips (89.0 kN) at a
displacement of 4.1 in. (104 mm). At a displacement of 12 in. (305 mm), the asphalt behind the

socket had broken away. Subsequently, the resistance force dropped and oscillated below 5 Kips
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(22.2 kN) until the bogie head overrode the post at a displacement of 41.0 in. (1,041 mm). At this
deflection, the 190.5 k-in. (21.5 kJ) of energy was dissipated.

Damage to the test article consisted largely of asphalt cracking, fracture, and
displacement. The asphalt behind the socket and post assembly fractured from the mow strip due
to three large shear cracks formed between the socket and the back edge of the asphalt strip.
Additional asphalt cracks were found directly in front of the socket’s original position. These
cracks and fractures allowed the socket and post assembly to rotate backward during impact.
Time-sequential photographs and pre- and post-impact photographs are shown in Figures 36 and

37, respectively.
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Figure 35. Force vs. Deflection and Energy vs. Deflection, Test No. MSSP-3
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0.060 sec

Figure 36. Time-Sequential Photographs, Test No. MSSP-3
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Figure 37. Pre- and Post-Impact Photographs, Test No. MSSP-3
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5.3.1 Test No. MSSP-4
Test no. MSSP-4 was conducted on August 8, 2014 at approximately 2:15 p.m. The
weather conditions, per the National Oceanic and Atmosphere Administration (station

14939/LNK), were reported and are shown in Table 14.

Table 14. Weather Conditions, Test No. MSSP-4

Temperature 80° F
Humidity 60%
Wind Speed 6 mph
Wind Direction 130° From True North
Sky Conditions Cloudy
Visibility 9 Statute Miles
Pavement Surface Dry
Previous 3-Day Precipitation 0.21in.
Previous 7-Day Precipitation 0.27 in.

During test no. MSSP-4, the bogie impacted the S3x5.7 (S76x8.5) steel post at a speed of
20.8 mph (33.5 km/h) and an angle of 90 degrees, thus causing strong-axis bending in the post.
At 0.008 sec after impact, the socket began displacing through the asphalt, and by 0.010 sec, a
plastic hinge had formed in the post at the groundline. The post continued to bend backward until
the bogie head overrode the top of the post 0.104 sec after impact.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data and are shown in Figure 38. Upon impact, the resistance force increased rapidly to a peak
force of 16.3 kips (72.5 kN) at a displacement of 3.5 in. (89 mm). By 0.030 sec and a
displacement of 10 in. (254 mm), the bogie head was sliding up the post as it bent over, resulting
in a force reduction. Subsequently, the resistance force oscillated below 3 kips (13.3 kN) until
the bogie head overrode the post at a displacement of 31.2 in. (792 mm). At this deflection, 142.1

k-in. (16.1 kJ) of energy was dissipated.
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Damage to the test article consisted of plastic bending of the post at the groundline,
displacement of the steel socket, and slight bending of the shear plate. The socket had rotated
backward, leaving a ¥-in. (13-mm) gap between the asphalt and the front edge of the socket.
Due to this movement, the free edges of the shear plate were bent slightly forward. The post was
easily removed from the socket, and a new one could be installed plumb. Thus, no repairs were
necessary for the asphalt or socket to replace the damaged post. Time-sequential photographs

and pre- and post-impact photographs are shown in Figures 39 and 40, respectively.
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Figure 38. Force vs. Deflection and Energy vs. Deflection, Test No. MSSP-4
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0.00 Sec | .080 Sec

0.020 sec 0.100 sec

0.040 sec 0.120 sec

R

0.060 sec 0.140 sec

Figure 39. Time-Sequential Photographs, Test No. MSSP-4
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Figure 40. Pre- and Post-Impact Photographs, Test No. MSSP-4
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5.4 Discussion

The results from Round 2 of dynamic component testing are summarized in Table 15.
The addition of the 4-in. (102-mm) square socket used in test no. MS-5 reduced the amount of
asphalt displacement and damage sustained during the test. However, the 1 in. (25 mm) of socket
displacement at the groundline was greater than desired and would prevent a replacement post
from being installed plumb. The addition of the 10-in. x 9-in. X ¥-in. (254-mm X 229-mm X 6-
mm) shear plate further reduced asphalt damage and limited the socket to displacements that
would allow for post replacement without resetting the socket. Thus, the steel shear plate would
be necessary for installations to prevent damage to asphalt mow strips during vehicle impacts
into the barrier system.

Even with the addition of the shear plate, the depth of the socket proved to be a critical
factor, as shown in test nos. MSSP-1, MSSP-3, and MSSP-4. In test no. MSSP-3, the socket with
a 20-in. (508-mm) embedment depth was too weak, as it overloaded the asphalt and caused
major cracking and fracture of the mow strip. Subsequently, the 20-in. (508-mm) long socket
rotated through the soil and the S3x5.7 (S76x8.5) post did not yield. Alternatively, in test nos.
MSSP-1 and MSSP-4, socket embedment depths of 30 in. (762 mm) and 24 in. (610 mm)
resulted in socket displacements of ¥ in. (6 mm) and %2 in. (13 mm) respectively. Both of these
socket displacements/rotations allowed for a replacement post to be installed plumb without
repairs to the asphalt or resetting the socket. Note, displacements greater than %2 in. (13 mm)
would likely require repair work prior to installing a new post.

One test was also conducted along the longitudinal axis, thus causing weak-axis bending
of the post. Test no. MSSP-2 was conducted on a 30-in. (762-mm) long socket with the shear
plate oriented parallel to the impact trajectory. Thus, the shear plate had minimal effect on the

socket’s resistance to displacement. The test resulted in a minimal socket displacement of ' in.
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(3 mm). Due to the reduction in the bending strength of the S3x5.7 (S76x8.5) post in the weak
axis as compared to the strong axis, longitudinal impacts did not appear to cause significant
damage to the socket or asphalt mow strip, and similar results would be expected if a
longitudinal test were conducted on a 24-in. (610-mm) long socket.

Force vs. displacement and energy vs. displacement comparisons for all five tests are
shown in Figures 41 and 42, respectively. The resistance forces and absorbed energies for each
test corresponded to the failure mechanism of that test. The three tests that resulted in strong-axis
bending of the post, test nos. MS-1, MSSP-1, and MSSP-4, had similar peak loads, force curve
shapes, and absorbed energies. Test no. MSSP-3 showed a much different load curve, as the
asphalt around the socket fractured and allowed the socket to rotate during the impact event. This
behavior prolonged the impact duration and resulted in increased energy absorption. As would be
expected, test no. MSSP-2, which resulted in weak-axis bending of the post, showed a much

lower resistive force.
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Table 15. Results Summary, Component Testing — Round 2

Average
Mow Strip Socket Impact | Peak Force Total
Emb. Shear Impact Velocity | Force Kips (KN) Energy Mow Strip
Test No. - Depth Angle . Absorbed
Thickness in Plate de mph Kips kain Damage
Material in, ' 9 | ®mm) | «kN) | @10” | @15 '
(mm) (mm) (kJ)
4 30 217 | 147 | 102 | 75 | 1400 1” Socket
MS-5 | Asphalt | o0y | (762) | NO | 90 | (340) | (65.4) | (45.4) | (33.4) | (15.8) Movement
4 30 214 | 165 | 82 | 62 | 1221 1" Socket
MSSP-1 | Asphalt | 100y | (762 | Y& | 0 | a4y | (734) | 365) | (27.6)| (138) Movement
4 30 201 | 54 | 33 | 33 | 806 14 Socket
MSSP-2 | Asphalt | 100y | 762y | Y& | O | 323) | (24.0) | @47 | a1 | ©1) Movement
4 20 20.5 200 | 10.7 | 10.0 190.5 Asphalt Cracking
MSSP-3 | Asphalt | o0y | sog) | Y& | 0 | (330) | (89.0) | 47.6) | (445) | (215) and Fracture
4 24 208 | 163 | 93 | 75 | 1421 1, Socket
MSSP-4 | Asphalt | o0y | 610) | Y& | 0 | (335) | (725) | (41.4) | (33.4) | (16.1) Movement

*All tests conducted by impacting S3x5.7 (S76x8.5) posts at a height of 12 in. (305 mm).
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Force vs. Deflection
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Figure 41. Force vs. Deflection Comparison, Component Testing - Round 2
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Figure 42. Energy vs. Deflection Comparison, Component Testing - Round 2
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6 COMPONENT TESTING - ROUND 3, DUAL-POST TESTING

6.1 Purpose

The first two rounds of component testing were conducted on weak guardrail posts
installed within mow strips to evaluate the damage associated with various pavement types and
socket sizes. These tests revealed that a 4-in. (102-mm) thick concrete mow strip was strong
enough to support an S3x5.7 (S76x8.5) post and prevent damage mow strip during impact
events. The 4-in. (102-mm) thick asphalt mow strip required a steel tube socket with a minimum
embedment depth of 24 in. (610 mm) and a backside shear plate to distribute impact loads and
prevent damage to the pavement. All of these tests were conducted on single posts within the
mow strip and actual barrier system installations will have multiple posts spaced at 37.5-in. (953-
mm) intervals. Previous full-scale crash testing has shown that up to 11 posts may be loaded
during a single vehicle impact event [7]. Therefore, it was deemed necessary to investigate
damage to both mow strip pavements that would result from loading multiple posts
simultaneously.
6.2 Scope

Round 3 of component testing consisted of two tests conducted on dual S3x5.7 (S76x85)
posts installed 37.5 in. (953 mm) apart within mow strips, as shown in Figures 43 through 46.
Test no. MSSP-5 was conducted within a 4-in. (102-mm) thick asphalt mow strip and utilized
24-in. (610-mm) long, 4-in. X 4-in. X ¥-in. (102-mm x 102-mm x 6-mm) steel tube sockets to
support the posts. Additionally, 9-in. x 10-in. X ¥-in. (229-mm x 254-mm x 6-mm) shear plates
were welded to the backside of the sockets to distribute the impact loads. Two plates were
welded to the base of each socket to form a wedge, which allowed the socket to be driven into

place without damaging the surrounding asphalt. Test no. MSSP-6 was conducted within a 4-in.
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(102-mm) thick, unreinforced concrete mow strip. The dual posts were installed through 4-in.
(102-mm) square leave-outs in the concrete and had an embedment depth of 40 in. (1,016 mm).

The dual-post tests under Round 3 of component testing were conducted with the same
impact conditions utilized during the previous rounds of component testing. The bogie vehicle
impacted the posts at a height of 12 in. (305 mm) and a target impact speed of 20 mph (32 km/h)
and at an angle of 90 degrees, thus causing strong-axis bending. The complete test matrix for
Round 3 of component testing is shown in Table 16.

The unreinforced concrete mow strip was constructed from a concrete mix with a
compressive strength of 4,000 psi (28 MPa). The asphalt mow strip was constructed from a 52-
34 grade binder typically utilized in highway shoulder construction in Nebraska. The S3x5.7
(S76x8.5) posts were designated as A36 steel. However, the posts were fabricated from 50-ksi
(345-MPa) steel that also satisfied A992 requirements. This increased strength resulted in a more
critical evaluation of the mow strips. The sockets were fabricated from A500 Grade B steel, and
the plates were cut from A572 Grade 50 steel. Material specifications, mill certifications, and

certificates of conformity for the installation materials are shown in Appendix A.

Table 16. Component Testing Matrix, Round 3

Mow Strip Post Impact
i Spacin Post Speed Impact
Test No. Thickness | posts | °PaciNd : P Angle
Material in. in. Installation mph deg
(mm) (mm) (km/h) '
24” Long
4 Dual 37.5 : 20
MSSP-5 | Asphalt Socket with 90°
(102) S3x5.7 | (953) Shear Plate (32)
4 Dual 37.5 4”x4” Hole 20 o
MSSP-6 | Concrete | (102) | s3x5.7| (953) | inConcrete | (32) |
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6.3 Results

6.3.1 Test No. MSSP-5

Test no. MSSP-5 was conducted on August 25, 2014 at approximately 2:40 p.m. The
weather conditions, per the National Oceanic and Atmosphere Administration (station

14939/LNK), were reported and are shown in Table 17.

Table 17. Weather Conditions, Test No. MSSP-5

Temperature 79° F
Humidity 49%
Wind Speed 17 mph
Wind Direction 330° From True North
Sky Conditions Sunny
Visibility 10 Statute Miles
Pavement Surface Dry
Previous 3-Day Precipitation 0.21in.
Previous 7-Day Precipitation 0.62in.

During test no. MSSP-5, the bogie impacted the dual S3x5.7 (S76x8.5) steel posts at a
speed of 18.6 mph (29.9 km/h) and an angle of 90 degrees, thus causing strong-axis bending in
the posts. At 0.010 sec after impact, the sockets began displacing through the asphalt, and the
posts begun to bend and yield at the groundline. At 0.020 seconds, shear cracks began to form in
the asphalt behind the sockets. By 0.042 sec, the asphalt behind the sockets had completely
broken free from the rest of mow strip and was displacing backward. The sockets and posts
continued to rotate backward until the bogie head overrode the posts 0.150 sec after impact.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data and are shown in Figure 47. Upon impact, the resistance force increased rapidly to 17.3 kips
(77.0 kN) at a displacement of 1.4 in. (36 mm). The force then peaked at 27.3 kips (121.4 kN) at

a displacement of 3.8 in. (97 mm). By 0.042 sec and a displacement of 10 in. (254 mm), the
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asphalt behind the sockets had broken away, which allowed the sockets and posts to rotate
backward. Subsequently, the resistive force dropped steadily until the bogie head overrode the
posts at a displacement of 19.5 in. (495 mm). At this deflection, 227.9 k-in. (25.7 kJ) of energy
was dissipated.

Damage to the test article consisted of post bending, socket displacement, and asphalt
cracking, fracture, and displacement. The asphalt behind the socket and post assemblies fractured
away from the mow strip due to large shear cracks, which formed between the two sockets and
also extended from the outside edges of the sockets to the back of the asphalt mow strip. These
cracks were measured to be between 1.5 in. and 3 in. (38 mm and 76 mm) wide directly behind
the sockets. An additional asphalt crack was found directly behind the left socket extending
parallel to the direction of impact. These cracks and fractures allowed the socket and post
assemblies to rotate backward during impact. The posts were bent at the groundline, though not
to the degree shown in test no. MSSP-4 due to the rotation of the sockets. Time-sequential

photographs and pre- and post-impact photographs are shown in Figures 48 and 49, respectively.

30 Test No. MSSP-5 300

——Force

. / \ AN T o
ARV
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T 50
0 \\ 0
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Energy (k-in.)

Displacement (in. )
Figure 47. Force vs. Deflection and Energy vs. Deflection, Test No. MSSP-5
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0.060 sec 0.140 sec

Figure 48. Time-Sequential Photographs, Test No. MSSP-5
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6.3.1 Test No. MSSP-6
Test no. MSSP-6 was conducted on January 23, 2015 at approximately 11:30 a.m. The
weather conditions, per the National Oceanic and Atmosphere Administration (station

14939/LNK), were reported and are shown in Table 18.

Table 18. Weather Conditions, Test No. MSSP-6

Temperature 40° F
Humidity 55%
Wind Speed 14 mph
Wind Direction 200° From True North
Sky Conditions Sunny
Visibility 10 Statute Miles
Pavement Surface Dry
Previous 3-Day Precipitation 0.0in.
Previous 7-Day Precipitation 0.0in.

During test no. MSSP-6, the bogie impacted the dual S3x5.7 (S76x8.5) steel posts at a
speed of 20.1 mph (32.3 km/h) and an angle of 90 degrees, thus causing strong-axis bending in
the posts. By 0.010 sec after impact, the posts had begun to bend at the groundline, and at 0.016
sec, concrete spalling began directly behind the posts. The posts continued to bend backward
until the bogie head overrode the top of the posts.

Force vs. deflection and energy vs. deflection curves were created from the accelerometer
data and are shown in Figure 50. Upon impact, the resistance force increased rapidly and peaked
at 28.3 kips (125.9 kN) at a displacement of 3.6 in. (91 mm). By 0.030 sec and a displacement of
8 in. (203 mm), the bogie head was sliding up the posts as they continued to bend. Subsequently,
the resistance force steadily decreased until the bogie head overrode the posts at a displacement

of 22.4 in. (569 mm). At this deflection, 249.3 k-in. (28.2 kJ) of energy was dissipated.
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Damage to the test article consisted of plastic bending of the posts at the groundline and
some surface spalling at the back edges of the concrete holes. However, the spalling was less
than ¥ in. (6 mm) deep, and cracking was not evident. The posts were removed without causing
further damage. Thus, new posts could be installed without repairs to the concrete. Time-
sequential photographs and pre- and post-impact photographs are shown in Figures 51 and 52,

respectively.
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Figure 50. Force vs. Deflection and Energy vs. Deflection, Test No. MSSP-6
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0.060 sec 0.140 sec

Figure 51. Time-Sequential Photographs, Test No. MSSP-6
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Figure 52. Pre- and Post-Impact Photographs, Test No. MSSP-6
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6.4 Discussion

The results from Round 3 of dynamic component testing are summarized in Table 19. In
test no. MSSP-5, the asphalt mow strip cracked and fractured due to the combined loading of the
dual S3x5.7 (S76x8.5) posts installed in 24-in. (610-mm) deep sockets. Recall, the 24-in. (610-
mm) socket was successfully tested in a single post configuration in test no. MSSP-4 of Round 2
component testing. However, the addition of a second post produced excessive shear loads and
mow strip failure. The fracture shape of the asphalt behind the socket and post assemblies was
consistent with a shear block failure pattern. Essentially, loading two posts close together
doubled the shear loads as compared to a single post, while the shear area behind the posts was
only minimally increased. Similar block shear failure of the asphalt would be expected for this
configuration if utilized in an actual barrier system installation. Thus, a stronger mow strip would
be required to prevent damage observed in actual barrier installations.

In test no. MSSP-6, the concrete mow strip withstood the impact loads imparted by the
dual S3x5.7 (S76x8.5) posts without sustaining any significant damage. The spalling that
occurred on the backside of the leave-out holes was only cosmetic damage and did not affect the
strength of the concrete mow strip.

Force vs. displacement and energy vs. displacement comparisons for both tests are shown
in Figures 53 and 54, respectively. The resistance force curves between the two tests were
similar in shape. However, the magnitude of the force curve from test no. MSSP-6 was higher
due to the asphalt pavement fracture in test no. MSSP-5, which allowed the socket to rotate
backward. As a result, the absorbed energy for the concrete mow strip configuration was higher

than that of the asphalt mow strip configuration.
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Table 19. Results Summary, Component Testing — Round 3

Average
Mow Strip Sér%iet Impact | Peak Force ET]ZtrZIy
Test No. ' Posts | Depth Shear | Velocity Force kips (kN) Absorbed Mow Strip
Thickness in Plate mph Kips Kain Damage
Material in. ' (km/h) | (kN) | @10” | @15~ '
(mm) (mm) (kJ)
i 4 Dual 24 18.6 27.3 172 | 144 227.9 Asphalt Cracking
MSSP-5 | Asphalt | 105y | saxs.7 | (610) | Y& | (209) |(121.4) | (765) | 64.1) | (25.7) and Fracture
4 Dual 20.1 28.3 194 | 15.2 249.3 Minor Concrete
MSSP-6 | Concrete | 105y | saxs7| NA | NO | 303y | (125.9) | 86.3) | (67.6) | (28.2) spalling

€8

*All tests conducted by impacting S3x5.7 (S76x8.5) posts at a height of 12 in. (305 mm).
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Force vs. Deflection
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Figure 53. Force vs. Deflection Comparison, Component Testing - Round 3
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7 BARRIER DESIGN DETAILS

Component testing results illustrated that asphalt mow strips were susceptible to damage
and shear fracture even when utilizing a 24-in. (610-mm) long steel socket with a backside shear
plate to support the S3x5.7 (S76x8.5) guardrail posts. However, the project sponsors desired to
continue testing with an asphalt mow strip due to the frequent use of asphalt mow strips. Three
options were identified to strengthen the mow strip and reduce the impact loads to the mow strip:
(1) increase the thickness of the mow strip; (2) increase the width of the mow strip; and (3)
increase the embedment depth of the socket. After reviewing these options, the project sponsors
elected to utilize both options 1 and 3. Thus, the thickness of the mow strip was increased to 6 in.
(152 mm), and the embedment depth of the sockets was increased to 30 in. (762 mm).

The weak-post guardrail test installation was 175 ft (53.3 m) long and consisted of W-
beam guardrail, a combination of strong and weak guardrail posts, an asphalt mow strip, and
guardrail end anchorage systems, as shown in Figures 55 through 67. Photographs of the test
installation are shown in Figures 68 and 69. Material specifications, mill certifications, and
certificates of conformity for the system materials are shown in Appendix C.

The W-beam guardrail was mounted with a top-rail height of 31 in. (787 mm) throughout
the entire system. The middle of the guardrail installation was constructed along the centerline of
a 75-ft (22.9-m) long by 4-ft (1.2-m) wide by 6-in. (152-mm) thick asphalt mow strip. Within
this region, the 12-ga (2.66-mm thick) W-beam guardrail was supported by 23 S3x5.7 (S76x8.5)
weak posts spaced at 37.5 in. (953 mm) on center. The W-beam was connected to the weak posts
utilizing ®/16-in. (8-mm) diameter bolts and 1%-in. x 1%-in. (44-mm x 44-mm) square washers.

As utilized in the original weak-post MGS bridge rail system, 6-in. (152-mm) long
backup plates were intended to be utilized between each weak post and the W-beam rail.

However, an error in the design drawings resulted in specifying the 12-in. (305-mm) long backup
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plates previously used in the non-blocked MGS system [12]. Thus, the test installation was
assembled utilizing the 12-in. (305-mm) long backup plates at weak post locations.
Unfortunately, the 12-in. (305-mm) long backup plates do not fit within the 8-in. (203-mm)
space between the bolts at W-beam rail splices. Therefore, weak posts that coincided with W-
beam rail splice locations did not have backup plates.

Each weak post was inserted into a 4-in. X 4-in. X %-in. (102-mm x 102-mm X 6-mm)
steel tube socket, which measured 30 in. (762 mm) long and had a 10-in. x 9-in. X ¥-in. (254-
mm x 229-mm Xx 6-mm) shear plate welded to its backside. Steel plates were welded to the
bottom of each socket to form a wedge, so that the socket could be installed by driving it through
the asphalt pavement, similar to the previous component test installations. However, the
additional pavement thickness, in combination with cooler temperatures, caused the asphalt pad
to crack during the installation of the first two posts. Therefore, 3-in. (76-mm) diameter holes
were cored in the asphalt prior to driving the remaining sockets to prevent any further damage
during the installation of the system.

Standard MGS guardrail was placed directly upstream and downstream of the simulated
asphalt mow strip. The MGS utilized W6x8.5 (W152x12.6) strong posts spaced at 75 in. (1,905
mm) on center. Standard 12-in. (305-mm) deep timber blockouts were utilized in the connection
between the guardrail and the strong posts in these regions of the system. The ends of the
installation consisted of guardrail trailing-end anchorage systems, as shown in Figures 57
through 62. This guardrail anchor was developed to simulate the strength of other crashworthy
end terminals and was successfully crash tested to MASH TL-3 standards as a trailing-end

anchor [13].
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If\]es QTY. Description Material Spec Hardware Guide
ASTM A992 Min. 50 ksi [345 MPa] Steel Galv.
al 13 |W6x8.5 [W152x12.6], 72" Long [1829] Steel Post or W6x9 [W‘|52x134 ASTM A36 Min. 36 ksi PWEO6
[248 MPd] Steel Galv.
a2 13 |6"x12"x14 1/4” [152x305x368] Timber Blockout for Steel Posts SYP Grade No. 1 or better PDB10a—b
ad 13 (16D Double Head Nail - -
a4 12 |12'—6" [3810] W—Beam MGS Section 12 gauge [2.7] AASHTO M180 Galv. RWMO08a
a5 1 |6'=3" [1905] W-Beam MGS Section 12 gauge [2.7] AASHTO M180 Galv. RWMO1a
a6 2 [12'-6" [3810] W—Beam MGS End Section 12 gauge [2.7] AASHTO M180 Galv. RWM14a
a7 23 |12” [305] W—Beam Backup Plate 12 gauge [2.7] AASHTO M180 RWBO1a
a8 1 |75'x4'x6” [22860x1219x152] Asphalt Mow Strip 52—-34 Grade Binder -
b1 4 |BCT Timber Post — MGS Height S4Yf’>37]GzabdoeveN%}' Le?gwbgtrget:n N?enl;?g;s,fcli" -
b2 4 |72” [1829] Long Foundation Tube ASTM A500 Grade B Galv. PTEO6
b3 2 |Strut and Yoke Assembly ASTM A36 Steel Galv. -
b4 4 |BCT Cable Anchor Assembly 93/4" [19] ,gggg (')V!qudf:,%,e‘%‘{"’“”'zed Wire FCAO1
b5 2 |Anchor Bracket Assembly ASTM A36 Steel Galv. FPAO1
b6 2 |8"x8"x5/8” [203x203x16] Anchor Bearing Plate ASTM A36 Steel Galv. FPBO1
b7 2 |2 3/8” [60] 0.D. x 6” Long [152] BCT Post Sleeve ASTM A53 Grade B Schedule 40 Galv. FMMO2
cl 13 |5/8" [16] Dia. UNC, 14” [356] Long Guardrail Bolt and Nut Bolt ASTM A307 Galv., Nut ASTM A563 A Galv. FBBO6
c10 23 |1 3/4"x1 3/4"x1/8" [44x44x3] Square A36 Steel Washer ASTM A36 Galvanized RWRO1
c2 112 |5/8” [16] Dia. UNC, 1 1/4” [32] Guardrail Bolt and Nut Bolt ASTM A307 Galv., Nut ASTM A563 A Galv. FBBO1
c3 4 |5/8” [16] Dia. UNC, 10” [254] Long Guardrail Bolt and Nut Bolt ASTM A307 Galv., Nut ASTM A563 A Galv. FBBO3
c4 16 |5/8” [16] Dia. UNC, 1 1/2” [38] Long Hex Head Bolt and Nut Bolt ASTM A307 Galv., Nut ASTM A563 A Galv. FBX16a
c5: 4 |5/8” [16] Dia. UNC, 10” [254] Long Hex Head Bolt and Nut Bolt ASTM A307 Galv., Nut ASTM A563 A Galv. FBX16a
c6 4 |7/8” [22] Dia. UNC, 8” [203] Long Hex Head Bolt and Nut Bel: ASTM A3°75€£°dec’2|§°'v" Dl BT FBX20a
c7 44 |5/8” [16] Dia. Plain Round Washer ASTM F844 Galv. FWC14a
c8 8 |7/8” [22] Dia. Plain Round Washer ASTM F844 Galv. -
c9 23 |5/16” [8] Dia. UNC, 1 1/4” [32] Long Hex Bolt and Nut ASTM A307 Galvanized FBX08a
d1 23 [S3x5.7 [S76x8.5] by 62" [1575] Long Steel Post ASTM A992 Grade 50 Steel Galvanized -
d2 92 |2 3/4"x1"x1/4” [70x25x6] Post Standoff ASTM A36 Steel Galvanized -
d3 23 |4"x4"x3/8" [102x102x10] Square Socket, 30” [762] Long ASTM A500 Grade B Steel Galvanized -
d4 23 [10"x9"x1/4” [254x229x6] Steel Soil Plate ASTM A572 Grade 50 Steel Galvanized -
d5 46 |4"x4"x1/4" [102x102x6] Steel Plate ASTM A572 Grade 50 Steel Galvanized -
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Figure 67. Bill of Materials, Test No. MGSMS-1
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Figure 68. Test Installation Photographs, Test No. MGSMS-1
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8 TEST REQUIREMENTS AND EVALUATION CRITERIA
8.1 Test Requirements
Longitudinal barriers, such as W-beam guardrails, must satisfy impact safety standards in
order to be declared eligible for federal reimbursement by the Federal Highway Administration
(FHWA) for use on the National Highway System (NHS). For new hardware, these safety
standards consist of the guidelines and procedures published in MASH [9]. According to TL-3 of
MASH, longitudinal barrier systems must be subjected to two full-scale vehicle crash tests, as

summarized in Table 20.

Table 20. MASH TL-3 Crash Test Conditions for Longitudinal Barriers

Test Test Test \\//Vir:éﬂf Isr;:s:(jc e Evaluation

Atticle | DO | venicle | b | mpn | AN | criteria
(kg) (km/h) g

Longitudinal 3-10 1100C (ill%g) (16020) 25 AD.FH,]

Barrier 3-11 2270P (g:ggg) (16020) 25 AD,FH,|

! Evaluation criteria explained in Table 21.

Prior research has shown successful safety performance for small cars impacting the
original weak-post MGS bridge rail system from which this guardrail system was adapted [7-8].
The MASH 3-10 small car test conducted on the MGS bridge rail system did not show potential
for any occupant risk problems arising from vehicle pocketing, wheel snagging on the guardrail
posts, occupant compartment penetration, potential for rail rupture, or vehicular instabilities due
to vaulting or climbing the rail. Additionally, the MASH 3-11 pickup truck test imparted
significantly greater impact loads and higher displacements to the system compared to the 1100C

test. Since the current project sought to develop proper attachment of the weak-post system to
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prevent damage to mow strips, the 2270P test was identified as the critical test in the system
evaluation. Therefore, the 1100C small car test, MASH test designation no. 3-10, was deemed
unnecessary for evaluation of the weak-post guardrail system in mow strips.

8.2 Evaluation Criteria

Evaluation criteria for full-scale 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 are intended to evaluate the ability of the guardrail system to contain and
redirect impacting vehicles. In addition, controlled lateral deflection of the test article is
acceptable. Occupant risk evaluates the degree of hazard to occupants in the impacting 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 21 and are defined in greater detail in MASH. The full-scale vehicle crash
test was conducted and reported in accordance with the procedures provided in MASH.

In addition to the standard occupant risk measures, the Post-Impact Head Deceleration
(PHD), the Theoretical Head Impact Velocity (THIV), and the Acceleration Severity Index (ASI)
were determined and reported on the test summary sheet. Additional discussion on PHD, THIV,
and ASI is provided in MASH.

8.3 Soil Strength Requirements

In accordance with Chapter 3 and Appendix B of MASH, foundation soil strength must
be verified before any full-scale crash testing can occur. During the installation of a soil-
dependent system, additional W6x16 (W152x23.8) posts are to be installed near the impact
region utilizing the same installation procedures as the system itself. Prior to full-scale crash

testing, a dynamic impact test must be conducted to verify a minimum dynamic soil resistance of
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7.5 kips (33.4 kN) at post deflections between 5 and 20 in. (127 and 508 mm) measured at a
height of 25 in. (635 mm). If dynamic testing near the system is not desired, MASH permits a
static test to be conducted instead and compared against the results of a previously-established
baseline test. In this situation, the soil must provide a resistance of at least 90 percent of the static
baseline test at deflections of 5, 10, and 15 in. (127, 254, and 381 mm). Further details can be

found in Appendix B of MASH.

Table 21. MASH Evaluation Criteria for Longitudinal Barriers

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

D. Detached elements, fragments or other debris from the test 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 5.3 and Appendix E of MASH.

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 (O1V) (see Appendix A, Section A5.3 of
MASH for calculation procedure) should satisfy the following

Occupant limits:
Risk Occupant Impact Velocity Limits
Component Preferred Maximum
30 ft/s 40 ft/s

Longitudinal and Lateral

(9.1 m/s) (12.2 m/s)

l. The Occupant Ridedown Acceleration (ORA) (see Appendix A,
Section A5.3 of MASH for calculation procedure) should satisfy the
following limits:

Occupant Ridedown Acceleration Limits

Component Preferred Maximum
Longitudinal and Lateral 15.0¢g’s 20.49 g’s
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9 TEST CONDITIONS

9.1 Test Facility

The testing facility was located at the Lincoln Air Park on the northwest side of the
Lincoln Municipal Airport and is approximately 5 miles (8.0 km) northwest of the University of
Nebraska-Lincoln city campus.
9.2 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 those of the test
vehicle. The test vehicle was released from the tow cable before impact with the barrier system.
A digital speedometer on the tow vehicle increased the accuracy of the test vehicle impact speed.

A vehicle guidance system developed by Hinch [14] was used to steer the test vehicle. A
guide flag, attached to the left-front wheel and the guide cable, was sheared off before impact
with the barrier system. The 3%-in. (9.5-mm) diameter guide cable was tensioned to
approximately 3,500 Ib (15.6 kN) and supported both laterally and vertically every 100 ft (30.5
m) 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.
9.3 Test Vehicles

For test no. MGSMS-1, a 2007 Dodge Ram 1500 was used as the test vehicle. The curb,
test inertial, and gross static vehicle weights were 5,225 Ib (2,371 kg), 5,016 Ib (2,275 kg), and
5,182 Ib (2,351 kq), respectively. The test vehicle is shown in Figure 70, and vehicle dimensions

are shown in Figure 71.
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MGSHS 1

Figure 70. Test Vehicle, Test No. MGSMS-1
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Date: 12/16/2014 Test Number: MGSMS-1 Model: Ram 1500
Make: Dodge Vehicle 1.D #: 1D7HA18267S249208
Tire Size: 275/60/20 Year: 2007 Odometer: 161253
Tire Inflation Pressure: 35 psi
*(All Measurements Refer to Impacting Side)
I I— [ W Vehicle Geometry -- in. (mm)
£ Wheel Vheel a a 78 (1981) b 7512 (1918)
Track Track
c 22714 (5772 d 463/4 (1187)
(| [" ':I 7
: - = e 1401/2 (3569) f 40 (1016)
Test Inertial CM g 293/8 (746) h 614/5 (1569)
q —ef——TIRE DIA i 161/4 (413) j 30 (762)
I_\—\ P [T WHEEL DA k 2112  (546) 1 29172 (749)
l—p r
E B —[— m 681/2 (1740) n 681/4 (1734)
b
g N o o 46 (1168) p 3 (76)
L O, Q)
i F; s ') i -‘J | q 32172 (826) r 21172  (546)
. f s 16 (406) t 751/4 (1911)
Wheel Center Height Front 153/8  (391)
d e f —
Wheel Center Height Rear 15 1/8 384
vwreur \”'Fr"onv g (384)
< Wheel Well Clearance (F) 361/4 (921)
Mass Distribution b (kg) Wheel Well Clearance (R) 38 3/4  (984)
Gross Static LF 1453 (659) RF 1459 (662) Frame Height (F) 191/8 (486)
LR 1111 (504) RR 1159 (526) Frame Height (R) 253/4  (654)
Engine Type Gasoline
Weights
Ib (kg) Curb Test Inertial Gross Static Engine Size 5.7L
W-front 2904 (1317) 2810 (1275) 2912 (1321) Transmition Type:
W-rear 2324 (1054) 2206 (1001) 2270 (1030) anual
W-total 5228 (2371) 5016 (2275) 5182 (2351) FWD 4WD
GVWR Ratings Dummy Data
Front 3700 Ib Type: Hybrid 11
Rear 3900Ib Mass: 166 lbs
Total 6700 Ib Seat Position: Passenger side

Note any damage prior to test:

lower passenger side rear door and box side dent and scrape

Figure 71. Vehicle Dimensions, Test No. MGSMS-1
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The longitudinal component of the center of gravity (c.g.) was determined using the
measured axle weights. The Suspension Method [15] was used to determine the vertical
component of the c.g. for the pickup truck. This method is based on the principle that the c.g. of
any freely suspended body is in the vertical plane through the point of suspension. The vehicle
was suspended successively in three positions, and the respective planes containing the c.g. were
established. The intersection of these planes pinpointed the final c.g. location for the test inertial
condition. The location of the final c.g. is shown in Figures 71 and 72. Data used to calculate the
location of the c.g. and ballast information are shown in Appendix D.

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 72. Round, checkered targets were placed on the center of gravity on the left-side door,
the right-side door, and the roof of the vehicle.

The front wheels of the test vehicle were aligned to vehicle standards, except the toe-in
value was adjusted to zero so that the vehicles would track properly along the guide cable. A 5B
flash bulb was mounted on the left side of the vehicle’s dash and was fired by a pressure tape
switch mounted at the impact corner of the bumper. The flash bulb was fired upon initial impact
with the test article to create a visual indicator of the precise time of impact on the high-speed
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.

9.4 Simulated Occupant

For test no MGSMS-1, a Hybrid Il 50"-Percentile, Adult Male Dummy, equipped with

clothing and footwear, was placed in the right-front seat of the test vehicle with the seat belt

fastened. The dummy, which had a final weight of 166 Ib (75 kg), was represented by model no.
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572, serial no. 451, and was manufactured by Android Systems of Carson, California. As

recommended by MASH, the dummy was not included in calculating the c.g location.

| "
), K
G H
TEST #: MGSMS-1
TARGET GEOMETRY-- in. (mm)
A 73 (1854) E 64 (1626) | 40172 (1029)
B 963/4 (2457) F 43 (1092) J 293/8 (746)
C 3138 (797) G 617/8 (1572) K 43 (1092)
D 64 (1626) H 785/8 (1997) L 637/8 (1622)

Figure 72. Target Geometry, Test No. MGSMS-1
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9.5 Data Acquisition Systems

9.5.1 Accelerometers

Two environmental shock and vibration sensor/recorder systems were used to measure
the accelerations in the longitudinal, lateral, and vertical directions. All of the accelerometers
were mounted near the center of gravity 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 filters conforming to SAE J211/1 specifications [10].

The primary accelerometer system, the DTS unit, was a two-arm piezoresistive
accelerometer system manufactured by Endevco. Three accelerometers were used to measure
each of the longitudinal, lateral, and vertical accelerations independently at a sample rate of
10,000 Hz. The accelerometers were configured and controlled using a system developed and
manufactured by Diversified Technical Systems, Inc. (DTS) of Seal Beach, California. More
specifically, data was collected using a DTS Sensor Input Module (SIM), Model TDAS3-SIM-
16M. The SIM was configured with 16 MB SRAM and eight sensor input channels with 250 kB
SRAM/channel. The SIM was mounted on a TDAS3-R4 module rack. The module rack was
configured with isolated power/event/communications, 10BaseT Ethernet and RS232
communication, and an internal backup battery. Both the SIM and module rack were
crashworthy. The “DTS TDAS Control” computer software program and a customized Microsoft
Excel worksheet were used to analyze and plot the accelerometer data.

The secondary accelerometer system, the SLICE-2 unit, was a modular data acquisition
system manufactured by DTS. The acceleration sensors were mounted inside the body of a
custom-built SLICE 6DX event data recorder and recorded data at 10,000 Hz to the onboard
microprocessor. The SLICE 6DX was configured with 7 GB of non-volatile flash memory, a

range of +500 g’s, a sample rate of 10,000 Hz, and a 1,650 Hz (CFC 1000) anti-aliasing filter.
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The “SLICEWare” computer software program and a customized Microsoft Excel worksheet
were used to analyze and plot the accelerometer data.

9.5.2 Rate Transducers

The primary angle rate sensor, the ARS-1500, with a range of 1,500 degrees/sec in each
of the three directions (roll, pitch, and yaw) was used to measure the rates of rotation of the test
vehicles. The angular-rate sensor was mounted on an aluminum block inside the test vehicle near
the center of gravity and recorded data at 10,000 Hz to the DTS SIM. The raw data
measurements were then downloaded, converted to the proper Euler angles for analysis, and
plotted. The “DTS TDAS Control” computer software program and a customized Microsoft
Excel worksheet were used to analyze and plot the angular rate sensor data.

A secondary angle rate sensor system used to measure the rates of rotation of the test
vehicle was mounted inside the body of the SLICE-2. 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 microprocessor. The raw data measurements were then downloaded,
converted to the proper Euler angles for analysis, and plotted. The “SLICEWare” computer
software program and a customized Microsoft Excel worksheet were used to analyze and plot the
angular rate sensor data.

9.5.3 Retroreflective Optic Speed Trap

The retroreflective optic speed trap was used to determine the speed of the test vehicle
before impact. Five retroreflective targets, spaced at approximately 18-in. (457-mm) intervals,
were applied to the side of the vehicle. When the emitted beam of light was reflected by the
targets and returned to the Emitter/Receiver, a signal was sent to the data acquisition computer,
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
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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.

9.5.4 Digital Photography

Seven AOS high-speed digital video cameras, six GoPro digital video cameras, and one
JVC digital video camera were utilized to film test no. MGSMS-1. Camera details, camera
operating speeds, lens information, and a schematic of the camera locations relative to the system
are shown in Figure 73.

The high-speed videos were analyzed using ImageExpress MotionPlus and RedLake
MotionScope software programs. Actual camera speed and camera divergence factors were
considered in the analysis of the high-speed videos. A Nikon D50 digital still camera was used to

document pre- and post-test conditions.
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AOS-1 AOS Vitcam CTM 500 Cosmicar 12.5 mm Fixed 12.5
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Figure 73. Camera Locations, Speeds, and Lens Settings, Test No. MGSMS-1
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10 FULL-SCALE CRASH TEST NO. MGSMS-1

10.1 Static Soil Test

Before full-scale crash test no. MGSMS-1 was conducted, the strength of the foundation
soil was evaluated with a static test, as described in MASH. The static test results, as shown in
Appendix E, demonstrated a soil resistance above the baseline test limits. Thus, the soil provided
adequate strength, and full-scale crash testing could be conducted on the barrier system.
10.2 Test No. MGSMS-1

The 5,182-1b (2,351-kg) pickup truck impacted the weak-post guardrail system at a speed
of 63.0 mph (101.4 km/h) and an angle of 25.2 degrees. A summary of the test results and
sequential photographs are shown in Figure 74. Additional sequential photographs are shown in
Figures 75 through 78. Documentary photographs of the crash test are shown in Figure 79.
10.3 Weather Conditions

Test no. MGSMS-1 was conducted on December 5, 2014 at approximately 2:00 p.m. The
weather conditions, as per the National Oceanic and Atmospheric Administration (station

14939/LNK), were reported and are shown in Table 22.

Table 22. Weather Conditions, Test No. MGSMS-1

Temperature 52° F

Humidity 61%

Wind Speed 3 mph

Wind Direction 30° from True North
Sky Conditions Sunny

Visibility 5.0 Statute Miles
Pavement Surface Dry

Previous 3-Day Precipitation 0.0in.

Previous 7-Day Precipitation 0.0 in.
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10.4 Test Description

Initial vehicle impact was to occur 16 ft (4.9 m) upstream from the rail splice at post no.
20, as shown in Figure 80, which was selected using the CIP plots found in Section 2.3 of
MASH to maximize loading at a splice and the probability of wheel snag. The actual point of
impact was 1 in. (25 mm) downstream from the targeted impact point. A sequential description
of the impact events is contained in Table 23. The vehicle came to rest 119.8 ft (36.5 m)
downstream from the point of impact and 3.8 ft (1.2 m) in front of the system. The vehicle

trajectory and final position are shown in Figures 74 and 81.

Table 23. Sequential Description of Impact Events, Test No. MGSMS-1

TIME

EVENT
(sec)

0.000 The vehicle impacted the barrier 3% in. upstream from post no. 15.

0.004 Post no. 15 began to deflect backward, and the right side of the bumper began to
' deform.

Post nos. 14 and 16 began to deflect backward, and the right-front fender contacted

0.008 the rail.

0.012 Post nos. 13 and 17 began to deflect backward, and the right headlight deformed.

0.016 Post nos. 18 — 21 deflected backward.

0.018 The rail began to flatten between post nos. 15 and 16.

0.024 Post no. 22 began to deflect backward.

0.030 Post no. 23 began to deflect backward.

0.038 Vehicle hood began to deform.

0.042 Right-front tire contacted post no. 16, causing the rail to release from post no. 16.

0.050 Asphalt cracks formed around post no. 16, and the asphalt began to shift backward.

0.056 The rail released from post nos. 15 and 17.

0.058 The vehicle began to yaw away from the system.

0.064 The rail released from post no. 18.

Right-front tire overrode post no. 16, and the vehicle began to roll toward the

0.070
system.

Right-front tire contacted post no. 17, and asphalt cracks were visible between post

0.074 nos. 15 and 19.

0.084 The right headlight became detached.
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0.100 Right-front tire contacted post no. 18, and the rail released from post no. 19.
0.122 Right-front tire contacted post no. 19.

0.128 The rail released from post no. 20, and the right-front tire deflated.

0.136 Soil heaves were visible behind the system as the asphalt shifted backward.
0.142 Asphalt cracking was visible between post nos. 14 and 22.

0.164 Front bumper contacted post no. 20.

0.172 The rail released from post no. 21.

0.180 Right-rear tire contacted post no. 16.

0.192 The right-rear quarter panel contacted the rail between post nos. 15 and 16.
0.196 The rail released form post no. 22.

0.244 Right-rear tire contacted post no. 17.

0.252 Right-front tire contacted post no. 21.

0.278 The vehicle was parallel to the system.

0.286 Right-front tire contacted post no. 22.

0.290 Right-front tire became airborne.

0.298 The rail released from post no. 23.

0.328 '1I'ge right-front tire contacted post no. 23, and the right-rear tire contacted post no.
0.340 The vehicle reached its maximum lateral deflection into the barrier.

0.368 Vehicle began to roll away from the system.

0.376 Right-front tire contacted post no. 24, causing the rail to release.

0.390 The vehicle began to yaw back toward the system.

0.422 Left-front tire regained contact with the ground.

0.668 The vehicle exited the system at a speed of 34 mph and at angle of 9.7 degrees.
0.786 The vehicle was again parallel with the system.

1.070 Left-front tire deflated.

1742 A secondary impact occurred as the right-front fender contacted the rail upstream

from post no. 39.

10.5 Barrier Damage

Damage to the barrier was moderate, as shown in Figures 82 through 88. Barrier damage

consisted of guardrail bending and tearing, post bending, asphalt cracking and displacement,

socket displacement, and contact marks on the guardrail and posts. The length of vehicle contact

along the barrier was approximately 37 ft (11.3 m), which spanned from 4 in. (102 mm)
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upstream from post no. 15 to 10 in. (254 mm) upstream from post no. 27. A secondary impact
resulted in only minor deformations to the rail and posts and had a contact length of 8 ft (2.4 m),
spanning from 16 in. (406 mm) downstream from post no. 37 to the splice between post nos. 38
and 39.

The W-beam guardrail displaced backward and had various bends, kinks, and scrapes
between post nos. 13 and 29. The bottom of the guardrail was flattened between post nos. 15 and
22 and had a 10-in. (254-mm) long vertical tear in the downstream guardrail segment at the
splice at post no. 20. The tear began at the bottom of the rail, extended vertically through the slot
for the bottom downstream splice bolt, and continued upward and downstream until it terminated
in the middle of the rail, as shown in Figure 88. All splice locations were measured before and
after the test. The maximum splice movement of % in. (16 mm) was recorded at two adjacent
splices in the contact region, which were located at post nos. 16 and 20. The rail and backup
plates disengaged from post nos. 11 and 15 through 27. The detached backup plates were
scattered behind the guardrail system. Only two of the plates traveled further than 15 ft (4.6 m)
from the system, with the furthest found 25 ft (7.6 m) behind the guardrail system.

Nearly all of the posts outside of the contacted area were twisted and/or bent toward
impact region. The upstream anchor post had a ¥%-in. (6-mm) soil gap on the upstream side of the
post. Post nos. 13 through 15 and 27 were bent backward slightly, due to the lateral force on the
rail. Post nos. 16 through 26 were all severely bent and twisted from direct vehicle contact during
the impact event. Tears were found in various flanges of post nos. 16 through 21 due to bending
and contact with the top of the sockets.

The asphalt mow strip was cracked and fractured down its centerline between post nos.
11 and 30, over a total length of 60 ft (18.3 m). The cracking was indicative of a shear block

failure in the asphalt as it ran along the backside shear plates of each socket. The crack had a
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maximum opening width of 2% in. (64 mm) between post nos. 22 and 23 and steadily decreased
to hairline cracks at its ends. The asphalt behind the fracture shifted laterally and caused the soil
to heave behind the asphalt between post nos. 16 through 26. Additionally, the asphalt cracking
allowed the sockets to translate and rotate backward. The maximum lateral displacement of the
sockets was measured to be 1% in. (38 mm) at multiple post locations in the impact region.

The maximum permanent set of the rail and posts for the barrier system was 16% in. (419
mm) located at the midspan between post nos. 17 and 18 and 29 in. (737 mm) at post no. 19, as
measured in the field. The maximum lateral dynamic deflections of the rail and posts were 42.3
in. (1,074 mm) at post no. 18 and 34.2 in. (869 mm) at post no. 19, as determined from high-
speed digital video analysis. The working width of the system was found to be 47.3 in. (1,201
mm), also determined from high-speed digital video analysis. Post no. 1, part of the upstream
anchor, had displaced ¥ in. (6 mm) downstream. The downstream BCT anchor posts did not
displace.

10.6 Vehicle Damage

The damage to the vehicle was moderate, as shown in Figures 89 and 90. The maximum
occupant compartment deformations are listed in Table 24 along with the deformation limits
established in MASH for various areas of the occupant compartment. Note that none of the
MASH-established deformation limits were violated. Complete occupant compartment and
vehicle deformations and the corresponding locations are provided in Appendix F.

The majority of the damage was concentrated on the right-front corner of the vehicle
where the impact occurred. The right-front bumper and fender were crushed inward, and the
right headlight was disengaged. The plastic around the bumper was cracked and partially
disengaged, and there was a kink in the bumper 13 in. (330 mm) from center. A 10-in. (254-mm)

long tear in the fender was found behind the right headlight, and the front portion of the right
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fender was disengaged. A large dent was found above the wheel well spanning the length of the
fender. The right side of the vehicle had various scrapes and gouges along its length. An 8-in.
(203-mm) dent was located under the right taillight, while the taillight itself was partially
disengaged. A kink was found in the rear bumper 21 in. (533 mm) from center.

The right-front tire was disengaged and deflated. A 3%-in. (89-mm) long tear was found
on the tire sidewall, and the rim was cracked and gouged. The right-front brake caliper was
disengaged and brake fluid was leaking. The steering knuckle was broken, and the wheel hub
was fractured. The left-front tire was also deflated and the tire’s rim was scraped. The roof and

window glass remained undamaged.

Table 24. Maximum Occupant Compartment Deformations by Location

MAXIMUM MASH ALLOWABLE
LOCATION DEFORMATION DEFORMATION
in. (mm) in. (mm)
Wheel Well & Toe Pan Y4 (6) <9 (229)
Floor Pan & Transmission Tunnel Y% (4) <12 (305)
Side Front Panel (in Front of A-Pillar) Y4 (6) <12 (305)
Side Door (Above Seat) 0 (0) <9 (229)
Side Door (Below Seat) Y4 (6) <12 (305)
Roof 0 (0) <4 (102)
Windshield 0 (0) <3 (76)

10.7 Occupant Risk

The calculated occupant impact velocities (OIVs) and maximum 0.010-sec occupant
ridedown accelerations (ORAS) in both the longitudinal and lateral directions are shown in Table
25. Note that the OIVs and ORAs were within the suggested limits provided in MASH. The
calculated THIV, PHD, and ASI values are also shown in Table 25. The results of the occupant

risk analysis, as determined from the accelerometer data, are summarized in Figure 74. The
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recorded data from the accelerometers and the rate transducers are shown graphically in

Appendix G.

Table 25. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. MGSMS-1

Transducer MASH
Evaluation Criteria DTS Limit
, SLICE-2 Imits
(primary)
. -15.76 -15.85
Longitudinal <40(12.2
oIV g (-4.80) (-4.83) (12.2)
ft/s (m/s) -15.01 -16.18
Lateral (-4.58) (-4.93) <40 (12.2)
Longitudinal -10.91 -10.97 <20.49
ORA
g’s
Lateral -8.02 -7.59 <20.49
Roll -9.7 -9.3 <75
MAX.
ANGULAR .
DISPL. Pitch -5.1 -5.2 <75
deg. ]
Yaw -34.0 -33.4 not required
21.00 21.69 .
THIV  ft/s (m/s) (6.40) (6.61) not required
PHD g’s 11.55 11.46 not required
ASI 0.63 0.65 not required

10.8 Discussion

The analysis of the test results for test no. MGSMS-1 showed that the weak-post
guardrail system in an asphalt mow strip adequately contained and redirected the 2270P vehicle
with controlled lateral displacements of the barrier. There were no detached elements or
fragments which showed potential for penetrating the occupant compartment or presented undue
hazard to other traffic. Deformations of, or intrusions into, the occupant compartment that could

have caused serious injury did not occur. The test vehicle did not penetrate or ride over the
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barrier and remained upright during and after the collision. Vehicle roll, pitch, and yaw angular
displacements, as shown in Appendix G, were deemed acceptable because they did not adversely
influence occupant risk safety criteria or cause rollover. After impact, the vehicle exited the
barrier at an angle of 9.7 degrees, and its trajectory did not violate the bounds of the exit box.
Therefore, test no. MGSMS-1, conducted on the weak-post guardrail system in an asphalt mow
strip, was determined to be acceptable according to the MASH safety performance criteria for

test designation no. 3-11.
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Figure 74. Summary of Test Results and Sequential Photographs, Test No. MGSMS-1
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0.000 sec 0.400 sec

0.100 sec 0.500 sec

0.200 sec 0.600 sec

0.300 sec 0.800 sec

Figure 75. Additional Sequential Photographs, Test No. MGSMS-1
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Figure 76. Additional Sequential Photographs, Test No. MGSMS-1
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Figure 77. Additional Sequential Photographs, Test No. MGSMS-1
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Figure 78. Additional Sequential Photographs, Test No. MGSMS-1
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Figure 79. Documentary Photographs, Test No. MGSMS-1
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HGSMS:4

Figure 80. Impact Location, Test No. MGSMS-1
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Figure 81. Vehicle Final Position and Trajectory Marks, Test No. MGSMS-1
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Figure 82. System Damage, Test No. MGSMS-1
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MGSMS-1

12 Through 17, Test No.

Post Nos.

System Damage

Figure 83
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Test No. MGSMS-1

Figure 84. System Damage — Post Nos. 18 Through 20
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Figure 85. System.Damage
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Figure 86. System Damage — Post Nos. 20ugh Test No. MGSMS-1
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Figure 87. System Damage — Asphalt Fracture and Anchor Movement, Test No. MGSMS-1

GT-22€-€0-dd L "ON Hoday 4SHMIN

GTOZ ‘T 480010



R e

f;‘ ’ (§.§.}ﬁ,_;_;__‘,; ,

TN e BN
Sy s N

£

Figure 88. System Daage — Rail Tearing, Test No.

<
=
P
w
m
Py
@
=)
o
p=3
=z
©
-
Y
2
o
@
w
NN
e
[y
[6;]

o
Q
—+
o
o
@
=
[y
N
o
—
(S)]




LET

WGSMS-1
m

Figure 89. Vehicle Damage, Test No. MGSMS-1
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WwRSE

Figure 90. Vehicle Damage, Test No. MGSMS-1
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11 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The objective of this project was to adapt the weak-post, MGS bridge rail system for use
within asphalt mow strips. The new W-beam guardrail system was to withstand the impact force
and dissipate energy through post bending, thereby limiting damage to the mow strip. It was
desired that damaged barrier components could be replaced without requiring repairs to the mow
strip in order to minimize maintenance costs.

The project began with a review of mow strip standards and practices from the Midwest
States Pooled Fund Program members. Both asphalt and concrete mow strips were commonly
used, and thicknesses varied between 3 in. (76 mm) and 6 in. (152 mm). However, a 4 ft (1.2 m)
width was nearly unanimous for a standard mow strip. As such, the weak-post guardrail system
was evaluated for use within 4-ft (1.2-mm) wide paved mow strips using either asphalt or
concrete materials.

Dynamic bogie testing was conducted on weak posts installed in pavements to quantify
the amount of damage expected within various mow strip configurations. Round 1 component
testing consisted of four bogie impact tests on single S3x5.7 (S76x8.5) guardrail posts installed
directly within the pavement. The posts were driven through the asphalt mow strips, while 4-in.
(102-mm) square leave-outs and 4-in. (102-mm) diameter cored holes in the concrete allowed the
posts to be driven through the concrete and into the underlying soil. Results from the Round 1
testing showed that the weak posts bent over and formed plastic hinges near the groundline. The
4-in. (102-mm) thick concrete mow strips suffered only minor spalling on the backside of the
hole and leave-out. However, both the 4-in. (102-mm) and 6-in. (152-mm) thick asphalt mow
strips spalled, cracked, and displaced, allowing the post to shift over 2 in. (51 mm) backward, as

measured at the groundline. Removal of the damaged posts caused additional cracking in the
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asphalt pavements. Thus, distribution of the impact loads was required to prevent damage and
repair concerns within asphalt mow strips.

Round 2 component testing consisted of five bogie impact tests on S3x5.7 (S76x8.5)
posts installed within 4-in. X 4-in. x ¥%-in. (102-mm x 102-mm x 6-mm) steel tube sockets, which
were driven into the center of a 4-in. (102-mm) thick asphalt mow strip. The sockets had varied
embedment depths ranging between 20 in. (508 mm) and 30 in. (762 mm). The first test on a 30-
in. (762-mm) long socket resulted in the socket displacing 1 in. (25 mm) through the asphalt.
Subsequently, 10-in. X 9-in. X %-in. (254-mm x 229-mm x 6-mm) shear plates were added to the
backside of the sockets for the remainder of the component tests. With the addition of the shear
plate, sockets measuring 30 in. (762 mm) and 24 in. (610 mm) resulted in displacements of ¥4 in.
(6 mm) and % in. (13 mm), respectively. Both of these displacements allowed a replacement post
to be installed plumb without repair work to the asphalt or the socket. Testing on a 20-in. (508-
mm) long socket resulted in asphalt shear fracture behind the socket and large displacements for
the asphalt and the socket. Additionally, a single longitudinal impact test was conducted along
the weak axis of the post installed in a 30-in. (762-mm) deep socket. The reduced strength of the
post in the weak axis produced only % in. (3 mm) of socket displacement.

Round 3 of dynamic component testing consisted of two tests on dual S3x5.7 (S76x8.5)
weak posts spaced 37.5 in. (953 mm) apart to evaluate the ability of the mow strip pavement to
withstand impact loading from multiple adjacent posts. Test no. MSSP-5 was conducted with
dual posts installed in 24-in. (610-mm) deep sockets with backside shear plates driven into a 4-
in. (102-mm) thick asphalt mow strip. During the test, the asphalt behind the sockets fractured
and displaced backward. The crack pattern resembled a shear block failure, as the fracture
extended between the two socket shear plates and then to the back edge of the mow strip at

approximately 45 degree angles. Test no. MSSP-6 was conducted with dual posts installed
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within 4-in. (102-mm) square leave-outs placed in a 4-in. (102-mm) thick unreinforced concrete
mow strip. Similar to the previous single-post testing, the concrete sustained only minor spalling
on the back edges of the leave-outs and would not require repair during replacement of the
damaged posts.

Due to the widespread use of asphalt pavements as mow strips, the project sponsors
desired to continue utilizing an asphalt mow strip during full-scale crash testing of the system. In
an attempt to minimize the damage to the mow strip, the embedment depth of the socket was
increased to 30 in. (762 mm), and the thickness of the mow strip was increased to 6 in. (152
mm). The full-scale test installation was 175 ft (53.3 m) long, though only the middle 75 ft (22.9
m) of the guardrail was installed over a simulated asphalt mow strip. The sockets and S3x5.7
(S76x8.5) weak posts were installed down the center of the mow strip at 37%-in. (953-mm)
spacing. Soil fill was utilized in front of and behind the mow strip to create an even groundline
around the barrier system. Standard MGS was installed upstream and downstream from the mow
strip.

Test no. MGSMS-1 was conducted on the 31-in. (787-mm) tall weak-post guardrail
installation in accordance with MASH test designation no. 3-11. During the test, the 2270P was
contained and smoothly redirected. The barrier system had a maximum dynamic deflection of
42.3 in. (1,074 mm) and a working width of 47.3 in. (1,201 mm). Test no. MGSMS-1 satisfied
all of the safety performance evaluation criteria for MASH TL-3 longitudinal barriers, as
summarized in Table 26.

Unfortunately, the full-scale test also resulted in a large, 60-ft (18.3-m) long crack
forming down the center of the asphalt mow strip throughout the impact region. The crack
extended along the back side of the sockets, had a maximum opening width of 2% in. (64 mm),

and allowed the sockets to rotate and displace backward up to 1% in. (38 mm). Consequently,
141



October 1, 2015
MwRSF Report No. TRP-03-322-15

repairs to the asphalt and resetting of the sockets would be necessary when replacing damaged
posts and rail segments. As such, the system did not to meet the design goal of limiting damage
to the mow strip and preventing costly repairs. However, since the full-scale test satisfied the
MASH TL-3 criteria, a couple options are recommended for installing this weak-post guardrail
system within mow strips.

First, if asphalt damage during impact events was allowable, the system could be
installed as tested. Of course, repairs to the mow strip would be expected when repairing
impacted sections of the weak-post guardrail system, but the system would perform in a
crashworthy manner. Mow strip repairs may include resetting of displaced sockets, filling of
cracks and gaps around the socket, and/or the removal and replacement of damaged asphalt
sections. During initial installation, the asphalt should be placed and compacted with standard
rolling techniques for highway pavements, and the socket assemblies should be driven through
the paved asphalt. Although the full-scale test utilized a 6-in. (152-mm) thick asphalt mow strip,
a 4-in. (102-mm) thick asphalt mow strip should result in the same safety performance for the
system. The thicker pavement was only selected in an attempt to prevent asphalt damage, an
objective that was not achieved. Once the asphalt cracked along its center, the mow strip
provided minimal resistance to prevent the socket from rotating backward. As such, the as-tested,
weak-post guardrail system should perform adequately when installed down the center of an
asphalt mow strip with a minimum width of 4 ft (1.2 m) and a minimum thickness of 4 in. (102
mm).

Second, if mow strip damage from impact events was not desirable, the weak-post
guardrail system should be utilized within a concrete mow strip. Dynamic bogie testing on dual
posts illustrated that 4-in. (102-mm) thick concrete mow strips do not carry the risk of block

shear fracture associated with asphalt pavements. Thus, damage in the form of concrete cracking
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and/or fracture would not be expected for concrete pavements. Additionally, dynamic bogie
testing has shown that there is no need for a post socket within a concrete mow strip. The
concrete mow strip was strong enough to contain the post and cause plastic bending at
groundline. The concrete mow strip should have a minimum thickness of 4 in. (102 mm), a
minimum width of 4 ft (1.2 m), and a minimum strength of 4,000 psi (28 MPa). Although not
initially required for strength, reinforcement of the mow strip is recommended to prevent
cracking and deterioration resulting from temperature shrinkage, freeze-thaw cycles, and/or
settlement of the soil. Either 4-in. (102-mm) square leave-outs or 4-in. (102-mm) diameter cored
holes should be placed along the center of the mow strip to allow for driving of the S3x5.7
(S76x8.5) posts. The posts should have a length of 6 ft (1.8 m) and an embedment depth of 40 in.
(1,016 mm) to match the dimensions of the posts evaluated during bogie testing.

Even though the steel sockets are not needed for installation of the system in concrete, the
2%-in. x 1-in. X ¥-in. steel standoffs welded to the sides of the S3x5.7 (S76x8.5) posts are still
recommended for future installations. These post standoffs were originally developed as shims to
prevent excess movement of the posts within the socket tube. However, full-scale testing of these
posts within both the mow strip system and the original MGS bridge rail system illustrated that
the welded standoff plates created stress concentrations in the post during weak-axis bending and
led to tearing of the upstream flanges. Thus, the post bent over as though it was hinged at
groundline once the tearing had occurred. This phenomenon is important as recent full-scale
testing of small cars into weak-post systems has shown a propensity to result in floor pan tearing
as the vehicle traverses over the top of weak posts during redirection [18-19]. Welding these
standoff plates to weak posts will encourage the posts to tear and lie flat on the ground instead of

rebounding upward and penetrating into the occupant compartment. Accordingly, the plates
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should be welded so that the top of the plate is even with the groundline, or 40 in. (1,016 mm)

from the bottom of the post, as shown in Figure 91.
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Figure 91. Recommended Post for Installations in Concrete Mow Strips
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There is potential for the weak-post guardrail system to be implemented within an asphalt

mow strip without the use of sockets, assuming that damage to the pavement was allowable. The

sockets and shear plates were implemented only to distribute load throughout the asphalt and

prevent pavement damage. Since this proved unsuccessful, the socket assemblies may provide

minimal benefits to the system. Driving the posts directly through the asphalt may result in

similar safety performance to that observed in the full-scale crash test. However, it may also
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slightly modify the stiffness of the system if the plastic hinge in the post forms at a different
location (e.g., at the soil surface after the asphalt mow strip has fractured). Further testing and
evaluation would be necessary to demonstrate that the system remains crashworthy in asphalt
mow strips without the use of steel sockets.

Some users may still desire a guardrail system compatible with asphalt mow strips that
does not damage the pavement. It is believed that this objective is obtainable, either through a
variation of the weak-post guardrail system evaluated herein or a different configuration not yet
evaluated. However, further design, testing, and analysis is required to develop such a system.

Regardless of the anchorage conditions for the S3x5.7 (S76x8.5) posts for this weak-post
guardrail system, the use of 12-in. (305-mm) long backup plates behind the rail is recommended.
The partial rail tearing observed during test no. MGSMS-1 was caused when the test vehicle
impacted a post and caused it to deflect downstream and twist such that its flange contacted the
bottom of the rail directly below the downstream splice bolts. Then, as the vehicle’s right-front
bumper and fender loaded the splice, the tear propagated to span half of the rail height. If a long
backup plate had been installed at this location, the tear may have never occurred.

The original MGS bridge rail utilized 6-in. (152-mm) long backup plates at every post,
including splice locations since the splice bolts are 8 in. (203 mm) apart. Unfortunately, the
design drawings for the full-scale test specified 12-in. (305-mm) backup plates (taken from the
non-blocked MGS drawings) instead of the 6-in. (152 mm) backup plates, and these larger
backup plates could not be installed over the splice bolts, which are 8% in. (216 mm) apart,
without additional holes in the plate. As such, backup plates were not installed at locations where
posts coincided with rail splices. The lack of backup plate material may have contributed to the
partial rail tearing in test no. MGSMS-1. However, the tearing would have likely still occurred

had 6-in. (152-mm) backup plates been utilized, because the 6-in. (152-mm) backup plates do
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not extend below the splice bolts where the tear initiated. Similar rail tearing has been observed
in other 2270P testing on S3x5.7 (S76x8.5) weak-post guardrail systems that utilized 5%-in (143-
mm) backup plates at all post locations [20].

To prevent rail tearing due to post contact near rail splices, a longer backup should be
utilized to protect the rail around all posts, especially at splice locations. Therefore, the
utilization of a 12-in. (305-mm) long backup plate is recommended for the weak-post guardrail
system in mow strips, regardless of the type of mow strip. Further, the benefit of reducing the
propensity for rail tearing could be achieved for other similar S3x5.7 (S76x8.5) weak-post
guardrail systems, including the original MGS bridge rail and the weak-post guardrail attached to
culverts, if 12-in. (305-mm) backup plates were utilized instead of 6-in. (152-mm) backup plates.

Since 12-in. (305-mm) long backup plates are unable to be installed at guardrail splices,
holes or slots need to be cut into the backup plate to allow the guardrail bolts to pass through the
plate. The backup plates could utilize the same splice bolt slot pattern that is currently punched
into the ends of every guardrail segment. Utilizing this design, the backup plate could be
attached to the guardrail and assembled as a part of the splice. Alternatively, a backup plate
could be configured to fit over the back of assembled guardrail splices at the time of mounting
the rail to a post. Under these conditions, the slots would need to be enlarged to fit around the
splice bolts and nuts. Both of these design options are shown in Figure 92 and should be equally

effective in reducing the risk of rail tearing.
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Figure 92. 12-in. (152-mm) Backup Plates with (A) Standard Splice Slots and (B) Enlarged Slots

The weak-post guardrail system was designed as part of a family of non-proprietary, 31-
in. (787-mm) high, W-beam guardrail systems commonly referred to as the MGS. The weak-post
guardrail within mow strip systems was designed with a similar lateral stiffness and overall
system performance as the original MGS and MGS bridge rail. Therefore, a stiffness transition
between the weak-post guardrail in mow strips system and adjacent standard MGS installations
IS unnecessary. A 75-in. (1.9-m) spacing is recommended between the last S3x5.7 (S76x8.5)
weak post and the first standard guardrail post of the adjacent MGS installation. The adjacent
MGS may be either blocked or non-blocked.

Finally, installations should be constructed with the guardrail terminals (or end
anchorages) located a sufficient distance away from the weak-post guardrail system to prevent

the two systems from interfering with the proper performance of one another. As such, the
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following implementation guidelines should be considered in addition to guardrail length of need

requirements:

1.

A recommended minimum length of 12 ft — 6 in. (3.8 m) of standard MGS
between the first S3x5.7 (S76x8.5) weak post and the interior end of an
acceptable TL-3 guardrail end terminal.

A recommended minimum barrier length of 50 ft (15.2 m) before the first S3x5.7
(S76x8.5) weak post, which includes standard MGS and a crashworthy guardrail
end terminal. This guidance applies to the downstream end as well.

For flared guardrail applications, a recommended minimum length of 25 ft (7.6
m) between the first S3x5.7 (S76x8.5) weak post and the start of the flared section

(i.e. bend between flared and tangent sections).
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Table 26. Summary of Safety Performance Evaluation Results

Evaluation Evaluation Criteria Test No.
Factors MGSMS-1
Test article should contain and redirect the vehicle or bring the vehicle to a
Structural controlled stop; the vehicle should not penetrate, underride, or override the S
Adequacy installation although controlled lateral deflection of the test article is acceptable.
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. S
Deformations of, or intrusions into, the occupant compartment should not exceed
limits set forth in Section 5.3 and Appendix E of MASH.
The vehicle should remain upright during and after collision. The maximum roll s
and pitch angles are not to exceed 75 degrees.
Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3 of MASH for
Occupant calculation procedure) should satisfy the following limits:
Risk Occupant Impact Velocity Limits S
Component Preferred Maximum
Longitudinal and Lateral 30 ft/s (9.1 m/s) 40 ft/s (12.2 m/s)
The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section A5.3 of
MASH for calculation procedure) should satisfy the following limits:
Occupant Ridedown Acceleration Limits S
Component Preferred Maximum
Longitudinal and Lateral 15.0¢g’s 20.49 g’s

S — Satisfactory

U — Unsatisfactory ~ NA - Not Applicable
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Appendix A. Material Specifications — Component Testing
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Table A-1. Material Certification Listing for Dynamic Component Tests

Test Nos.
B I B e
NPT ?alaalalala Description Material Specification Reference
22922283333
=22 2222
X X X 10'x4'x4" [3048x1219x102] 4000 psi [27.6 MPa] MixCode: 24013000 and
Concrete Mow Strip Comp. Strength benesch 7/12/13
X x| x| x 25x4x4" [1620x1219x102] 52-34 Grade Binder email from 7/25/13
Asphalt Mow Strip
X 15x4x6 [4572X1219.X152] 52-34 Grade Binder email from 7/25/13
Asphalt Mow Strip
X| X| X 25x4x4 [7620X1219.X102] 52-34 Grade Binder Cather & Sons 6/25/14
Asphalt Mow Strip
S3x5.7 [S76x8.5]
X | X|X| X X 72" [1829] Long Post ASTM A36 H# G106836
S3x5.7 [S76x8.5]
X[ X|X 62" [1575] Long Post ASTM A36 H# 59058160
S3x5.7 [S76x8.5]
XX 56" [1422] Long Post ASTM A36 H# G106836
S3x5.7 [S76x8.5]
X 52" [1321] Long Post ASTM A36 H# G106836
4"x4"x3/8" [102x102x10] ASTM A500 Grade B
XXX XXX Steel Socket (various lengths) Steel Galvanized Hi# 1401127
4"x4"x1/4" [102x102x6] ASTM A572 Grade 50
XXX XXX Steel Plate (wedge) Steel Galvanized Hi# BA0B684
10"x9"x1/4" [254x229x6] ASTM A572 Grade 50
X| X X XX Steel Soil Plate Steel Galvanized Hi# BA0B684
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the written approval of Alfred Benesch & Company formed canes on both  ene end, verficel codks  crackisg throughboth — no erocking through botteam {eccur i of oylinder s
wnds, bess than Vin,  running through cops,  ends, no wall-formed  eads; fep with hammer  commonly with pointed
(25 mm) of cracking — ne well-defined cone ones to distinguish from wnhaaded cops)

Report Number 2147364604
Page 1

shrough tops on other snd Type |
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12-Jul-13

Date
Compressive hqlli;ﬁl’ Type
Strength, Strength, of
a psi
5620 5
5,490 6
5770 5

ALFRED BENESCH & COMPANY
CONSTRUCTION MATERIALS LABORATORY

o T T

Frodure

COMPRESSION TEST OF CYLINDRICAL CONGCRETE
SPECIMENS - 6x12

ASTM Designation: C 39

ASTM Frodice
fir Copping

Tim Watson, Coordinatar

Figure A-1. Concrete Mow Strip Material Specification, MS-1, MS-3, and MSSP-6
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7 Ready Mixed
CAUTION 3 Concrete Company
FRESH CONCRE ‘

o
>
8200 Comhuskes Highway, P.O. Box 29288
- : Lincoln, Nebraska 68529
Body and or eye conla.cl with fresh (moist) Telephone 402-434-1844
5 concrete should be avoided because it con-
- tains alkall and s caustic 4
e
PLANT TWAX CODE YARDS | TRUCK  |DRIVER | E'»’iv NATIC T CLASS TIME GATE
01 24013000 1.2 0107 | I NTR [ .. | 10:57AMO6/08/13 |
GUSTOMER Jou %u\mmu NAME TAX CODE PARTIAL NGHT |
4 . ”
- ooBos 4 IAJ--iRSF FATSEes A4 0 ) | v g : | &
LIVERY ADC DRESS SPECAL INS PO NUMBER
46800 NW 35TH N/OF NORTH GOODY 402-45 0
T ROER PR 1 » 9
' LOAD UMULATIVE QRDERED DOUC o JNT e
GUANTITY QUANTITY QUANTITY COOE PRODUCT DESCRPTION PRICE AMOUNT
25 188 1.25 2401300 i$000 0 16.25 120.31
MENIMUM HAUL 57.50
~ »
|
= [ N TI77.81
- e — SUBTOTA
b 12 '
WATER ADOED ON JOB . { 1\»&[, N . | v/ TAX | 2oe g1
AT CUSTOMEN'S REGUEST (-) GAL AECEIVED BY A .S Y TOTAL Lot = 0

.
HT Cable Footing/ Mow Strip '

2nd COPY
o
3

Figure A-2. Concrete Mow Strip Material Specification, MS-1, MS-3, and MSSP-6
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Asphalt Mix R# 13-0434 Mowstrip Project

Shaun [ighe

From: Jim C. Holloway [jholloway1 @ unl.edu]
Sent: Thursday, July 25, 2013 10:11 AM
To: Shaun Tighe

Subject: FW: Midwest Roadside Safety Invoice

----- Original Message-----

From: Judy Miller [mailto:catherandsons@futuretk.com]
Sent: Thursday, July 11, 2013 3:45 PM

To: Jim Holloway

Subject: RE: Midwest Roadside Safety Invoice

>Jim; This is what my records show for the mixed used on your
project...let me know if you need it in a different format...Thanks, Judy

25% - 3A Gravel

28% - 1/4" Dry Chip Limestone
12% - 3/4" Clean Limestone
30% - RAP

5% - RAS

5.6% - PG58-28 asphaltic cement

Hello Judy, can you email me the mix design, not sure if they have gotten
> back to you yet or not?

>

> ----- Original Message-----

> From: Judy Miller [mailto:catherandsons@futuretk.com]

> Sent: Friday, June 28, 2013 1:24 PM

> To: Jim Holloway

> Subject: RE: Midwest Roadside Safety Invoice

>

>>I will get with Rick or Mike for the mix design used on your project
>»and

> let you know...did I do the billing correctly?

>

> Hello Judy,

>

>> T was hoping that the invoice would show the specific mix type that
>» was used. Can you determine that for me and send it to me on a

>> separate document, do you have a standard method of supplying mix
>> specification, like super paved shoulder, or binder, or base mix?
>>

>> Thanks

>>

>> Jim C. Holloway

>> Research and Development Test Site Manager Midwest Roadside Safety
>> Facility (MwRSF) University of Nebraska - Lincoln

>> 4860 NW 35th Street

»» Lincoln, NE 68524

Figure A-3. Asphalt Mow Strips Material Specification, MS-2, MS-4 — 5, and MSSP-1 — 2
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AN

-

Figure A-4. Asphalt Mow Strip Material Specification, MSSP-3 — MSSP-5
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@ GERDAU AMERISTEEL
CARTERSVILLE STEEL MILL

384 OLD GRASSDALE RD NE
CARTERSVILLE GA 30121 USA

(770) 387-3300

Chemical and Physical Test Report
Made and Nelted In USA

October 1, 2015
MwRSF Report No. TRP-03-322-15

Page 2 of 2

G-164172

SHIP TO
STEEL AND PIPE SUPPY CO INC
401 NEW CENTURY PARKWAY

INVOICE TO
STEEL AND PIPE SUPPLY CO. INC.
PO BOX 1688

SHIP DATE
1141810

CUST. ACCOUNT NO
40130833

785-587-5185
NEW CENTURY, KS 66031

PRODUCED IN: CARTERSVILLE

MANHATTAN, KS 66505-1688

SHAPE + SIZE GRADE SPECIFICATION | SALES ORDER | CUST P.O. NUMBER
W8 X 184 A57250/802 | ASTM A572 GR50-07, ASTM AG92 —O6A. ASTM A700 GRS0-094 [0125962-01 | 4500145784-01
HEAT LD. C Mn P S Sl Cu Ni Cr Mo v No B 2n | CEqv| | { Jes== |
G 106480 18 | 1.00 | 010 | 014 | 21 | .28 | 30 | 05 | 025 | .017 | 002 |.0%03 || : k [ [ 32 | T | 1 |
Mechanical Test: Yiekd 55200 PSI, 380,59 MPA  Tenslle: 76600 PSI, 528,14 MPA  %:El. 26.2/8in, 26.2/200MM

Customar Requiroments CASTING: STRAND CAST

Comment NO WELD REPAIRMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.

Mechanical Test:  Yield 4000 PSI, 372.32MPA  Tensie: 76300 PSI, 526.07 MPA  %El: 20.9/8in, 20.9/200MM
Customer Roquiremants CASTING: STRAND GAST ;

Comment: NO WELD REPAIRMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.

PRODUCED IN: CARTERSVILLE

SHAPE 4 SIZE GRADE SPECIFICATION | SALES ORDER [ CUST P.0. NUMBER
W3 X 5.78 5-BEAM A57250/662 | ASTM A572 GR50-07, ASTM AG92 —OGA, ASTM A700 GHS0-09A | 0izé791-02 [ 4s0014v€12-02
HEAT [.D. C {Ma] P | ST S [ Cu| N JGC [M] V] IN][8 Zn_| CEqv] | | | | |
G 106836 4 |60 | 013 028 | 20 |33 | .10 | 05 | 023 | 016 | 000 | 0003 -00100].00000 | 0d3e0| 37 | i | | | |
Mechanical Test:  Yield 54100 PSI, 373.01 MPA  Tensile: 75700 PSL, 521.83 MPA  %EL 22.¥8in, 22.3/200MM

Customer Requirements CASTING: STRAND CAST
Comment NO WELD REPAIRMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.
Mechanical Test: Yisld 54500 PSI, 375.76 MPA  Tenslle: 74800 PSI, 516.73 MPA  %El: 21.2/8In, 21.2/200MM
Customer Requirements CASTING: STRAND CAST
-Comment NO WELD REPAIRMENT PERFORMED. STEEL NOT EXPOSED TO MERCURY.

Customer Notes
NO WELD REPAIRMENT PERFORMED, STEEL NOT EXPOSED TO MERCURY.

All manutacturing processes including melt and cast, occurred In USA. MTR THE ABOVE FIGURES ARE CERTIFIED EXTRACTS FROM THE ORIGINAL CHEMICAL AND PHYSICAL TEST RECORDS
complies with EN10204 3,18 AS CONTAINED IN THE PERMANENT RECORDS OF COMPANY
Bhaskar Yalamanchis
a' Quality Diractor Metalurgical Servicas Manager
Gerdau Ameristeel CARTERSVILLE STEEL MILL
Sedler warrants that all material shall comply witn subject to standard pi 9 NOOTHER NTIES, OR IMPLIED, ARE MADE BY THE

SELLER, AND SPECIFICALLY EXCLUDED ARE WARRANTIES OF MEHCHANTABILITY AND FITNESS FOR A PAATICULAR PURPOSE.

In no event shall seller be liable for indirect, canseguential or punitive damages arising out of of miated to the materials fumnished by seiler.

Any claim for damages tor materials that do not confarm to specifications must be made from buyer to seller immedialely ahter delvery of same in order to aliow the seiar 1he apportunity 1o inspect the matenal in
Questian,

Figure A-5. S3x5.7 Posts Material Specification, MS-1 — 4, and MSSP-3 — 6
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CERTIFIED MATERIAL TEST REPORT
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. i
5 CUSTOMER SHIP TO CUSTOMER BILL TO GRADE g SHAPE / SIZE
Ga GERDAU STEEL & PIPE SUPPLY CO INC STEEL & PIPE SUPPLY CO INC A3G/AST250 Standacd [ Beam 13X STHII5XES o
1003 FORT GIBSON RD
CATOOSA.OK 74015-3033 MANHATTAN KS 66505-1688 LENGTH WEIGHT HEAT/ BATCH
US-ML-MIDLOTHIAN USA USA 4000 8208LB 5905816017
2 wonARD”R, i 6065 ORD CUSTOMER MATERIAL ON
X7 SALES ORDER A ATERIAL N* SPECIFICATION / DATE or REVISK
Mib 5 £12105/000020 000000000035357040 AJAIM08
USA ASTUASTIMAY
CUSTOMER PURCHASE ORDER NUMBER BILL OF LADING DATE ASTM AG/AGM-11
4500221191 1327-0000099969 04/02/2014
CHEMICAL COMPOSITION
3 § ) 9 A b 2
0.09 079 0014 0.026 020 036 0.1 0.06 0.027 0.009 0.001 0.011 0.003
CHEMICAL COMPOSITION
CEgyA6
03
MECHANICAL PROPERTIES
hY M v ok o
53.4 69.5 382 268 8.000 2000
553 619 368 79 8000 2000
MECHANICAL PROPERTIES
F.lgxg. w&.-.n
23.20 0.786 .
2360 0.79
COMMENTS / NOTES
The above figures are certified chemical and physical test records as contained in the permanent records of company. This material, mcluding the billets, was meled and s in
the USA, CMTR complies with EN 10204 3.1. i :

M&% HASKAR YALAMANCHILE
QUALITY DIRECTOR

B b

QUALITY ASSURANCE MGR.

Figure A-6. 62-in. S3x5.7 Post Material Specification, MS-5 and MSSP-1 — 2
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s oo ACIAS Tube B2, g5

72
' L D00 umcsree crowe

Fax:  870-762-6830

MATERIAL TEST REPORT

Shipped to
Steol & Pl Supply Compan . S ‘l & Pi uppi; (:cm:k pan
C arKkw
Mé\NHA xs 66505 U CENTURY ¥s 6603
A
Matsrial: 4.0x2.0x188x40'0"0(5x4), Material No: 400201884000 Made in:  USA
Melted in: USA
Sales order: 943887 ' Purchase Order: 4500233208 Cust Material #: 6640020018840
Heat No c Mn P s si Al Cu c» Mo N Cr v T 8 N
660150 0.220 0810 0.009 0006 0015 0034 005 0.007 0.000 0030 0030 0000 0.001 0.000 0,006
Bundie No PCs  Yield Tonsile Ein.2in Certification CE: 0.37
M4DOOB9648 20 076120 Psi 087160 Psi 24 % ASTM A500-13 GRADE B&C
Material Note: k
Sales Or,Noto:
Matorial: 4.0x4 0x376¥40'0"0(5%2). | Materisl No: 400403754000 Made in:  USA
v Melted in: Russisn Fed,
Salos order: 943208 Purchase Order: 4500233048 Cust Material #: 6540037640
Meat No c Mn 3 5 Si Al Cu cb Mo nNi Cr v Ti B N
1401927°° 0,191 0.900 0.011 0011 0016 0.031 0.040 0.000 0,000 0.020 0030 0.000 0.000 0.000 0.008
Bundle No  PCs  Yield Tensile En.2in Cortification ’ CE: 0.35
M800500302 10 084368 Psi 076714 Psi 32 % ASTM AS00-13 GRADE B&C
Material Note:
Sales Or.Note:
Material: 4.0x4.0x3786x40°0"0(5x2). Matarial No: 400403754000 Made in:  USA
- Melted In: Russion Fed.
Soles order: 943208 Purchase Order: 4500233048 Cust Meterial #: 6540037540
Hest No ¢ Mn P 8 ‘8l Al Cu ch Mo N Cr v n B N
1401127 0.191 0800 0.011 0011 0016 0031 0040 0.000 0000 0020 0030 0000 0000 0.000 00086
Bundie No  PCs  Yield Tonsile Ein_2in Cortification CE: 0.35
MB00500301 10 064368 Psi 076714 Pl 32 % ASTM A500-13 GRADE B&C
Material Note:
Sales Or.Note:

Authorized by Quality Assurance:
mmuluWMWIlmmoquMMﬁmmwmeWMO-w

spocification and contract
D1 m

Pos:200 3 > Metals Service Center Institute

\.4 OF NOETH ANREICA
W

Figure A-7. Steel Sockets Material Specification, MS-5 and MSSP-1 -5
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%4:: METALLURGICAL

SPS Coil Processing Tulsa SPS Ul PAGE 1 of 1
5275 Bird Creek Ave. i TEST REPORT DATE  08/12/2014
Port of Catoosa, OK 74015 TIME 20:56:39
USER MEHEULAL
ﬁ 13713
L 1| Warehouse 0020
D P| 1050 Fort Gibson Rd
T ;| CATOOSAOK 74015
0 o
Order Material No. Pesoription Quantity Weight  Customer Part Customer PO Ship Date
402267480030  70872120TM 144 72 X 120 AS6 TEMPERPASS STPILPL ~ 15 9,189 08/12/2014

Chemical Analysis

Heat No. B408684 ¥ Vendor SEVERSTAL COLUMBUS DOMESTIC Mill SEVERSTAL COLUMBUS Melted and Manutactured in the USA
Batch 0003247457 15EA 9,189 LB Produced from Coil
Carbon Manganese Phosphorus  Sulphur Sllicon Nickel Chromium Molybdenum Boron Copper Aluminum THanlum k C rog Tin
0.1900 0.8400 0.0150 0.0020 0.0300 0.0400 0.0700 0.0100 0.0001 0.0800 0.0290 0.0010 0.0050 0.0010 0.0068 0.0040

Mechanical/ Physical Properties
Mill Coil No. B408684-02

Tensile Yield Elong Rekwl Grain Charpy Charpy Dr Charpy Sz Temperature Olsen
79700.000 55500.000 26.90 0 0.000 (4] NA
78400.000 56000.000 28.10 0 0.000 [ NA
78300.000 56300.000 29.30 0 0.000 0 NA B
78000.000 56000.000 26.80 0 0.000 ] NA

THE CHEMICAL, PHYSICAL, OR MECHANICAL TESTS REPORTED ABOVE ACCURATELY REFLECT INFORMATION AS CONTAINED IN THE RECORDS OF THE CORPORATION.

Figure A-8. ¥-in. Thick Steel Plate Material Specification, MS-5 and MSSP-1 -5
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Appendix B. Bogie Test Results
The results of the recorded data from each accelerometer for every dynamic component
test are provided in the summary sheets found in this appendix. Summary sheets include
acceleration, velocity, and deflection vs. time plots, as well as force vs. deflection and energy vs.

deflection plots.
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Bogie Test Summary
Test Information Post Installed in Mow Strip Test Results Summary
Test Number: MS-1 Max. Deflection: 34.0 in.
Test Date: 17-Jul-2013 Peak Force: 145 k
Failure Type: Post Bending Initial Linear Stiffness: 8.6 Kiin.
Total Energy: 1225 k-in.
Post Properties
Post Type: Steel Data Acquired
Post Size: S36.7 S76x8.5 Acceleration Data: DTS-SLICE
Post Length: 72in. 182.9cm
Embedment Depth: 40in. 101.6 cm
Orientation: Strong Axis 10 Bogie Acceleration vs. Time
Mow Strip
Pavement: 4" Concrete 8
Mow Strip Prep: 4"x4" hole - blocked out during installation =6 {\ [\
» \'4
oo
Socket = 4 I \ A R
Socket: NA - Post placed in hole and driven into soil 2 ! \J
Bottom: NA g 2 N A
Fins: NA —
g 0 / \ I\/\
Bogie Properties / V U V V
Impact Velocity: 19.75 mph (29 fps) 8.83m/s -2 V
Impact Height: 12in. 305cm
Bogie Mass: 1799 Ibs 816 kg -4
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Time (s)
20 Force vs. Deflection At Impact Location 35 Bogie Velocity vs. Time
15 30
AN 2
10 E T ~———
= £20
= |\ A £
: AVARYAVIMV N &
w
0 >
VAR A 10
-5 5
-10 0
0 10 20 30 40 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Deflection (in.) Time (s)
140 Energy vs. Deflection At Impact Location 0 Deflection at Impact Location vs. Time
120 ad ~ > /
100 \_/,\/- 30 //
< / £25 -
< 80 e S
% / 220 /
g 60 / g . P
i @
40 / e 1 //
20 5 //
0 0
0 10 20 30 40 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Deflection (in.) Time (s)

Figure B-1. Test No. MS-1 Results (SLICE-1)
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Bogie Test Summary
Test Information Post Installed in Mow Strip Test Results Summary
Test Number: MS-1 Max. Deflection: 337 in.
Test Date: 17-Jul-2013 Peak Force: 155 k
Failure Type: Post Bending Initial Linear Stiffness: 84 Klin.
Total Energy: 130.0 k-in.
Post Properties
Post Type: Steel Data Acquired
Post Size: S36.7 S76x8.5 Acceleration Data: EDR-3
Post Length: 72in. 182.9cm
Embedment Depth: 40in. 101.6 cm
Orientation: Strong Axis 10 Bogie Acceleration vs. Time
Mow Strip A
Pavement: 4" Concrete 8
Mow Strip Prep: 4"x4" hole - blocked out during installation =6 \
w A4
oo
Socket = 4 \ N
Socket: NA - Post placed in hole and driven into soil 2 \V)
Bottom: NA g 2 N A
Fins: NA ]
2 0 / \ /\/\
Bogie Properties / V V Vv V
Impact Velocity: 19.75 mph (29 fps) 8.83m/s -2 \4
Impact Height: 12in. 305cm
Bogie Mass: 1799 Ibs 816 kg -4
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Time (s)
20 Force vs. Deflection At Impact Location 35 Bogie Velocity vs. Time
15 P 30
AN :
10 - T ~——
= | W £
Y s A z
: WAVAAVA
w
0 >
v V VU VWV 10
-5 5
-10 0
0 10 20 30 40 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Deflection (in.) Time (s)
140 Energy vs. Deflection At Impact Location 0 Deflection at Impact Location vs. Time
e
120 o~ 35 /_
/\/- 30 -~
100 ~— - T
£ / £25 ~
~ 80 c /
% / § 20 o
2 60 / % 15 ~
w (‘D
40 / e 0 //
20 5 //
0 0
0 10 20 30 40 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Deflection (in.) Time (s)

Figure B-2. Test No. MS-1 Results (EDR-3)
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MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information

Post Installed in Mow Strip

Test Results Summary

Test Number: MS-2 Max. Deflection: 34.0 in.
Test Date: 17-Jan-2013 Peak Force: 121 k
Failure Type: Post Bending - Asphalt Displacement Initial Linear Stiffness: 6.6 Kiin.
Total Energy: 134.2 k-in.
Post Properties
Post Type: Steel Data Acquired
Post Size: S36.7 S76x8.5 Acceleration Data: DTS-SLICE
Post Length: 72in. 182.9cm
Embedment Depth: 40in. 101.6 cm
Orientation: Strong Axis g Bogie Acceleration vs. Time
Mow Strip 7
Pavement: 4" Asphalt ~
Mow Strip Prep: None 6
P MIVAYY
Socket = \
Socket: NA - Post driven through asphalt 2 4 \
Bottom: NA g 3
Fins: NA s, N\
Q
i i < \ N\ M\
Bogie Properties 1 N\
Impact Velocity: 19.35 mph (28.4 fps) 8.65m/s 0 \Y ‘\/\/ V /\/"\’V\
Impact Height: 12in. 30.5¢cm V
Bogie Mass: 1799 Ibs 816 kg -1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Time (s)
1 Force vs. Deflection At Impact Location 35 Bogie Velocity vs. Time
12 I‘\ 30
10 \/ V 25
- 8 <
= £20
g 6 Fy
S \ A 815
4 v E
5 ’ \ A M\ 10
VW VA A
-2 0
0 10 20 30 40 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Deflection (in.) Time (s)
160 Energy vs. Deflection At Impact Location 0 Deflection at Impact Location vs. Time
140 [ 35 -
120 30 7
L~
g 100 ,/ 25 7
é / p //
> 80 220
2 60 215 7
= / a L~
40 10 ~
/ S~
20 5 =
0 0
0 10 20 30 40 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Deflection (in.) Time (s)

Figure B-3. Test No. MS-2 Results (SLICE-1)
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MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information

Post Installed in Mow Strip

Test Results Summary

Test Number:
Test Date:
Failure Type:

Post Properties

MS-2
17-Jan-2013
Post Bending - Asphalt Displacement

Max Deflection: 334 in.
Peak Force: 134 k
Initial Linear Stiffness: 7.0 Kin.
Total Energy: 143.1 k-in.

Post Type: Steel Data Acquired
Post Size: S36.7 S76x8.5 Acceleration Data: EDR-3
Post Length: 72in. 182.9cm
Embedment Depth: 40in. 101.6 cm
Orientation: Strong Axis g Bogie Acceleration vs. Time
Mow Strip 7 A
Pavement: 4" Asphalt ’ \ N
Mow Strip Prep: None 6 V \
w
™ 5
Socket - \
Socket: NA - Post driven through asphalt 2 4 \
Bottom: NA g 3
Fins: NA 3, W\
Q
Bogie Properties < 1 \V/\\ [ \VI\
Impact Velocity: 19.35 mph (28.4 fps) 8.65m/s 0 \/\/ \ /\/\»/\
Impact Height: 12in. 30.5¢cm 4 '
Bogie Mass: 1799 Ibs 816 kg -1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Time (s)
16 Force vs. Deflection At Impact Location 35 Bogie Velocity vs. Time
14 /\ 30
12 \
IAVAVA _3s
, vV Q
. > —_—
= g £20
g || z
5 6 815
= %\ 3
4 >
L “\ A AN 10
; A \v/\/\,./\ 5
-2 0
0 10 20 30 40 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Deflection (in.) Time (s)
160 Energy vs. Deflection At Impact Location 0 Deflection at Impact Location vs. Time
140 35
120 //' N _ L~
/ /
100 E 25 7
= / c //
> 80 220
20 / I e
2 ¢ 2 P
s / g 15 /
40 10 -~
/ ~
20 5 ]
0 0
0 10 20 30 40 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Deflection (in.) Time (s)

Figure B-4. Test No. MS-2 Results (EDR-3)
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MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information

Post Installed in Mow Strip

Test Results Summary

Test Number: MS-3 Max. Deflection: 323 in.
Test Date: 31-Jul-2013 Peak Force: 14.7 k
Failure Type: Post Bending Initial Linear Stiffness: 7.4 Klin.
Total Energy: 132.8 k-in.
Post Properties
Post Type: Steel Data Acquired
Post Size: S36.7 S76x8.5 Acceleration Data: DTS-SLICE
Post Length: 72in. 182.9cm
Embedment Depth: 40in. 101.6 cm
Orientation: Strong Axis 10 Bogie Acceleration vs. Time
Mow Strip
Pavement: 4" Concrete 8 N\
Mow Strip Prep: 4" diameter hole (Cored) . [\ /
W 6 \/
Socket P I /\
Socket: NA - Post placed in hole and driven into soil 2 4
Bottom: NA g V
Fins: NA @ /\ N
g 2
. . <
Bogie ropertes ZAVAYNAVIA
Impact Velocity: 20.76 mph (30.4 fps) 9.28m/s 0 V4 \V, A\ NS
Impact Height: 12in. 30.5cm
Bogie Mass: 1801 Ibs 816.9 kg -2
0 0.02 0.04 0.06 0.08 0.1 0.12
Time (s)
16 Force vs. Deflection At Impact Location 35 Bogie Velocity vs. Time
30 PPN
12
AR o |
10 A _ —
| \ [ z
=8 £20
1 VA A
S 4 | \ | 815
2 | \ AT g
o \ LA NW\ALA
V V \J A4
5
-2
-4 0
0 5 10 15 20 25 30 35 0 0.02 0.04 0.06 0.08 0.1 0.12
Deflection (in.) Time (s)
140 Energy vs. Deflection At Impact Location 35 Deflection at Impact Location vs. Time
120 ’/ “
100 _25 -
<z £ /
< 80 =20 -
g o
% / 2 e
5 60 @15 /
S / 3 P
40 / 10 /
20 5 e
0 0
0 10 20 30 40 0 0.02 0.04 0.06 0.08 0.1 0.12
Deflection (in.) Time (s)

Figure B-5. Test No. MS-3 Results (SLICE-1)
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MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information

Post Installed in Mow Strip

Test Results Summary

Test Number: MS-3 Max. Deflection: 334 in.
Test Date: 31-Jul-2013 Peak Force: 154 k
Failure Type: Post Bending Initial Linear Stiffness: 2.8 Kfin.
Total Energy: 138.8 k-in.
Post Properties
Post Type: Steel Data Acquired
Post Size: S36.7 S76x8.5 Acceleration Data: EDR-3
Post Length: 72in. 182.9cm
Embedment Depth: 40in. 101.6 cm
Orientation: Strong Axis 10 Bogie Acceleration vs. Time
Mow Strip
Pavement: 4" Concrete 8 AN
Mow Strip Prep: 4" diameter hole (Cored) . I\ /
é 6 \"4
Socket - I
Socket: NA - Post placed in hole and driven into soil 2 4
Bottom: NA g V
Fins: NA ] "
Bogie P ti < ’ \ ,/ \ \/\/\ / \
ogie Properties
Impact Velocity: 20.76 mph (30.4 fps) 9.28 m/s 0 \/’ \V \V} V/\V/\’\
Impact Height: 12in. 305cm
Bogie Mass: 1799 Ibs 816 kg -2
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18 Force vs. Deflection At Impact Location 35 Bogie Velocity vs. Time
16
30 PN
1 A
12 I\ / \ \\
I V \ 25 —
10 N z
3N | \/ £20
FINY R VA —
g A g1s
“ A
2 ARV AAVAVN/N
5
-2
-4 0
0 10 20 30 40 0 0.02 0.04 0.06 0.08 0.1 0.12
Deflection (in.) Time (s)
160 Energy vs. Deflection At Impact Location 0 Deflection at Impact Location vs. Time
140 35
/_/-
"
120 7 30
€ 100 / £2s >
< / 5 7
> 80 220 —
5 / 8 7
2 60 % 15
w [ /
/ 8 _
40 / 10 /
20 5 e
0 0
0 10 20 30 40 0 0.02 0.04 0.06 0.08 0.1 0.12
Deflection (in.) Time (s)

Figure B-6. Test No. MS-3 Results (EDR-3)
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Bogie Test Summary

Test Information Post Installed in Mow Strip Test Results Summary

Test Number: MS-4 Max. Deflection: 314 in.
Test Date: 31-Jul-2013 Peak Force: 142 k
Failure Type: Post Bending - Asphalt Movement Initial Linear Stiffness: 6.2 Kiin.

Total Energy: 155.2 k-in.

Post Properties
Post Type: Steel Data Acquired
Post Size: S36.7 S76x8.5 Acceleration Data: DTS-SLICE
Post Length: 72in. 182.9cm
Embedment Depth: 40in. 101.6 cm
Orientation: Strong Axis 10 Bogie Acceleration vs. Time

Mow Strip
Pavement: 6" Asphalt 8
Mow Strip Prep: None _ I\ /\

» /\
v 6 </
Socket = \J \
Socket: NA - Post driven through asphalt 2 4
Bottom: NA g
Fins: NA ® ) N\ A =
< '\/J /

Bogie Properties N\
Impact Velocity: 23.76 mph (34.8 fps) 10.62 m/s 0 \VARY
Impact Height: 12in. 305cm
Bogie Mass: 1801 Ibs 816.9 kg -2
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Figure B-7. Test No. MS-4 Results (SLICE-1)
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Bogie Test Summary

Test Information

Post Installed in Mow Strip

Test Results Summary

Test Number: MsS-4 Max. Deflection: 311 in.
Test Date: 31-Jul-2013 Peak Force: 15.7 k
Failure Type: Post Bending - Asphalt Movement Initial Linear Stiffness: 15 Kin.
Total Energy: 171.3 k-in.
Post Properties
Post Type: Steel Data Acquired
Post Size: S36.7 S76x8.5 Acceleration Data: EDR-3
Post Length: 72in. 182.9cm
Embedment Depth: 40in. 101.6 cm
Orientation: Strong Axis 10 Bogie Acceleration vs. Time
Mow Strip
Pavement: 6" Asphalt 8 I\
Mow Strip Prep: None . / \
W 6
Socket - I \
Socket: NA - Post driven through asphalt 2 4
Bottom: NA g
Fins: NA ® ) /\ N\ N
. . & \ [
Bogie Properties /\
Impact Velocity: 23.76 mph (34.8 fps) 10.62 m/s 0 \V}
Impact Height: 12in. 305cm
Bogie Mass: 1799 Ibs 816 kg -2
0 0.02 0.04 0. 0.08 0.1
Time (s)
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Figure B-8. Test No. MS-4 Results (EDR-3)
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Bogie Test Summary
Test Information Post Installed in Mow Strip Test Results Summary
Test Number: MS-5 Max. Deflection: 355 in.
Test Date: 23-Aug-2013 Peak Force: 14.7 k
Failure Type: Post Bending - Asphalt Movement Initial Linear Stiffness: 6.7 Kiin.
Total Energy: 140.0 k-in.
Post Properties
Post Type: Steel Data Acquired
Post Size: S36.7 S76x8.5 Acceleration Data: DTS
Post Length: 62 in. 157.5¢cm
Embedment Depth: 30in. 76.2cm
Orientation: 0° - Strong Axis 10 Bogie Acceleration vs. Time
Mow Strip
Pavement: 4" Asphalt 8
Mow Strip Prep: NA /\
w6 \V/
oo
Socket = 4 I A A
Socket: 4"x4"x1/4" Tube 2
Bottom: Triangular Wedge e 2
Fins: NA 5
' 8 N
. . < 0 Vv
Bogie Properties \/ \ I \/ \/
Impact Velocity: 21.65 mph (31.8 fps) 9.68 m/s -2 \/ vV
Impact Height: 12in. 305cm
Bogie Mass: 1821 Ibs 826 kg -4
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Figure B-9. Test No. MS-5 Results (DTS)
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Bogie Test Summary

Test Information

Post Installed in Mow Strip

Test Results Summary

Test Number: MS-5 Max. Deflection: 354 in.
Test Date: 23-Aug-2013 Peak Force: 15.0 k
Failure Type: Post Bending - Asphalt Movement Initial Linear Stiffness: 2.6 Kiin.
Total Energy: 1449 k-in.
Post Properties
Post Type: Steel Data Acquired
Post Size: S36.7 S76x8.5 Acceleration Data: EDR-3
Post Length: 62 in. 157.5¢cm
Embedment Depth: 30in. 76.2cm
Orientation: Strong Axis 10 Bogie Acceleration vs. Time
Mow Strip
Pavement: 4" Asphalt 8 A
Mow Strip Prep: NA /\ / \
w6 \V/
&
Socket c 4 I
Socket: 4"x4"x1/4" Tube 2 ’
Bottom: Triangular Wedge e 2
Fins: NA 5
go \_ /™ /\
Bogie Properties \} V \Y
Impact Velocity: 21.65 mph (31.8 fps) 9.68 m/s -2
Impact Height: 12in. 305cm
Bogie Mass: 1799 Ibs 816 kg -4
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Figure B-10. Test No. MS-5 Results (EDR-3)
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Bogie Test Summary

Test Information

Test Results Summary

Test Description: Bogie vs. Post/Socket in 4" asphalt Event Duration: 0.0964 sec
Test Number: MSSP-1 Max Deflection: 314 in.
Test Date: 5/30/2014 Peak Force: 165 k
Failure Type: Post Bending Initial Linear Stiffness: 4.6 klin.
Total Energy: 122.1 k-in.
Post Properties
Post Size: S3%6.7 @5" @ 10" @ 15" @20"
Post Length: 62" Average Force (K) 9.66 8.22 6.62 5.36
Embedment Depth: 30" Energy (k-in.) 4383 822 99.2 107.2
Orientation: 90° - Strong Axis
Socket 9 Bogie Acceleration vs. Time
Socket: 4" x4" x1/4" Tube, 30" long 3 A
Bottom: Triangluar Wedge \A
Shear Plate: 10" x9" x1/4" Plate on back side of socket 7 \
. w b \
Mow Strip < 5 A
Pavement: 4" Thick Asphalt 2 4 l
©
Bogie Properties 23 I’ \
Impact Velocity: 21.4mph (31.38 ft/s) &"3 2 A\
Impact Height: 12" 1 l \/ \\ 7\ Pl
Bogie Mass: 1928 Ib M N~ SN \\
0
Data Acquired -1
Accelerometer: SLICE-2 0 0.02 0.04 0.06 0.08 0.1 0.12
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Figure B-11. Test No. MSSP-1 Results (SLICE-2)

174




October 1, 2015
MwRSF Report No. TRP-03-322-15

MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information

Test Results Summary

Test Description: Bogie vs. Post/Socket in 4" asphalt Event Duration: 0.1035 sec
Test Number: MSSP-2 Max Deflection: 334 in.
Test Date: 6/4/2014 Peak Force: 54 k
Failure Type: Post Bending Initial Linear Stiffness: 3.0 Kin.
Total Energy: 80.6 k-in.
Post Properties
Post Size: S3%6.7 @5" @ 10" @ 15" @20"
Post Length: 62" Average Force (K) 371 3.34 3.33 3.09
Embedment Depth: 30" Energy (k-in.) 18.6 334 50.0 61.8
Orientation: 0° - Longitudinal - Weak Axis
Socket 3 Bogie Acceleration vs. Time
Socket: 4" x4" x1/4" Tube, 30" long A
Bottom: Triangluar Wedge 2.5 N\
Shear Plate: 10" x9" x1/4" Plate on side of socket \’\A /\
w2 \/
o
Mow Strip = / \ AN /\,\
Pavement: 4" Thick Asphalt .§ 15 \ / \V \ / \
Bogie P ti ;3 1 \/ N\
gl:r?pa;?‘\)/eerloliy' 20.05 mph (29.41 ft/s) g \ / \ \
Impact Height: 12" < v \
Bogie Mass: 1928 Ib 0 N
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Figure B-12. Test No. MSSP-2 Results (SLICE-2)

175




October 1, 2015
MwRSF Report No. TRP-03-322-15

MIDWEST ROADSIDE SAFETY FACILITY

Bogie Test Summary

Test Information Test Results Summary
Test Description: Weak-Post in socket in 4" asphalt Event Duration: 0.1566 sec
Test Number: MSSP-3 Max Deflection: 41.0 in.
Test Date: 712412014 Peak Force: 20.0 k
Failure Type: Asphalt Fracture and Socket Rotation Initial Linear Stiffness: 4.9 Kkin.
Total Energy: 1905 k-in.
Post Properties
Post Size: S3%6.7 @5" @ 10" @ 15" @20"
Post Length: 52" Average Force (K) 10.43 10.70 9.95 8.42
Embedment Depth: 20" Energy (k-in.) 52.1 107.0 149.2 168.4
Orientation: 90 deg. (Lateral) - Strong Axis
Socket 12 Bogie Acceleration vs. Time
Socket: 4" x4" x1/4" Tube, 20" long
Bottom: Triangluar Wedge 10
Shear Plate: 10" x9" x1/4" Plate on back of socket
= 8
Mow Strip i’n ~
Pavement: 4" Thick Asphalt, 4 ft wide strip 2 6 V\/\
©
Bogie Properties 2 4
Impact Velocity: 20.5 mph (30.06 ft/s) ] AN
i " < 2
Impact Height: 12 \/\,\/\
Bogie Mass: 1922 Ib 0 VV\ AN\
W/
Data Acquired -2
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Figure B-13. Test No. MSSP-3 Results (SLICE-2)
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Bogie Test Summary

Test Information

Test Results Summary

Test Description: Weak-Post in socket in 4" asphalt Event Duration: 0.1027 sec
Test Number: MSSP-4 Max Deflection: 312 in.
Test Date: 8/8/2014 Peak Force: 16.3 k
Failure Type: Post Bending Initial Linear Stiffness: 4.6 klin.
Total Energy: 142.1 k-in.
Post Properties
Post Size: S3%6.7 @5" @ 10" @ 15" @20"
Post Length: 56" Average Force (K) 9.26 9.26 7.53 6.30
Embedment Depth: 24" Energy (k-in.) 46.3 92.6 112.9 125.9
Orientation: 90 deg. (Lateral) - Strong Axis
Socket 9 Bogie Acceleration vs. Time
Socket: 4" x4" x1/4" Tube, 24" long 8 A
Bottom: Triangluar Wedge \A
Shear Plate: 10" x6" x1/4" Plate on back of socket 7 V\
w6
Mow Strip ie 5 \
Pavement: 4" Thick Asphalt, 4 ft wide strip 2 4 [\ \ A
N
Bogie Properties 23 ’ \
Impact Velocity: 20.83 mph (30.55 ft/s) &"3 2
Impact Height: 12" 1 I \'m’\\ N\ ~
Bogie Mass: 1922 1b \l
O .
Data Acquired -1
Accelerometer: SLICE-2 0 0.02 0.04 0.06 0.08 0.1 0.12
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Figure B-14. Test No. MSSP-4 Results (SLICE-2)
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Bogie Test Summary

Test Information Test Results Summary
Test Description: Weak-Post in socket in 4" asphalt Event Duration: 0.1529 sec
Test Number: MSSP-5 Max Deflection: 195 in.
Test Date: 8/25/2014 Peak Force: 273 k
Failure Type: Post Bending Initial Linear Stiffness: 7.2 Klin.
Total Energy: 2279 k-in.
Post Properties
Post Size: Dual S3x6.7 @ 37.5" @5" @ 10" @ 15" @20"
Post Length: 56" Average Force (K) 15.25 17.18 14.38 NA
Embedment Depth: 24" Energy (k-in.) 76.3 1718 215.6 NA
Orientation: 90 deg. (Lateral) - Strong Axis
Socket 18 Bogie Acceleration vs. Time
Socket: 4" x4" x1/4" Tube, 24" long 16
Bottom: Triangluar Wedge
Shear Plate: 10" x6" x1/4" Plate on back of socket _ 14 ”\A
w
. o 12 W
Mow Strip e v \
Pavement: 4" Thick Asphalt, 4 ft wide strip 2 10 \
©
. . s 8
Bogie Properties 2 \
Impact Velocity: 1858 mph (27.251t/s) 8 6 N
Impact Height: 12" 4 v\.
Bogie Mass: 1688 Ib 5 '\\\
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Time (s)
30 Force vs. Deflection At Impact Location 35 Bogie Velocity vs. Time
25 {\ 30

5]
T—
|
N
w
/

=
:
v
Velosty (/s
G B
//

\
L \\

=
o

Force (k)
= [
o wv
\\
Ve

5 \\ 5 T— =
0 0
0 5 10 15 20 25 0 0.05 0.1 0.15 0.2
Deflection (in.) Time (s)
250 Energy vs. Deflection At Impact Location ’5 Deflection at Impact Location vs. Time
7
200 / 20 /—
£ 150 / £s —
= c
g o
& / S /
g 100 / 2 10 =
) / ; /
50 5
0 0
0 5 10 15 20 25 0 0.05 0.1 0.15 0.2
Deflection (in.) Time (s)

Figure B-15. Test No. MSSP-5 Results (SLICE-2)
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Bogie Test Summary

Test Information Test Results Summary
Test Description: Dual Post Impact Event Duration: 0.1291 sec
Test Number: MSSP-6 Max Deflection: 224 in.
Test Date: 1/23/2015 Peak Force: 283 k
Failure Type: Post Bending Initial Linear Stiffness: 14.8 kl/in.
Total Energy: 249.3 k-in.
Post Properties
Post Type: Steel @5" @ 10" @ 15" @20"
Post Size: (Dual) S3x6.7 @ 37.5" Spacing Average Force (K) 19.72 19.39 15.19 12.34
Post Length: 72" Energy (k-in.) 98.6 193.9 2279 246.8
Embedment Depth: 40"
Orientation: 90 deg. (Strong axis) s Bogie Acceleration vs. Time
N
16
Mow Strip . l \ N
Pavement; Concrete 14 TRV
Depth: 4" 'g 12 Vv
Width: 4t =10 A\
] _
. . s 8
Bogie Properties o \
Impact Velocity: 20.13 mph (2953 ft/s) 26 \
Impact Height: 12" S 4 A\
Bogie Mass: 1684 Ib < 5 VT~
TN
~——
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Figure B-16. Test No. MSSP-6 Results (SLICE-2)
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Table C-1. Material Certification Listing for Test No. MGSMS-1

I:‘eom Description Material Specification Reference
" ASTM A992 Min. 50 ksi [345 MPa] Steel
al W6x8.5 [Wlsé’t‘il'?c’,;z [18291Long | ooiy or W6X9 [W152x13.4] ASTM A36 Min. H#aigji;i;nd
36 ksi [248 MPa] Steel Galv.
a2 6x12x14 1/4" [152x305x362] Timber SYP Grade No.1 or better COl: CNWP 4/23/14
Blockout for Steel Posts
a3 16D Double Head Nail TYC 16DUP
ad 12'-6" [3810] W-Beam MGS Section 12 gauge [2.7] AASHTO M180 Galv. H#4614
a5 6'-3" [1905] W-Beam MGS Section 12 gauge [2.7] AASHTO M180 Galv. H#515681
a6 12'-6" [3810] W-Beam MGS End Section 12 gauge [2.7] AASHTO M180 Galv. H#4614
a7 75'x4'x6 [22860)(1;;?:152] Asphalt Mow 59-34 Grade Binder Rick 9/17
a8 12" [305] W-Beam Backup Plate 12 gauge [2.7] AASHTO M180 H#174700
. . SYP Grade No. 1 or better (No knots, 18" COl: CNWP 4/19/12 and
bl BCT Timber Post - MGS Height [457] above or below ground tension face) COl: CNWP 5/10/13
b2 72" [1829] Long Foundation Tube ASTM A500 Grade B Galv. H#Y85912 and H#0173175
b3 Strut and Yoke Assembly ASTM A36 Steel Galv. H# 163375
b4 BCT Cable Anchor Assembly 3/4" [19] 6x19 IWEEFI)ZS Galvanized Wire H#97852
H#V911470 and
b5 Anchor Bracket Assembly ASTM A36 Steel Galv. H#4153095
be | S EXO/8 [203’(2;2’:26] Anchor Bearing ASTM A36 Steel Galv. H#18486 and H#6106195
2 " .D.x 6" [152] L BCT P
b7 3/8"[6010 XSIGee[v e5 JLong BCT Post ASTM A53 Grade B Schedule 40 Galv. H#280638
5/8" [16] Dia. UNC, 14" [356] Long LOT#25512 and
cl Guardrail Bolt and Nut ASTM A307 Galv., Nut ASTM A563 A Galv. HENF13102751
5/8" [16] Dia. UNC, 1 1/4" [32] Guardrail H#20289510 and
c2 Bolt and Nut ASTM A307 Galv., Nut ASTM A563 A Galv. HE10296970
" - " LOT#130809L
3 5/8" [16] Dia. UNC, 10" [254] Long ASTM A307 Galv., Nut ASTM A563 A Galv. H#10240100 and H#
Guardrail Bolt and Nut
1231650
ca | °/8"[161Dia. UNC, 11/4% [32]Long Hex | )cr\1 n307 Galy., Nut ASTM AS63 A Gal. H# €10070002
Head Bolt and Nut
s 5/8" [16] Dia. UNC, 10" [254] Long Hex | ) cr\1 307 Galy., Nut ASTM AS63 A Galy. H#JK1110419701
Head Bolt and Nut
6 7/8" [22] Dia. UNC, 8" [203] Long Hex ASTM A307 Grade A Galv., Nut ASTM A563 BOLT: PFC LOT#17071802
¢ Head Bolt and Nut A Galv. NUT: PFC LOT#10011913
" . . LOT#HO1779897 and
c7 5/8" [16] Dia. Plain Round Washer ASTM F844 Galv. HE8280068
" . . LOT#HO1788740 and
c8 7/8" [22] Dia. Plain Round Washer ASTM F844 Galv. H#82800072
5/16" [8] Dia. UNC, 1 1/4" [32] Long Hex . product# 91309A585 and
c9 Bolt and Nut ASTM A307 Galvanized product# 90473A030
c10 | 13/47x13/4"X1/8" [44x44x3] Square A36 ASTM A36 Galvanized H# A312890
Steel Washer
g1 | SPOT[S76:83] b‘;gszt [1575] Long Steel ASTM A992 Grade 50 Steel Galvanized H# 59058160
d2 2 3/4"x1"x1/4" [70x25x6] Post Standoff ASTM A36 Steel Galvanized H# B408684
g3 | 4'X4"x3/8"[102x102x10] Square Socket, ASTM A500 Grade B Steel Galvanized H# 1401127
30" [762] Long
da 10"x9"x1/4" [254x229x6] Steel Soil Plate ASTM A572 Grade 50 Steel Galvanized H# B408684
d5 4"x4"x1/4" [102x102x6] Steel Plate ASTM A572 Grade 50 Steel Galvanized H#t B408684
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CERTIFIED MATERIAL TEST REPORT Page 1/1
CUSTOMER SHIP TO CUSTOMER BILL TO GRADE SHAPE / SIZE
G E R D AU HIGHWAY SAFETY CORP HIGHWAY SAFETY CORP . (Wids Flaoge Besui /6 X 83Y
473 W FAIRGROUND ST
MARION,OH 43302-1701 GLASTONBURY,CT 06033-0358 LENGTH WEIGHT HEAT /BATCH
US-ML-CARTERSVILLE UsA USA 42'00" 37485LB 55028671/02
384 OLD GRASSDALE ROAD NE
CARTERSVILLE, GA 30121 SALES ORDER CUSTOMER MATERIAL N® SPECIFICATION / DATE or REVISION
USA : 448220/000020 1-ASTM A6/AGM-11
2-A99YA992M-11
CUSTOMER PURCHASE ORDER NUMBER BILL OF LADING DATE SR
0156214 1323-0000008317 07172013 AN
J IB-B0600800
CHEMICAL COMPOSITION
c Mn P s Si Cu Ni O Mo ¥ Nb N Pt
% % % % % % % . % *% L % %
014 090 0.015 0.020 019 03 010 0.07 0.034 0018 0.002 0.0090 0.0080
CHEMICAL COMPOSITION
Sa
%
0012
MECHANICAL PROPERTIES
Elong, oL uTrs urs YS0.2% YS
Inch PST MPa PSU MPa
2020 £.000 74300 512 50900 38
210 £.000 74000 510 54800 378
COMMENTS / NOTES

The above figures are certified chemical and physical test records as contained in the permanent records of company. This material, including the billets, wes melted and manufactured in
the USA. CMTR complies with EN 10204 3.1
YAN WANG

/(4_‘ BHASKAR YALAMAKCHILI
%ﬁl— QUALITY DIRECTOR QUALTTY ASSURANCE MGR-

NOCOR STEEL - BERKELEY CERTIFIED MILL TEST REDORT 10714713 7:20:48
P.0. Box 223% 100% MELTED AND MARUFACTIURED IN THE USA

Mt. Pleasant, S.C. 2%464 ALl beams produced by Nuccr-Berkeley zre cast and
Phone: (B43) 336-5000 rolled to a fully killed and fine grain practice.
Mercury has not beer used in the direct manufacturing of this material.

Sold Io: HIGHEWAY SAFEIY CORP Ship To: HIGHWAY SAFEIY CORP Customer §.! 382 - 3
PO BOX 358 473 WEST FAIRGROUND STREET Customer PO: 00015374038
B.o.L. #...: 1038540
GLASIONBURY, (I 06033 MARRIDN, OH 43301 MOS: T

SPECIFICATIONS: Tasted in accordance with RSIM specification R6-13/A6M-12 and R370. Quality Manual Rev K27,
ASME : SA-36 07a

ASTH : RY32-11:A36-12/R529-03-30/R572 35012a/R70913 50s
: CSA-d 4 4 :

Boatf Yieldys ¥Yield Tansile
Crade(s) Tensile (PSI) (PSI) Elong
Description TIest/Heat JWw Ratic  (MPa) (MPa) %

WEKE. S 1311748 L79 54100 68100 27,20 | | | | ! ! | !
042 00,00*  A932-11 373 470 ! ! | ; ! | ! 7
W1SOX12.6 L0 55200 58900 27.74 | Y E i | .0054 | 1 4.13 | L1263
012.8016n ANs 381 475 42 Pc(s) 14,994 1bs Invi: ]
WEXB. S 1311743 .81 57600 71200 28.29 | .07 | .88 | .00% { .027 | .24 17 | .05 ] .24
042° 00.00*  A992-11 37 491 | .04 | .01 | .0DBB | .0003 { .CO4 015 | ! L2835
W1SDE12.6 LBl 58400 71900 27.46 | | o.o01 ! {o.o0s7 14,19} L1333
012.8016m ANS 403 196 84 Pc(s) 29,988 lbs Invi: [

2 Heat{s) for this MIR.

Ilongatinn based on B' (20,32cm) gauge length. ‘Ho Weld Repair’ was peformed.

€I = 26.01Cu+3.8BNi+1.20Cr+1.435i¢17.288_(7.29Cu%N1)-(9.10§1i%P)-33,39{CuxCu) CEL = CH+{Mn/6)+({Cr+MotV) /)4 ((Ni+Cu)/15)

Pen = CH{SL/30+(Mn/20)+{Cu/20)4 (Nis60)+{Cr/20)+{Mo/15)+(V/10)458 CE2 = CH{{Mn+Si)/6}+{{Cr+MotV+Ch)/5)+{(Ri+Cu) 15}
I hersby certify that the contents of this report are accurate and Bruce A, Work

correct. All test results and operations performed by the material Matallurglist

manufacturer are in compliance with material specificaticns, and
when designated by the Purchaser, meet applicable sSpecificatiocns.

Figure C-1. W6x8.5 (W152x12.6) Steel Guardrail Posts, Test No. MGSMS-1
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NESRASKA
WOOD PRESERVERS, INC.

}

i

g

P. O. Box 630  Sutton, NE 68972 . i
Pone 402-773-4319 H
FAX 402-773-4513 :

CWNP Invoice Z?O 4‘?59-0 i '
Shipped To M DwRSH—M (R :
Customer PO &W)"

Central Nebraska Wood Preservers, Inc.
Certification of Inspection

Date: (f/% 3//4

Specifications: Highway Construction Use

Preservative: CCA—C 0.60 pef
: e White Penetration Actual
Charge Date Material Size, ini i F i
2 Treated Grade Length & Dressing # Pieces Moisture | # of Borings & Retentions

Readings | % Conforming | % Conforming

18377 |ubafis | &1 [gep-’ Bloss | 756 | 19 |Vo % |.4Slpt
16377 [Ylufy | a0 | bxe00" wats | | 2 | 7% |.6S()T ;

Nt;\x(nber of pieces rejected and reason for rejection:
oM~

Statement: The above reference material was treated and inspected in accordance with the above
referenced specifications.

A bl
urt Andres, Géneral Manager Date

MGS Wood Blockouts 6x12x14" R#14-0554
GREEN TAGS don't mistaken these for the 2part blockouts
because they are also GREEN. July 2014 SMT

Figure C-2. Timber Blockout Material Specification, Test No. MGSMS-1
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Figure C-3. 16D Blockout Nail Material Specification, Test No. MGSMS-1
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GREGORY HIGHWAY PRODUCTS, INC. o~
4100 13th St. P.O. Box 80508 e
Canton, Ohio 44708 e
=
Test Report =
Customer: “ UNIVERSITY OF NEBRASKA-LINCOLN BOL. # 39963 DATE SHIPPED: 05(07/09
401 CANFIELD ADMIN BLDG Customer P.O. 4500204081/ 04/06/2009
P O BOX 880439 Shipped to:  UNIVERSITY OF NEBRASKA-LINCOLN
LINCOLN, NE. 68588-0439 Project : TEST PANELS
GHP Order No 105271
HT # code C. Mn. P S. Si. Tensile Yield Elong. Quantity Class  Type Description
4614 0.21 0.84 0.011 0.003 0.03 89432 67993 19.8 160 A 2 12GA 12FT6IN/3FT1 1/2IN WB T2
—_—
Bolts comply with ASTM A-307 ifications and are g ized in with ASTM A-153, unless otherwise stated.
Nuts comply with ASTM A-563 lions and are g i in with ASTM A-153, unless otherwise stated.
All other galvanized material conforms with ASTM-123 & ASTM-525
All steel used in the manufacture is of Domestic Origin, "Made and Melted in the United States"
All Guardrail and Terminal Sections meets AASHTO M-180, All structural steel meets AASHTO M-183 & M270
All Bolts and Nuts are of Domestic Origin
All material fabricated in ac Department of Transportation
All controlled oxidized/ terminal sections meet ASTM A606, Type 4. STATE OF OHIO: COUNTY OF STARK
z Sworn to and subscribed before me, a Notary Public, by
By: Andgew Artar this 8th day of May, 2009.
T Andrew Artar /

Vice President of Sales & Marketing
Gregory Highway Products, Inc.

October 1, 2015
MWwRSF Report No. TRP-03-322-15

CYNTHIA K. CRAWFORD
Notary Public, State of Ohio
My Commission Expires 09-16-2012

Figure C-4. 12.5-ft (3.8-m) W-Beam Guardrail Material Specification, Test No. MGSMS-1
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Certified \nalysis

e .
Trinity Highway Products, LLC ‘ V
550 East Robb Ave. Order Number: 1164746
Lima, OH 45801 Customer PO: 2563 Asof 5/16/12
Customer: MIDWEST MACH.& SUPPLY CO. BOL Number: 69500

P. 0.BOX 703 Document #: 1

Shipped To: NE
MILFORD, NE 68405 Use State: KS
Project: RESALE

Qty Part# /Dﬁ:p—;&l\ ) Spec CL  TY HeatCode/Heat# Yield TS Eg C Man P S S Cu Cb Cr VanACW

506G @ M-180 A 2 515691 64,000 72,300 270 0.060 0.740 0.009 0.008 0010 0.021 0.04 0.032 0.000 4
M-180 A 2 4111321 63,100 80,200 290 0210 0.710 0.0090.007 0.010 0.030 0.0000.030 0.000 4
M-180 A 2 515659 67,000 75,200 260 0.064 0.790 0.0120.008 0.008 0.022 0.0000.025 0.000 4
M-180 A 2 515660 66,800 74,300 27.0 0.064 0740 0.0120.006 0.009 0017 0.0000.025 0.000 4
M-180 A 2 515662 63,900 72,900 280 0.064 0.770 0.0100.006 0.009 0.016 0.0000.025 0.000 4
M-180 A 2 515663 64,900 76,500 21.0 0.064 0.740 0.0090.007 0.007 0.023 0.0000.026 0.000 4
M-180 A 2 515668 66,700 75,500 270 0063 0.770 0.0140.007 0.010 0.024 0.0000.030 0.000 4
M-180 A 2 515668 70,200 80,800 210 0.063 0.770 0.014 0.007 0.010 0.024 0.0000.030 0.000 4
M-180 A 2 515669 64,500 74,100 260 0.063 0.790 0.014 0.007 0.009 0.017 0.0000.028 0.000 4
M-180 A 2 515687 63,400 74,100 30.0 0.068 0.750 0.0120.010 0.008 0.025 0.0000.060 0.000 4
M-180 A 2 515687 65,100 74,400 280 0068 0.750 0.0120.010 0.008 0.025 0.0000.060 0.000 4
M-180 A 2 515690 63,000 71,800 270 0.059 0720 0.0100.008 0.013 0.024 0.0000.042 0.000 4
M-180 A 2 515696 62,900 72,500 280 0.058 0740 0.0130.008 0.011 0.029 0.0000.046 0.000 4
M-180 A 2 515696 63,900 73,400 29.0 0.058 0.740 0.0130.008 0.011 0.029 00000.046 0.000 4
M-180 A 2 515700 67,800 77,700 28.0 0.065 0.800 0.0130.009 0.012 0.036 0.000 0.035 0.000 4
M-180 A 2 616068 62,900 71,600 270 0.061 0740 0.0130.010 0.012 0.027 0.000 0.064 0.000 4
M-180 A 2 616068 66,700 74,200 300 0.061 0740 0.0130.010 0.012 0.027 0.0000.064 0.000 4
M-180 A 2 616071 64,000 74,000 280 0.061 0.760 0.0160.007 0.011 0.021 0.0000.028 0.000 4
M-180 A 2 616072 63,800 74,200 29.0 0.066 0.750 0.0140.009 0.010 0.026 0.0000.039 0.000 4
M-180 A 2 616073 63,900 73,300 27.0 0064 0.760 0.0160.009 0.012 0.024 0.0000.041 0.000 4
M-180 A 2 616073 65,000 74,500 280 0.064 0760 0.0160.009 0.012 0.024 0.0000.041 0.000 4

30 60G  12R25/6%S M-180 A 2 4111321 63,100 80,200 29.0 0210 0.710 0.009 0.007 0.010 0.030 0.00 0.030 0.000 4
M-180 A 2 515656 63,600 73,600 27.0 0.066 0720 0.0120.006 0011 0.021 0.0000.026 0.000 4
M-180 A 2 515658 64,800 74,300 260 0069 0740 0.0100.006 0.011 0.022 0.0000.021 0.000 4
M-180 A 2 515659 67,000 75,200 260 0.064 0790 0.0120.008 0.008 0.022 0.0000.025 0.000 4
M-180 A 2 515663 64,900 76,500 21.0 0.064 0.740 0.0090.007 0.007 0.023 0.0000.026 0.000 4

1 of 4

Figure C-5. 6.25-ft (1.9-m) W-Beam Guardrail Material Specification, Test No. MGSMS-1
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Figure C-6. Asphalt Mow Strip Material Specification, Test No. MGSMS-1
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- @ Prog,
° 3 \$§‘\“ ”%
Certified Analysis Y &
‘ &

Trinity Highway Products , LLC ‘ '
550 East Robb Ave. ¢ Order Number: 1215193 Prod Ln Grp: 3-Guardrail (Dom)
Lima, OH 45801 Customer PO: 2884 Asof 414/14
Customer: MIDWEST MACH.& SUPPLY CO. BOL Number: 80816 = Ship Date: (1 K 1

s Doonmen & 1 12" Guardrail Backup Plates

ShippedTo: NE R# 15-0161 September 2014 SMT
MILFORD, NE 68405 Use State: KS

Sticker-labeled Heat number
Project:  STOCK

Qty Part#  Description Spec CL TY Heat Code/ Heat Yield TS Elg C M P S Si Cu Cb Cr VnACW
20 3G 12/12"/BACKUP M-180 A 2 174700 57,680 74,850 30.7 0.190 0.730 0.013 0.004 0.020 0.140 0.000 0.060 0.000 4
8 957G T12/BUFFER/ROLLED A-36 4145361 56,100 71,000 32.0 0.210 0.400 0.007 .0.003 0.020 0.030 0.000 0.030 0.000 4
75 980G T10/END SHOE/SLANT M-180 B 2 152907 38,900 53,400 392 0.070 0.190 0.008 0.009 0.006 0.000 0.000 0.000 0.000 4

5,000 3340G 5/8" GR HEX NUT HW DECKER1402N2
4,000 3360G 5/8"X1.25" GR BOLT HW 140221B2
5 10967G  12/9'4.5/3'1.5/S 2 L11114

M-180 A 2 174702 56,310 74,260 282 0.180 0.720 0.009 0.004 0.010 0.140 0.000 0.060 0.001 4

M-180 A 2 174703 58,510 75,580 252 0.190 0.720 0.011 0.001 0.030 0.140 0.000 0.060 0.001 4

2 174704 4

M-180 A 2 174705 55,420 72,350 315 0.190 0.730 0.009 0.004 0.020 0.130 0.000 0.050 0.001 4

M-180 A 2 174706 56,890 74,350 27.6 0.190 0.730 0.0110.004 0.020 0.140 0.000 0.060 0.000 4

M-180 A 2 174707 57,190 73,530 259 0.190 0720 0.0100.002 0.020 0.120 0.000 0.060 0.001 4

M-180 A 2 175518 57,060 74,520 29.1 0.180 0.720 0.0110.003 0.010 0.110 0.0000.040 0.001 4

- M-180 A 2 175519 55,030 73,480 29.7 0.190 0.720 0.0120.005 0.010 0.120 0.000 0.050 0.001 4
M-180 A 2 175520 56,500 74,400 30.6 0.190 0.730 0.0110.004 0.010 0.110 0.0000.050 0.000 4

10967G 2 Li4413

M-180 A 2 172216 56,650 73,720 29.2 0200 0.730 0.0100.003 0.020 0.130 0.0000.050 0.000 4

M-180 A 2 172217 56,120 72,880 30.5 0.190 0.710 0.011 0.004 0.010 0.130 0.0000.070 0.000 4

M-180 A 2 172218 57,090 73,430 305 0.190 0.720 0.009 0.003 0.020 0.130 0.000 0.050 0.000 4

M-180 A "2 A68719 65,900 86,900 229 0220 0.870 0.009 0.004 0.030 0.140 0.0020.070 0.002 4

M-180 A 2 A68721 65,700 85,100 225 0210 0.810 0.008 0.003 0.030 0.140 0.003 0.070 0.001 4

M-180 A 2 C67348 © 67,600 90,700 25.5 0220 0.850 0.0110.002 0.030 0.140 0.0050.060 0.001 4

1 of 4

Figure C-7. W-Beam Backup Plate Material Specification, Test No. MGSMS-1
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Central Nebraska Wood Preservers, Inc.

</e)i3

i

CENTRAL ‘
NEBRASKA

WOOD PRESERVERS, INC.

P. O. Box 630 » Sutton, NE 68979
Pone 402-773-4319
FAX 402-773-4518

CWNP Tavoice  Yb2SE
Shipped To M st s h1GRD
Customer PO __é_Z?S(

Certification of Inspection

o

Date:

Specifications: Highwav Construction Use

Preservative: CCA —C 0.60 pef

Bl |ubefiz | M0 Dg-4.8 S a0 | 8% (Ko PO% |L4T pt-

L el | BT o= 23" sus | 7 | )5% |Bo 98% |.4u7 gt

433 |slis | Mo oxs-M" <ys | 75 | 179 | Yo 95 %618 pet

13y Sz | B (4" <45 | 48 | 7% Yo 7S% |48 pett

By Slalp | v ke 19" faet | 60 | 7% Yo P5% |-b15pA
|

HoPe.

Kurt Andres{ General Manager

Number of pieces rejected and reason for rejection:

s/iefis

Date

Statement: The above reference material was treated and inspected in accordance with the above
referenced specifications.

Figure C-8. Timber BCT Posts Material Specification, Test No. MGSMS-1
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Lernned Analysis Y
h | 4

Trinity Highvwey Prodacts, LLC

MIDWEST MACHINERY

482-761-3288

36

425 E. O'Connor Order Number: 1108107
Lisma, OH Customer PO: 2132 Asof: SR
Costomer: MIDWEST MACH.& SUFPLY CO. BOL Number: 48341
P. Q. BOX 81097 Document #: 1
Shigped To: NE
LINCOLX, NE 68501-1097 Use Stage: XS
Projectt  STOCK
Qy Part# Description Spee CL  TY EestCode/Heatd Vield i ®Wg € Me P S8 & Cu O Cr Ve ACW
MR A 2 CA%037 64,600 88,600 212 0210 G850 OO 0000 0030 0.0KC 0.0000.050 COI0 4
25 736G S/TUBE SLLIBIXG'REFLA A-500 - ¥85912 55,500 72,980 320 0210 0.730 0009 0006 0016 6010 090 0.020 0001 4
3 426G 60 TUBE SLLISEXRXNS AS00 YB5912 56,500 72,98 370 0210 0.770 0009 0006 0016 0.010 000 0.020 COOI ¢
2% 4G HATKA'XM'SOILPLATE A6 120033 46,560 850 269 G190 0.520 0012 0.003 0.020 0.090 0.00 0.040 0000 4
2 923G BRONSTAD 98" W0 MIB0A 2 F2209 63,590 2,00 266 0190 0230 0015 0006 6020 0110 000 D046 0000 4
4 NG W/END SHOB/EXT M-180 B 2 AN 59,770 78,681 274 D210 0750 0017 €.005 0056 0090 0.00 0.036 0002 4

Upen delivery, all materials subject to Teinity Highway Products , LLC Storage Stain Policy No. LG-002.

ALL STEEL USED WAS MELTED AND MANUFACTURED IK USA AND COMPLIES WITH THE BUY AMERICA ACT.

ALL GUARDRAIL MEETS AASHTO M-180, ALL STRUCTURAL STEEL MEETS ASTM A36

ALL GALVANIZED MATERIAL CONFORMS WITH ASTM-123, UNLESS OTHERWISE STATED.

BOLTS COMPLY WITH ASTM A-307 SPECIFICATIONS AND ARE GALVANIZED IN ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED.
NUTS COMPLY WITH ASTM A-563 SPECIFICATIONS AND ARE GALVANIZED IN ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED.

3/4" DIA CABLE 6X19 ZINC COATED SWAGED END AIS] C-1035 STEEL ANNEALED STUD 1" DIA ASTM
STRENGTH -49100 LB J

49 AASHTO M30, TYPEII BREAKING

October 1, 2015
TRP-03-322-15

06/04/2089 16

~

Trinity Highway Products , LLC

Notary Public:
Commission Expires  //

Stato of Ohio, County of Allen. Sworn and sybscribed before me this 22nd day of May, 2009
Jf‘ 2o

40f 7

Certified Analysis

1215324

550 East Robb Ave. Order Number: Prod Ln Grp: 9-End Terminals (Dom)
Lima, OH 45801 Customer PO: 2884 Asof 414114
Customer: MIDWEST MACH.& SUPPLY CO. BOL Number: 80821 Ship Date:
P.0.BOX 703 Docent #: 1 Foundation Tubes Green Paint
Shipped To: NE
MILFORD, NE 68405 Use State: KS R#15-0157 September 2014 SMT
Project:  STOCK
Qty Part#  Description Spee CL  TY Heat Code/Heat Yield TS Eg C Mn P S Si Cu Cb Cr VnACW
10 70IA  25X11.75X16 CAB ANC A36 A3V3361 48,600 69,000 29.1 0.180 0.410 0.010 0,005 0.040 0270 0.000 0.070 0.001 &
T01A A36 14744 50,500 71,900 30.0 0.150 1.060 0.030 0.035 0240 0270 0.002 0.090 0.021 4
12 729G TS 8X6X3/16X8-0° SLEEVE  A-500 0173175 55,871 74,495 310 0.160 0.610 0.012 0.009 0.010 0.030 0.000 0.030 0.000 4
15 736G S/TUBESLLISS"X6"X8'FLA  A-500 0173175 55,871 74,495 31.0 0.160 0.610 0.012 0.009 0.010 0.030 0.000 0.030 0.000 4
‘IL 749G TS 8X6X3/16X6-0" SLEEVE  A-500 0173175 55,871 74,495 310 0160 0.610 0.012 0.009 0.010 0.030 0.000 0.030 0.000 4
5 783A  5/8XSXSBEARPL3/IGSTP  A-36 10903960 56,000 79,500 28.0 0.180 0.810 0.009 0.005 0.020 0.100 0.012 0.030 0.000 4
783A A36 DLI3106973 57,000 72,000 220 0160 0.720 0.012 0.022 0190 0.360 0.002 0120 0.050 4
20 3000G  CBL3/4X66/DBL HW 99692
25 40638 WD 60POST 6X8 CRT HW 43360
15 4147B WD 3'9 POST 5.5"X7.5" HW 2401
207 15000G  60SYTPSTA.S31"GRHT  A36 34940 46,000 66,000 253 0130 0.640 0.012 0.043 0220 0310 0.001 0.100 0.002 4
10 19948G  .135(10Ga)X1,75XL75 HW P34744
2 33795G  SYT-3"AN STRT 3-HL 66 A36 16421 53,600 73,400 313 0140 1.050 0.009 0.028 0210 0280 0.000 0.100 0.022 4
4 34053A  SRT-31 TRMUPPST26625  A36 115463 56,300 77,700 313 0170 LO70 0.009 0.016 0240 0220 0.002 0.080 0020 4
1 of 3

Figure C-9.

Steel Foundation Tubes Material Specifications, Test No. MGSMS-1
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Wy Prog,
. . ‘{\\&‘\ %z'
Certified Analysis & e
-~
Trinity Highway Products , LLC ‘ i 4
550 East Robb Ave. Order Number: 1214903 Prod Ln Grp: 9-End Terminals (Dom) r
Lima, OH 45801 ' Customer PO: 2878 Asof: 3/7/14
Customer: MIDWEST MACH.& SUPPLY CO. BOL Number: 80278 Ship Date:
P. 0. BOX 703 : Document #: 1
Shipped To: NE
MILFORD, NE 68405 Use State: KS
Project:  STOCK
Qty Part#  Description Spec CL  TY Heat Code/ Heat Yield TS Elg € Mn P 8 Si Cu Cb Cr VnACW
36 749G 1S 8X6X3/16X6-0" SLEEVE  A-500 0173175 55,871 74,495 31.0 0.160 0.610 0.012 0.009 0.010 0.030 0.000 0,030 0.000 4
20 3000G  CBL 3/4X66/DBL HW 98790
77 98%2A  STRUT & YOKE ASSY A-1011-85 163375 48,380 64,020 32.9 0.190 0520 0.011 0.003 0.030 0.110 0.000 0.050 0.000 4
—— i
9852A A-36 11237730 45,500 70,000 30.0 0170 0.500 0.010 0.008 0.020 0.080 0.000 0.070 0.001 4

Ground Strut Green Paint
R#15-0157 September 2014 SMT

Upon delivery, all materials subject to Trinity Highway Products , LLC Storage Stain Policy No. LG-002.:
ALL STEEL USED WAS MELTED AND MANUFACTURED IN USA AND COMPLIES WITH THE BUY AMERICA ACT.
ALL GUARDRAIL MEETS AASHTO M-180, ALL STRUCTURAL STEEL MEETS ASTM A36

ALL COATINGS PROCESSES OF THE STEEL OR IRON ARE PERFORMED IN USA AND COMPLIES WITH THE "BUY AMERICA ACT"
ALL GALVANIZED MATERIAL CONFORMS WITH ASTM-123 (US DOMESTIC SHIPMENTS)
ALL GALVANIZED MATERIAL CONFORMS WITH ASTM A123 &ISO 1461 (INTERNATIONAL SHIPMENTS)

FINISHED GOOD PART NUMBERS ENDING IN SUFFIX B,P, OR S, ARE UNCOATED
BOLTS COMPLY WITH ASTM A-307 SPECIFICATIONS AND ARE GALVANIZED IN ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED.

NUTS COMPLY WITH ASTM A-563 SPECIFICATIONS AND ARE GALVANIZED IN ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED.
WASHERS COMPLY WITH ASTM F-436 SPECIFICATION AND/OR F-844 AND ARE GALVANIZED IN ACCORDANCE WITH ASTMF-2329.

3/4" DIA CABLE 6X19 ZINC COATED SWAGED END AISI C-1035 STEEL ANNEALED STUD 1" DIA  ASTM449 AASHTO M30, TYPE Il BREAKING

STRENGTH - 46000 LB

Figure C-10. Ground Strut Material Specification, Test No. MGSMS-1
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BCT Cables
E#14-0207 Green Paint

Trinity Highway Products, LLC

Certified Analysis

’

£ %

N

550 East Robb Ave. Order Number: 1207548 Prod Ln Grp:  3-Guardrail (Dom)
i H 45801 Customer PO: 2822
Lize, O 458 Asof: 10/29/13
Customer: MIDWEST MACH.& SUPPLY CO. BOL Number: 78777 Ship Date:
P. 0. BOX 703 Document #: 1
Shipped To: NE
MILFORD, NE 68405 Use State: KS
Project: RESALE
Qty Part# Description Spec CL TY Heat Code/ Heat Yield TS5 Elg C Mn 4 s S Cu Cb Cr Vo ACW
T 206G TIZ63S EREYE)
M-180 A 2 171508 55,440 72,710 31.1 0200 0750 0.0110.003 0.020 0.170 0.000 0,070 0.001
M-130 A 2 171509 53,660 71,390 285 0200 0730 0.0090.004 0.020 0130 0.0000.060 0.000
20 209G TI2N2E63S 2 L4313
M-180 A 2 171508 55,440 72,770 311 0200 0.750 0.011 0.003 0020 0170 0.000 0070 0.001 4
M-180 A2 171509 53,660 71,390 28% 0200 0730 0.009 0.004 0020 0130 00000060 0002 4
M-180 A2 171510 54,570 73,390 279 0200 0.740 0.011 0002 0020 0170 0.0000.070 0.001 4
M-180 A 2 171835 53230 70,150 2006 0200 0.730 0.0100.003 Q.010 0.020 00000050 0.000 4
M-180 A2 171836 563580 71,250 260 0080 0730 0.009 0.003 0.020 0120 0.000 0040 0.001 4
20 260G TI225/63%8 2 134213
M-180 A2 171507 34,020 13,460 281 0190 0720 0.0100.004 0.010 0120 00000070 0.000 4
M-180 A 2 171510 54,570 73,390 27.9 0200 0740 0.0110.002 0020 0.170 0.0000.070 0.001 4
M-180 A 2 171835 53,230 70,150 256 0200 0730 0.010 0.003 0.010 0120 0.0000.050 0.001 4
M-180 A 2 171836 56,390 71,250 200 0130 0730 0.009 0.003 0.020 0.120 0.0000.040 0,001 4
B0 901G 12FLARE/S HOLE M-180 A 2 166219 58,300 75,100 29.4 0.1%0 0.730 0.012 0.002 0.020 0.130 0.000 0.070 0001 4
6 927G 10/END SHOEEXT M-180 B 2 ABGTES 59,200 85,800 20,5 0220 0.7%0 0012 0.004 0010 0100 0.003 0.060 0.001 4
4 986G DIAPHRAGM-M.ELT. A-1011 CS M4672 ] 0 0.0 0.060 0370 0007 0.006 0020 0130 0.002 G030 0001 4
4 987G 80-12"BARRIERMELT.  MI80 A 2 622767 66,300 77,200 25.0 0065 0.820 0016 0.012 0016 0.070 0.043 0.067 D000 4
25 3000G  CBL3MXG6DBL HW 97852
600 33200 167X1.75"X3" WASHER HW P34545 RS3162
3,000 33406 §/8" GR HEXNUT HW 1310188

Figure C-11. BCT Cable Anchor Material Specification, Test No. MGSMS-1
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Certified Analysis o g&g

Trinity Highway Products, LLC ‘ "
2548 N.F, 28th St Ordes Nurdber, 1095199
¥t Worth, TX Customer PO: 2041 - P
Customer: MIDWEST MACEL& SUPPLY OO, BOL Number: 24481 .
P. 0. BOX 81087 Document # 1
Shipped To: ME
LINCOLN, ME 58501-1097 - Use State: K8 B

Project  KESALE

ity Part# Deseription _ Spec CL TV Meat Codef Heats ield 38 Bg € Ms P 8 B @ Cb Or Vo ACW
= 60 TUE30S TAEa0 LT - B30 ; Sk i D46 080 W0 0060 O -.

=0 A 2SKLLI5X16 CAB ANC 36 4153003 44,500 60,200 340 0240 0750 0012 0003 GO0 0020 0000 0040 Q002 4
i TA2G 60 TUBE SL/.183X8X4 A-300 ASPILS0 T4L00 7,000 252 0.050 0670 0003 D003 0030 0220 0000 G060 G021 4
== 10 T2 WME"BMHJUF Ad6 GI0G1SS 46,700 69,900 235 G.5%C G.830 000 0005 0020 0230 0000 007 006 4
4 0T 12BUFFER/ROLLED M-130 A ) LO04S 54,260 73,500 2548 T80 Q700 0011 0.0608 0020 0.200 000 0.100 0000 4

Upon delivery, ll materials subjest to Trinity Highway Peoducts , LLC Stomge Stain Policy No, LG-002.

ALL STEEL USEN WAS MELTED AND MANUFACTURED IN USA AND COMPLIES WITH THE BUY AMERICA ACT.

ALL GUARDRATL MEETS AASHTO M-180, ALL STRUCTURAL STEEL MEETS ASTM A36 .
ALL OTHER GALVANIZED MATBRIAL CONFORRS WITH ASTRM-123.

BOLTS COMPLY WITH ASTM A-307 SPECIFICATIONS AND ARE GALVANIZED IN ACOORDANCE WITH ASTM A-153, UNLBSS OTHERWISE STATED.
WUTS COMPLY WITH ASTM A-563 SPECIFICATIONS AND ARE GALVANIZED IN ACCORDANCE WITH ASTM A-153, UMLESS OTHERWISE STATED,

34" DIA CABLE 6X19 ZINC COATED SWAGED EJID;AIS[ C-1035 STEEL ANNEALED STUD 1" DIA  ASTM 449 AASHTO M30, TYFE H BREAKING
STRENGTH 49100 LB

Stieof Texas, County of Tareant. Swom and subscribed before me this 20th day of fune, 2008
Motary Public: o0 R -
= %ﬁn{‘ 'Pfﬁﬂ'm Trinity Highway Products , LLC - : _
& ¥} ° State of Texas Certified By: O ﬂ
Sz MY Do fgher %tﬂiﬁm.,{ g Ymesll. o

Comnission Exp
Figure C-12. Cable Anchor Bracket Assembly Material Specification, Test No. MGSMS-1
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Trinity Eighway Produets, LLE
2548 N.B. 281 Bt

Pt Worth, TX

Customer: MIDWEST MACH.&: SUPPLY CC.

P.0.BOX 81097

LINCOLN, NE 685011097

Project:  RESALE

Certified Analysis

Order Nurmber:

1095199
Customer PO: 2041

BOL Number: 28481

Document # 1
Shipped To: NE
Use Siate: XS

October 1, 2015

MwRSF Report No. TRP-03-322-15

5 O

‘ fwﬁ
h 1 4

#Asof 2008

Cr  Cr

Vo ACW

Giy Parté Ducription Spec CL TV Dest Codel Hear# el
TS e TS T A [ 230
-1 LA 25K10.75K16 CAB ANC A5 4153093 44,500

1 742G 60 TUBE SLY.18SXEX4 A0 ABPIIE0 0

-0 20 SUTEAEBEARPLOT A6 8106195 46,700

At 507G 1 MBUFFER/ROLLED WM-180 & Lot 54200

69,300

73,508

Upe delivery, ail mstesiale suliject ¢ Trinity Highwey Products , LLC Storage Stain Policy No. LG-0062.
ALL mu&anmsmmmmmmmmmm&wmmsmmmmx

ALL GUARDRATL MEETS AASHTO M-180, ALL STRUCTURAL STEEL MEETS ASTM A36

ALL OTHER GALVANIZED MATERIAL CONFORMS WITH ASTR-E23. )
BOLTE COMPLY WITH ASTM A-307 SPECTFICATIONS AND ARE GALVANIZED N ACCORDANCE WITH ASTM A-193, UNLESS OTHERWIRE STATED.
NUTS COMYLY WITH ASTM 4-563 SPECIFICATIONS AND ARE GALVANIZED [N ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED, °

" BIA CABLE 63049 ZINC COATED SWAGED BND AISIC-1035 BTEEL ANNEALED STUD 1" DIA ASTR44% AASHTO M30, TYFE I BREAKING
STRENGTH ~48100 LB

Stieof Texas, County of Tarrant. Swom and subscribed before me this 20th day of Tune, 2008

Trinity Highway Products, LLC

Certified Analysis

304 0240 0750 000 0003 G426 Q020 04000 0.040 0003

252 0050 0.670 0.OF) 0005 Q030 0220 0000 0.060 G021

235 0130 0330 0.010 0.005 0020 0230 00K 04R 0.006

250 6160 0700 0011 Q602 0420 0.200 Q.000 0.00 G000

h | 4

4
4

4

550 East Rebb Ave. Order Number: . 11435215
Lima, OH 45801 Customer PO; 2441 p—
Asof:4/15/1t
Customer: MIDWEST MACH.& SUPPLY CO. BOL Number: 61905
P.0.BEOX 703 Document# 1
Shipped To: NE
MILFCRD, NE 68405 Use State: KS
Project: RESALE
Qty Part#  Description CL  TY HeatCodd/ Heat# Yicid TS Eg C Ma 2 S S Cu Ch Cr VnACW
T 206G 1126375 3 7 130734 63,240 $2,5%0 264 0.190 0.740 0,013 0.006 0.010 0.13C 0.0 0.060 0.000 <
A 2 159587 §2.220 81,750 285 0.190 0720 00140003 0.020 0.130 0.0000.060 C.002 4
A2 139588 63,850 82,080 249 0200 0730 0.0120.004 0.020 0.140 00000050 6002 4
A 2 139589 55,670 7%.810 277 0190 0.720 0012 0,003 0.020 0.130 0.000 0.060
A2 140733 59,000 78,200 28.1 0.190 6.740 0.0150.006 0.006 0.070 ¢
SS 260G TI2SE3/S A 2 139588 63.350 82,080 249 0200 0.730 0.012 0.004
A 2 139206 81,730 78,58C 260 0.180 0710 0.0120.004 0020 0.140
A 2 139587 64,220 81,750 28.5 0190 0.720 0.6i40.003 0.02¢ 0.132
(180 A 2 140733 59,000 78200 28.1 0.190 0740 T.0150.006 0.018 0120
M-180 A 2 140734 63240 82,640 264 0190 0740 00150006 0010 0.110 0.0009.060 2.000
260G M-180 A 2140734 64,240 52,640 264 0190 0.740 0015 0.006 0.010 0.110 ©.00 0.060
M-150 A 2 129587 64220 31,750 285 0.190 0.720 0.0140.003 0.020 0.130 0.0000.060 0002 ¢
A2 139588 63,850 2,080 269 0200 0730 00120004 0020 C.140 00000050 0002 4
A 2 139589 55670 74,810 217 0190 0720 00120003 0.020 0.130 0.0000.060 0.002 4
A 2 140733 59,060 73,200 28.1 0.190 0740 0.0150.006 C.010 0.120 0.0000.070 0001 «
26 iA___25X11.75X16 CABANC V511470 51.460 71280 27.5 0120 0.800 0.055 0.030 0.i% 0300 090 0.090 0023 <
LA A36 N3540A 46,200 5,000 510 0,120 0330 0.010 0019 0.010 0.130 .00 4
26 729G TS $X6X3/16X§-0" SLEEVE  A-500 N4747 63,548 55,106 27.0 0.150 0.610 0.013 0.001 0040 G160 060 0160 U.004 4
24 749G TSSXEX3/I6XE-0"SLEEVE  A-500 Na747 63,548 35,106 27.0 0150 0.610 0.013 0.001 0.040 0160 000 0.160 0.004 <
22 182G §I§'_X8"XS'BEN{PUOF A36 18486 49,000 75,000 251 0210 0.360 0.021 0036 G250 0260 000 0.170 004 4
25 574G TIVTRANSRAILAIWILS  M-I80 A 2 140738 61350 30,240 27.1 0200 0.740 0.014 £.005 0.010 0320 000 0.070 0001 4
1of 2

Figure C-13. Anchor Bearing Plates Material Specifications, Test No. MGSMS-1
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TRP-03-322-15

PR

L (S .

905 ATLANTIC STREET, NORT

)

i

b

| Customat: Dae:
{
i o
! SPS - New Century (B/2E/2008
401 New Cantury Parkway
Custamer Orgdes Na: H
Maw Cantury KE 88037 stome; Order Mo |
: | 4800104138
' i 2in e
! N 93
; L 1 —_—
i
H Heat Mo Yisid Tensile
; : P.8.L £.8.1.
i 280638 81,500 400 23.00
i
Cc i 3 St Cu B CR iie} W
. 0,040 G230 0.000 0,084 0.088 ¢.038 0.042 0.015 G003
i

ne above maitsrial was ma the U.5.A and 1 i tast resulls shown in this report &
of our company. Al nufacturing is in acoordance o A.5.7.M. parameters encompa:
scope af the specifications denoted in the spec n and grade tiles sbova.
BNT=Grade B not testad - meets tensile propsrties ONLY.
1
|
i
|
: grichs
i v Assurance Manager

Figure C-14. BCT Post Sleeve Material Specification, Test No. MGSMS-1
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CERTIFICATE OF COMPLIANCE
ROCKFORD BOLT & STEEL CO,
126 MILL STREET

ROCKFORD, IL 81101
B15-968-0514 FAX#? 815-968-3111

CUSTOMER NAME:  TRINITY INDUSTRIES

CUSTOMER PO: 159892

SHIPPER#M: 050883
INVOICE #: DATE SHIPPED: 01/13/14
LOT#: 25512

SPECIFICATION: ASTM A%07, GRADE A MILD CARBON STEEL BOLTS

TENSILE: SPEC: 60,000 psi*min RESULTS: 76,318
78,539
78,076
78380
HARDNESS: 100 max 8680
86.76
86.00
2010
*Pounds Per Sgusre Inch,
COATING: ASTM SPECIFICATION F-2329 HOT DiP GALVANIZE
CHEMICAL COMPOSITION
MiLL GRADE HEAT# Cc Ma P s Si Cu N o Mo
NUCOR 1010 NF13102751 13 L0 008 28 A8
QUANTITY AND DESCRIPTION:
8,100 PCS 58" X 14" GUARD RAIL BOLT
PIN 3540G

WE HERESY CERTIFY THE ABOVE BOLTS HAVE BEEN MANUFACTURED BY ROCKFORD BOLT AND STEEL AT OUR FAGILITY IN
ROCKFORD, ILLINOIS, USA. THE MATERIAL USED WAS HELTED AND MANUFACTURED IN THE USA. WE FURTHER CCRWFY THAT

THIS DATA I8 A TRUE REFRESENTATION OF INFORMATION PROVIDED BY THE MATERIALS SUPPLIER, AND THAT OUR PROCEDURES
FOR THE CONTROL OF PRODUCT QUALITY ASSURE THAT ALL (TEMS FURNISHED ON THIS ORDER MEET OR EXCEED ALL APPLICABLE
TESTS, PROCESS, ANP INSPECTION REQUIREMENT PER ABOVE SPECIFICATION.

ETATE OF LLUINOIS

COUNTY OF WINERAGO -
MMWJ 111414
APPROVED SIGNATORY DATE
T
- DIANA RASMUSSEN s
NOTARY PUBLIC - STATE OF LLINOS
. MY COMMIBSION EXPIRES: 115"V 4

Figure C-15. %-in. Dia. x 14-in. Guardrail Bolt Material Specs, Test No. MGSMS-1
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TRINITY HIGHWAY PRODUCTS, L1.C
425 Kast O'Connor Ave. &
Lima, Gblo 45601 N4
419-227-1296 X B S Sve
{ S Tir b e deicD
MATERIAL CERTIFICATION "(%8
Customer: Stock Date:  May7,2014 4. MAY 12 20
Invoice Number: !; i i
T Tty Mickhwyg ucts,
Lot Number: 1403148 | g h-}w pmﬁtr 53
Part Number: 33606 Quantity: 119,129 Pes.
BOLT Numbers: 20294010 47,418

Specification: ASTM A307-A / A153 / F2329

MATERIAL CHEMISTRY
Heat B . P S si Nl CR_ MO CU SN vV AL N B.. N NS

20269590 09 | .34 | .007 | Go4| .05 | .03 | .06 | 01 | .08 | .007 | .001 | .030 | .007 | .0002| .001 | .601
20294010] .09 | .34 { .008 { .003| .07 | .03 | .04 | .02 | .09 | .004 | .001 | .029 |.3008].0002] .001 | .001
PLATING OR PROTECTIVE COATING

HOT DIP GALVANIZED (Lot Ave.Thickness / Mils) 243 (2.0 Mils Minimum)

=2 THIS PRODUCT WAS MANUFACTURED IN THE UNITED STATES OF AMERICA®# 4+

STATE OF OHIO, COUNTY OF ALLEN $[

419-227-1296

Figure C-16. %-in. Dia. x 1¥-in. Guardrail Bolt Material Specs, Test No. MGSMS-1
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el

TRINITY. HIGHWAY. PRODUCTS, LLC

U M5 EaskO'ComporAve. - g
Y. ‘LCiina,Ohic 45801 "+ 7 - W

419-227-1296 :
R AzE PASSED & CERTIFIED
MATQIAL CERTIFI(,ATIO 0
Customer: Siock = * . D(a}e March 13, 2014 %— MAR 17 o
.ﬂlnvolce Number: THnity Highway Products, LLC
. Lot Number: Decker 1402N2 Dallas, Texas  Pisnt 9P
Part Number: 33406 - ..+ et Quantity: 243,000  Pes.
Description: /8" GUARD ‘Heat . Lw-'wzgesru 27,000 10298280 72,000
RAIL NUT:+.081" ;Numbom. _ 10291510 90,000 10286440 54,000

.

Specification: S]ﬁmﬂd ATB3Y. migas g%

,’_'-,_L-f‘ mmmmsmy
Hoat ¢ NN _Po.es'.sl CNE .CR :MO QU SNV
10296970] .00 | 47 .068‘4.’012.1 07°] 208"} 0 | 02 | 09 | .06 | 001 008 |.0001| .001 | 001
10201510| .09 | .44 | .009,]::613 1073 vios ] o ; ‘.‘pz'f,‘-‘bs | .006 | .001 .007 | .0001 | .001 | 601
10208260] 09 | 47 | Go7{~0i | "00%) o5 f 06 | 61| os | 008 | 001 | .026 | .006 |.0001| 001 | 001
10286440] 09 | 44 | .0dg] 018! ‘;:.'07',':-"-;'66‘ of 02§ 0 | .006 | .001 | 024 | .00 [.0001] 001 | .01

SR
g

3 ,u‘.-iPM'ﬂNGAND/OR PRO'['EC'[{VB COATING
HOT DIP GALVANIZED (Lot Avo.}'hlcknoss l Mlls) - 255 (2.0 Mils Minkmum)
*#**THIS PRODUCT WAS MANUFAC’I‘!JRED TN THE UNITED STATES OF AMERICA“#%%
THE MATERIAL USED]N THIS PRODUCI‘ WAS MELTED AND MANUFACTURED IN THE U.S.A

W HEREBY CERTIKYTHA:!"I‘O mmim'ror OUR KNOWLEDGE FORMATION CONTAINED
gy J,ﬁLRPm»xs CORRECT.
A \":_..< | l"f‘:. "s «*l\'v‘ ‘C“’ 7- 2 % /
BOLE @ SRR P RINITY Hlsuyﬂooums LIC
; ¢ . s 3 . N ...nuuu var,
STATE OF OHIO, GOUNTY-OF ALLEN DR LT {,-»;,«F" 'f\o;;-
SWORN AND SUBSCRIBED:BEFOREMETHIS _ ; - : O,
: o

NDTARYPUBLIC -

425 E.O'CONNORAVENUE, ** “LIMA, OHIO 45801 %,

"

Figure C-17. %-in. Dia. Guardrail Nut Material Specification, Test No. MGSMS-1
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TRINITY HIGHWAY PRODUCTS, LLC A
425 East O'Connor Ave.
Lima, Ohio 45801 q ?
419-227-1296
TE “ER ATION i
Customer: Stock Date: _ August 16, 2013

Invoice Number:
Lot Number: 130808L

Part Number: 3500G Quantity: 16,233 Pcs.

Description: 5/8"%10"GR,  Heat SN0 10,820 P ——
Bolt Numbers: 10231650 5,413 i
I
4 2o |
Specification: AS 7 3 / F2328 i
Trinity Highway Prod: '
MATERIAL CHEMISTRY e BN s |

Heat C NN _P bl Si NIl CR._MO €U SN V_ AL N B Tl___NB
10240100f .09 | 49 | 01 | 007 ]| 09 | 04 | 03 | 02 | .08 | .008 | .002 | .023 | .005 | .0001] .001 | .001
10231650( 09 | 49 | o008 | 011 | 08 | 05 | 08 | 02 | .09 | .0068 | 002 | 023 | .007 | 00O1| .001 | .0O1

PLATING OR PROTECTIVE COATING
HOT DIP GALVANIZED (Lot Ave.Thickness | Mils) 251 (2.0 Mils Mindmum)
$444THIS FRODUCT WAS MANUFACTURED IN THE UNITED STATES OF AMERICA*##*

THE MATERIAL USED IN THIS PRODUCT WAS MELTED AND MANUFA LD IN THE US.A
WE HEREBY CERTIFY THAT TO THE BEST OF OUR KNOWLEDGE ALL INFORMIATION CONTAINED HEREIN IS

QRUCTS LLC
STATE OF OHIO, COUNTY OF ALLEN ' %-.‘
SWORN AND SUBSCRIBED BEFORE ME THIS b LBy \*
_@J&L 'ﬂpmh M NOTARY PUBLIC pad /5
425 E. O'CONNOR AVENUE LIMA, OHIO 45801

Figure C-18. %-in. Dia. x 10-in. Guardrail Bolt Material Specification, Test No. MGSMS-1
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CERTIFICATE OF CONFORMANCE

DESCRIPTION OF MATERIAL AND SPECIFICATIONS:

+ PURCHASE ORDER NUMBER: 44773 000 OD « INVOICE NO. GBT11538102
+ QUANTITY {Pes,) 37,600 SETS LOT NO. JW1101045
+ THE DATE OF MANUFACTURE March to April 2011 HEAT NO. ©10070002
+ TENSILE STRENGTH.: 13,800LBF HARDNESS. HRB?77-74
« ITEM DESCRIPTION: §/8-11x1,1/4" GUARDRAIL BOLT CLIP HD W/NUT HDG
« ITEM NUMBER: 20-2100K

« TYPE OF STEEL Q23I5A(C1010 or C1008)

+ BOLT SPECIFICATION: ASTM A307

* NUTS BPECIFICATION: ASTM A563 GRADE A

* COATING ASTM A153 CLASS C

» APPEARANCE ASTM FB12-95

THE DATA IN THIS REPORT I8 A TURE REPRESENTATION OF INFORMATION PROVIDED BY THE MATERIAL
SUPPLIER CERTIFYING THAT THE PRODUCT MEETS THE MECHANICAL AND MATERIAL REQUIRMENTS OF
THE LISTED SPECIFICATION, THIS CERTIFICATE APPLIES TO THE PRODUCT 8HOWN ON THIS DOCUMENT,

THIS DOCUMENT MAY ONLY BE REPRODUCED UNALTERED AND ONLY FOR CERTIFYING THE SAME OR
LESSER QUANTITY OF THE PRODUCT SPECIFIED HEREIM. REPRODUCTION OR ALTERATION OF THIS
DOCUMENT FOR ANY OTHER PURPOSE IS PROHIBITED,

Pyint Dato:2011-3-12

Figure C-19. %-in. Dia. x 1%-in. Hex Bolt Material Specification, Test No. MGSMS-1
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Frem: 281-381.2044 To' Tha Boulder Campany Date: 5/24/2012 Time: 3:34.00 PM

May 24, 2012
K-T Bolt Manufacturing Company, Inc.® Date: May 24,2012
1150 Katy Fort-Bend Road
Katy, Texas 77494
Ph: 281-391-2196 Fax: 281-391-2673
shirley@k-tbolt.com

Original Mill Test Report

Company: The BoulderCompany \
Part Description: 125 pes %(- 11X 9 %" Finish Hex Bolts
Material Specification: A307 A

Coating Specification ASTM F2329-05
Purchase Order Number: 161005

Lot Number: 08334-1
Comments: None

Material Heat Number: JK1110419701
Testing Laboratory: Nucor

Chemical Analysis — Weight Percent

C Man P S Si Cu C Ni Mo V Cb Sm Al B Ti Ca Co N

A3 69 018 030 20 26 .12 .09 .020 003 .002 - - T
100% Melted & Manufactured in the USA. Values reflect originating Steel \nn

Tensile and Hardness Test Results

Property #1 psi
Tensile: 70.580
ProoffMield: 52,380
Elongation: 275
ROA: -
Hardness: 149 HBN
Comments
Test results meet mechanical requirements of specification,

Figure C-20. %-in. Dia. x 10-in. Hex Bolt Material Specification, Test No. MGSMS-1
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L T gynu I,

o ‘:\‘.'.
NO 170718

tNo.: a-usrxosa 9—31
SECURE INTEGRITY
ws X8

BOARS HEAD

| AT

8730265941
PFC LOT NO (K) 1001 1913

LR

MFG Lot No.: 1NY030101
BOX SEALED TO SECURE INTEGRITY
7/8—9

FINISHED HEX NUTS COARSE

:

KAVLEK CHINA

—_—

Figure C-21. %s-in. Dia. x 8-in Hex Bolt and Nut Material Specs, Test No. MGSMS-1
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- 4) 1JY82

Pk-25

H#8280088 PCS./P2S.25 s e
Made in/Hecho en China T ‘:@

LOT#HO1 779897

wm

‘83130
Figure C-22. %-in. Dia. Round Washer Material Specification, Test No. MGSMS-1

Flat Washers SAE
Arandelas Planas SAE
58
NM15.9

2365

(1) 1JY86

A

HE8280072 PCS./PZS.10 pr— 2
Made in/Hecho #n China @

LOT#HO 1788740

L1

Figure C-23. %-in. Dia. Round Washer Material Specification, Test No. MGSMS-1

Arandelas Planas SAE
7/8
M22.2

I’ Flat Washers SAE
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'~ McMASTER-CARR. Packing List

600 N County Line Rd University of Nebraska Purchase Order Page 1 of 1
Elmhurst IL 60126-2081 Midwest Roadside Safety Facility E000177486
630-600-3600 MWRSF 10/01/2014
) Order Placed By
chi.sales@mcmaster.com 4630 Nw 36TH St Shaun M Tighe
Lincoln NE 68524-1802 g
Attention: Shaun M Tighe McMaster-Carr Number
1796341-01
Line Product Ordered Shipped
1 91309A585 Low-Strength Zinc-Plated Steel Cap Screw, 5/16"-18 Fully Threaded, 1-1/4" Long, Packs 1 1
of 100 Pack
2 90473A030 Zinc-Plated Grade 2 Steel Hex Nut, 5/16"-18 Thread Size, 1/2" Width, 17/64" Height, 1 1
Packs of 100 Pack

Certificate of compliance
This is to certify that the above items were supplied in accordance with the description and as illustrated in the catalog. In

all other respects this transaction remains subject to our standard terms and conditions of sale, which can be found at
www.mcmaster.com/terms.

2 /:Zi (__—-7/ S A
P
Ray Connelly

Sales Manager

Mowstrip 5/16" hardware

Figure C-24. %/16-in X 1%-in Hex Bolt and Nut Material Specification, Test No. MGSMS-1

M%:= METALLURGICAL

SPS Coil Processing Tulsa SPS P RT PAGE 1 of 1
5275 Bird Creek Ave, R TEST RE:Q DATE 11/06/2013
Port of Catoosa, OK 74015 TIME  20:49:39
USER MEHEULAL
13713
Warehouse 0020
1050 Fort Gibsen Rd
CATOOSA OK 74015
0 O
Ordler Materisl No. Description - Quardity Weight  Customar Part Customer PO Ship Date
402126850070 801072120TM 10GA 72 X 120 A1011-GS-TYB TEMPERED 29 8,787.500 11/06/2013
. . o . N 3
Heat MNo. A312820 ' Vendor SEVERSTAL COLUMBUS . DOMEETIC A Mill SEVERSTAL COLUMBUS Meited and Manufactured in the USA
Batch 0002653956 29EA  9,787.500 LB 1 '
Carbon Manganese  Phosphorus  Sulphur Silicon Nickel Chromium Melybdenum Boron Copper Aluminum Tianium Vanadium  Columbium Nitrogen Tin
0.0700 0.3900 00080 0.0010 0.0300 0.0500 0.0800 0.0100 0.0001 0.1100 0.0260  0.0010 0.0020 0.0010  0.0063  0.0080
- Mechanicall Physical Properties
Mill Coll No. A312890-02 .

Tenstle Yield Hong Rckwl Graln Charpy Charpy Dr Charpy Sz Temperalure Olsen
Mowstrip Full Scale
Square Washers R#15-0183

October SMT l

Figure C-25. 1%-in. Square Washer Material Specification, Test No. MGSMS-1
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CERTIFIED MATERIAL TEST REPORT i
CUSTOMER SHIP TO CUSTOMER BILL TO GRADE 2 SHAPE / SIZE
GERD AU STEEL & PIPE SUPPLY CO INC STEEL & PIPE SUPPLY CO INC AIASTIS0 | Stendacd I Beain FAXS.T#I75X8S ¥
1003 FORT GIBSON RD
CATOOSA,OK 74015-3033 MANHATTAN KS 66505-1688 LENGTH WEIGHT HEAT / BATCH
US-ML-MIDLOTHIAN USA USA 40'00" 8208L8 |'s9as81,
300 WARD ROAD Py -
LOTHIAN, TX 7 SALES ORDER USTOMER MA N SPECIFICATION / DATE or REVISI
MIDLOTHIAN, TX 76065 812105000020 000000000035357040 ARIAI6M-08
USA ASTUASTIMAY
CUSTOMER PURCHASE ORDER NUMBER BILL OF LADING DATE ASTMAMAGM-11
4500221191 1327-0000099969 04/022014
CHEMICAL COMPOSITION N
p 3 3 @ ) & ]
009 079 0014 0.026 020 036 0.1 006 0.027 0.009 0001 0.011 0003
CHEMICAL COMPOSITION
CEgyA
03 »
MECHANICAL PROPERTIES
W VS e GL
a mm
534 695 382 468 8.000 2000
553 619 368 419 8.000 2000
MECHANICAL PROPEKTIES
Elgpe. Y/ pai
23.20 0.786
2360 079
COMMENTS / NOTES
Mow Strip Full Scale
Posts and Sockets
R# 15-0185

The above figures are certified chemical and physical test records as contained in the permanent recoeds of company. This material, including the billets, was meked and manufactured in
the USA. CMTR complies with EN 10204 3.1, ! g

BHASKAR Y ALAMANCHILD * TOM HARR N
Mhastay, S L Dt e

Figure C-26. S3x5.7 Weak Post Material Specification, Test No. MGSMS-1
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%4:: METALLURGICAL

SPS Coil Processing Tulsa SPS el PAGE 1 of 1

5275 Bird Creek Ave. il TEST REPORT DATE  08/12/2014

Port of Catoosa, OK 74015 TIME 20:56:39

USER MEHEULAL

: 13713

L 1| Warehouse 0020

D P| 1050 Fort Gibson Rd

T ;| CATOOSAOK 74015

0 o
Order Material No. Desoription Quantity Weight  Customer Part Customer PO Ship Date
40226748-0030  70872120TM 14472 X 120 ASE TEMPERPASS STPILPL ~ 15 9,189 08/12/2014

Chemical Analysis

Heat No. B408684 ¥ Vendor SEVERSTAL COLUMBUS DOMESTIC Mill SEVERSTAL COLUMBUS Melted and Manutactured in the USA
Batch 0003247457 15EA 9,189 LB Produced from Coil
Carbon Manganese Phosphorus  Sulphur Sllicon Nickel Chromium Molybdenum Boron Copper Aluminum THanlum : C rog Tin
0.1900 0.8400 0.0150 0.0020 0.0300 0.0400 0.0700 0.0100 0.0001 0.0800 0.0290 0.0010 0.0050 0.0010 0.0068 0.0040

Mechanical/ Physical Properties
Mill Coil No. B408684-02

Tensile Yield Elong Rekwl Grain Charpy Charpy Dr Charpy Sz Temperature Olsen
79700.000 55500.000 26.90 0 0.000 (] NA
78400.000 56000.000 28.10 0 0.000 [ NA
78300.000 56300.000 29.30 0 0.000 0 NA B
78000.000 56000.000 26.80 0 0.000 ] NA

THE CHEMICAL, PHYSICAL, OR MECHANICAL TESTS REPORTED ABOVE ACCURATELY REFLECT INFORMATION AS CONTAINED IN THE RECORDS OF THE CORPORATION.

Figure C-27. ¥-in Thick Steel Plate Material Specification, Test No. MGSMS-1
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aos Atlas rupe i gr.

D umcsreer GROUP

MATERIAL TEST REPORT

Sxeol & Pl

MéNHA

Supply Compan
KS 66505

Shipped to

§§‘:l&ﬁ Compan
N

P
CENTURY KS 6601

Matsrial: 4.0x2,0x188x40'0"0(5x4), Material No: 400201884000 Made in:  USA
Melted in:  USA

Sales order: 943887 ' Purchase Order: 4500233208 Cust Material #: 6640020018840
Heat No c Mn P s si Al Cu co Mo N Cr v T 8 N
660150 0.220 0.810 0.009 0006 0015 0034 005 0007 0000 0030 0030 0000 0.001 0.000 0,006
Bundle No  PCs  Yield Tonsile Ein.2in Certitication CE: 0.37
M4000B9648 20 076120 Psi 087160 Psi 24 % ASTM AB500-13 GRADE B&C
Material Note: i
Sales Or,Noto:
Matorial: 4.0x4 0x376x40'0"0{5x2}. Materisl No: 400403754000 Made in:  USA

- Melted in: Russisn Fed,
Salos order: 943208 Purchase Order: 4500233048 Cust Material #: 6540037640
Heat No c Ma P 5 si Al Cu b Mo ni Cr v i [ N
1402127°F 0,191 0.800 0.011 0011 0016 0031 0040 0.000 0000 0.020 0030 0.000 0000 0.000 0.008
Bundle No  PCs  Yield Tensile En.2in Contification ’ CE: 0.35
MB00500302 10 064368 Psi 076714 Psi 32 % ASTM AS00-13 GRADE B&C
Material Note:
Seles Or.Note:
Materiol: 4.0x4.0x375x40°0"0(5x2). Material No: 400403754000 Made in:  USA

Soles order: 943208

Melted In: Russion Fed.

Purchase Order: 4500233048 Cust Material #: 6540037540

Hest No c Mn P s '8l Al Cu (=] Mo N Cr v i B N
1401127 0.191 0900 0011 0011 0016 0031 0040 0000 0000 0020 0.030 0000 0000 0.000 0.008
Bundle No PCs  Yield Tonsile Ein_2in Certification CE: 035
MB00500301 w0 064368 Psi 076714 Pal 32 % ASTM AS00-13 GRADE B&C

Material Note:

Sales Or Note:

W, i

mmulunponnonwlvmnwuomﬂnnuum-ﬂ“MWU‘MMWMO#*

Authorized by Quality Assurance:

spocification and contract
D1 m

\.l OF NOETH ANRRICA
W

i e <&@ Metals Service Center Institute

Figure C-28. Steel Post Socket Material Specification, Test No. MGSMS-1
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Appendix D. Vehicle Center of Gravity Determination

208



October 1, 2015

MwRSF Report No. TRP-03-322-15

Test: MGSMS-1 Vehicle: Ram 1500

Vehicle CG Determination
Weight VertCG Vert M

VEHICLE Equipment (Ib) (in.) (Ib-in.)
+ Unbalasted Truck (Curb) 5228| 29.15376| 152415.9
+ Brake receivers/wires 6 50 300
+ Brake Frame 7 27 189
+ Brake Cylinder (Nitrogen) 28 27 756
+ Strobe/Brake Battery 5 33 165
+ Hub 27 15.375| 415.125
+ CG Plate (EDRs) 4 34 136
- Battery -42 40.5 -1701
- Qil -6 20 -120
- Interior -88 24 -2112
- Fuel -161 20 -3220
- Coolant -14 37 -518
- Washer fluid -1 42 -42
BALLAST Water 0
DTS Rack 17 32 544
Misc. 0
147208
Estimated Total Weight (Ib) 5010
Vertical CG Location (in.)[ 29.38283

wheel base (in.) 140.5

MASH Targets Targets Test Inertial Difference
Test Inertial Weight (Ib) 5000 + 110 5016 16.0
Long CG (in.) 63 +4 61.79 -1.20913
Lat CG (in.) NA -0.27263 NA
Vert CG (in.) > 28 29.38 1.38283

Note: Long. CG is measured from front axle of test wehicle
Note: Lateral CG measured from centerline - positive to vehicle right (passenger) side

CURB WEIGHT (Ib)

Front
Rear

FRONT
REAR
TOTAL

Left Right
1497 1407
1158| 1166
2904 Ib
2324 |b
5228 Ib

Figure D-1. Vehicle Mass Distribution, Test No. MGSMS-1
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Front
Rear

FRONT
REAR
TOTAL

TEST INERTIAL WEIGHT (Ib)
Left Right
1438] 1372
1090| 1116
2810 Ib
2206 Ib
5016 Ib




October 1, 2015
MwRSF Report No. TRP-03-322-15

Appendix E. Static Soil Tests
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— | Y | I ! i
|| EE R
H P -
B | S I
- ,
Static Load Test Post-Test Photo of Post
\‘ inch or "
B *
WEx16—~ ' 10 ' - a 72"
; R —~—— \@ - e Dl
3 7 = =
il NN LAl L
72" R I b 43
e [y fay : - - Static Test ‘
’ J14: 43 Dynamic Test Installtion Details Installatif)n ;)setails s L,
Soil Gradation for Baseline Fill Soil
100
90
< 80 ~
2 70 \
L 60
I N
540
a 30 \0\
20 e ——
10
0
100 10 1 0.1 0.01
Grain Size, D (mm)
14000 Comparison of Load vs. Deflection
12000 +—- Dynamic Test
(Acc)
10000 +—— e
§ e Dynamic Test
> 8000 +— — Yy (LC)
8 J g R S ———
S 6000 1— _,’_/\. e == = Dynamic Test
Required Min.
4000 7 /) V e Static Test
2000 {742 m-‘i
’
0
0 5 10 15 20 25 30
Deflection (in.)
Date.....cceuiiiiiiiie e 4/4/2012
Test Facility & Site Location..................... Midwest Roadside Safety Facility
In situ soil description (ASTM D2487)......... Well Graded Gravel (GW)
Fill material description (ASTM D2487)...... Well Graded Gravel (GW) (see sieve analyses abowe)
Description of fill placement procedure..... 3 Pass, 8" Lift
Bogie Weight.........cccovviniiiiiiiiiiieeens 1,844 Ib
Impact Velocity..........cocoeuieiiiiniiiiiiinn, 20.07 mph

Figure E-1. Soil Strength, Initial Calibration Tests
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Static Load Test Setup Post-Test Photo of Post

Comparison of Load vs. Deflection
10000
9000 - :
p———— Baseline Static
8000 s e Test
/ Y
. 7000 = Minimum Load
% 6000 / \ (90% Baseline)
o
S 5000 - —— MGSMS-1 51 -
e 4000 \ \ Load Cell 1
V . N\ ——— MGSMS-151 -
3000 + / Load Cell 2
2000 = ~
1000
0
0 5 10 15 20 25 30 35 40
Deflection (in.)
SOIL GRADATION
100
90 :‘\
80 N
L 60 N
k=1 \
§ 50 N
5 40 D
a 30 ~~\ —
20 Ty
10
0
100 10 1 0.1 0.01
Grain Size, D (mm)
==®--Baseline Soil —%— MGSMS-1 51 Soil
Date...cciiiiiie e 12/4/2014
Test Facility & Site Location..................... Midwest Roadside Safety Facility
In situ soil description (ASTM D2487)......... Well Graded Grawel (GW)

Fill material description (ASTM D2487)...... Well Graded Grawvel (GW) (see sieve analyses abowe)
Description of fill placement procedure..... 8-inch lifts tamped with a pneumatic compactor

Figure E-2. Static Soil Test, Test No. MGSMS-1
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Appendix F. Vehicle Deformation Records
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TEST: MGSMS-1
VEHICLE: Ram 1500

VEHICLE PRE/POST CRUSH
FLOORPAN - SET 1

Note: If impact is on driver side need to

enter negative number for Y

X Y z X Y z AX Ay [iv4
POINT (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)
1 26 2/3 15 41/2 26 3/7 15 447 -2/9 0 0
2 29 3/5 193/7 113 29 3/7 191/2 112 -1/6 0 u7
3 30 24 1/2 17/9 29 4/5 24 1/2 16/7 -1/4 0 0
4 28 28 217 214 27 3/4 28 1/3 225 -2/9 0 1/6
5 22 14 1/3 13/8 213/4 14 1/3 11/2 -1/5 0 1/8
6 24 1917 -25/8 23 3/4 191/5 -21/2 -1/5 0 1/9
7 24 221/2 -22/3 235/7 221/2 -2 417 -1/5 0 1/9
8 23 5/6 28 1/6 -2 517 23 2/3 28 1/5 -2 3/5 -7 0 1/8
9 18 1/8 11 1/3 -1/9 17 8/9 11 1/3 0 -1/4 0 1/8
10 19 1/6 14 5/9 -21/9 19 14 5/9 -2 -1/4 0 0
11 21 18 4/5 -4 8/9 20 5/6 18 5/6 -4 3/4 -7 0 1/8
12 21 22 1/3 -4 4/5 20 3/4 22 3/8 -4 2/3 -1/5 0 1/9
13 21 28 -4 56 20 6/7 28 -4 5/7 -1/5 -0 1/9
14 13 4/9 6 3/5 131/4 6 5/7 -1/5 -0 1/9
15 17 133/8 -4 2/3 16 3/4 133/8 -4 417 -1/5 -0 1/8
16 17 1/3 19 3/5 -51/2 17.1/6 19 5/9 -53/8 -1/5 -0 1/9
17 17 3/8 25 2/5 -51/2 171/5 25 3/7 -53/8 -1/5 0 0
18 1713 29 -51/2 17 1/8 29 -51/2 -1/5 0 0
19 723 51/7 -1 737 51/6 - 5/6 -1/5 0 1/9
20 111/2 1212 -6 1/3 11 2/9 121/2 -6 1/5 -1/4 0 0
21 11 3/5 16 3/8 -6 1/5 11.3/7 16 2/5 -6 1/8 -1/6 0 0
22 111/2 2212 -6 1/5 111/4 221/2 -6 1/8 - 27 -0 0
23 111/2 29 -6 2/7 111/4 29 -6 2/9 -1/5 0 0
24 15/6 37/9 -12/9 13/5 34/5 -11/9 -2/9 0 1/9
25 113 12 -3 5/6 11/5 12 -3 3/4 -1/8 -0 0
26 11/3 15 1/4 -3 5/6 11/6 151/3 -33/4 -1/5 0 0
27 113 19 1/6 -38/9 1 19 1/6 -3 5/6 -2/9 -0 0
28 11/3 27 -3 4/5 11/9 27 -33/4 -1/4 0 0
29 0 0 0
30 0 0 0
31 0 0 0
\ DASHBUOARD /

DDDR\

N

Y

-—

252627

28

/DDDR

Figure F-1. Floor Pan Deformation Data, Test No. MGSMS-1
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TEST: MGSMS-1
VEHICLE: Ram 1500

Note: If impact is on driver side need to
enter negative number for Y

X Y Z X %z z aX I 2z
POINT | (in) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)
AL 913 | 1 274/9 | 92/5 | 1 2712 | 0 U5 | o
A2 11 95/6 | 2627 | 11 95i8 | 2613 | 0 29 | o
z A3 1118 | 26809 | 25 1116 | 2634 | 2518 | 0 ~us | o
S A4 825 | 117 | 19u7 | sw2 | 1wz | 1914 | o 15 1/9
A5 9 10 U4 | 9 9455 | 1014 | 0 ~us | o
A6 10 3045 | 14477 | 10 3035 | 1435 | 0 5 | o
W T B1 2047 | 3257 | 323 | 2035 | 3212 | 323 | 0 “v4 | o
az B2 2114 | 3223 | 447 | 2115 | 3212 | 4509 | 0 29 | o
a B3 2456 | 3234 | 3203 | 2445 | 3212 | 323 | 0 U5 | 0
N c1 3455 | 35 1812 | 312 | 35 1812 | -14 | 0 0
= c2 357 | 35 1723 | 4 35 1735 | -2i7 | -0 0
gy c3 | 1313 | 34455 | 1623 | 1312 | 3478 | 1623 | -29 | o 0
(E) g ca 57/8 | 342/5 | 415 | 558 | 3415 | 429 14 “u5 | o
s cs 138 | 3413 | 2u7 | 1ws | 3au7 | 2 14 U6 | 0
- C6 | 103/5 | 343/7 | 212 | 1056 | 3438 | 212 29 | © 0
D1 0 0 0
D2 0 0 0
D3 0 0 0
D4 0 0 0
D5 0 0 0
D6 0 0 0
W D7 0 0 0
8 D8 0 0 0
& D9 0 0 0
D10 0 0 0
D11 0 0 0
D12 0 0 0
D13 0 0 0
D14 0 0 0
D15 0 0 0
\ DASHBOARD
M
1
DOOR \ il / Doar
P
7
X 3
z

Figure F-2. Occupant Compartment Deformation Data — Set 1, Test No. MGSMS-1
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TEST:

MGSMS-1

VEHICLE: Ram 1500

VEHICLE PRE/POST CRUSH

INTERIOR CRUSH - SET 2

Note: If impact is on driver side need to
enter negative number for Y

DDDR\

NN

X Y z X Y z X Y IV
PONT | (n) ) (i) (in.) (in.) (in.) (in.) (i) (i)
AL 2856 | 334 | 27 2889 | 34/7 | 2658 | 0 _ 16 _13
A2 30u4 | 1412 | 2615 | 302/5 | 1413 | 26 18 - 16 - 14
z A3 3013 | 3123 | 26 3038 | 312/5 | 2557 | O -4 .13
5 A4 2657 | 4 185/6 | 267/9 | 3455 | 1847 | 0 - 1/4 - 1/4
A5 2725 | 1519 | 10w2 | 2749 | 1456 | 1015 | 0 -7 -4
A6 275/8 | 361/6 | 1619 | 2723 | 355/6 | 153/4 | 0 13 13
W B1 3657 | 387/9 | 38/9 | 3623 | 3812 | 312 | 0 - 14 - 13
oz B2 3659 | 39 138 | 3612 | 38566 | 123 | -0 -4 .13
o B3 408/9 | 3856 | 313 | 407/8 | 383/5 | 3 ) - 2/9 13
o c1 219 | 4017 | 21 22 40 2056 | -15 - 18 -7
2 . c2 145/9 | 40 2116 | 1438 | 40 21 “15 | 0 -7
58 c3 5 3078 | 2135 | 43/4 | 40 2125 | -15 | o - 16
<8 c4 2216 | 4013 | 6213 | 22 4019 | 625 15 -5 -4
s c5 1725 | 4013 | 517 | 1715 | 4016 | 4506 15 - 16 13
B c6 558 | 4013 | 716 | 549 | 4013 | 7 “15 | 0 -5

D1 0 0 0

D2 0 0 0

D3 0 0 0

D4 0 0 0

D5 0 0 0

D6 0 0 0

m D7 0 0 0

8 D8 0 0 0

& D9 0 0 0

D10 0 0 0

D11 0 0 0

D12 0 0 0

D13 0 0 0

D14 0 0 0

D15 0 0 0

\ DASHBOARD /
R

/DDDQ

Figure F-3. Occupant Compartment Deformation Data — Set 2, Test No. MGSMS-1
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Date:

12/15/2014

Make:

Dodge

Test Number: MGSMS-1

Model: Ram 1500

Year:

2007

Ci
C,
Cs
Cy
Cs
Ce

CMA)(

Distance from C.G. to reference line - Lgg:

Width of contact and induced crush - Field L:
Crush measurement spacing interval (L/5) - I:

Distance from center of vehicle to center of Field L - D, :

Width of Contact Damage:

Distance from center of vehicle to center of contect damage - D¢:

in. (mm)
107 (2718)
29 (737)

5.8 (147)

24.5 (622)
29 (737)
24 1/2 (622)

NOTE: Enter "NA" for crush measurement if distance can not be measured (i.e., side of vehicle has been pushed inward)

Crush

Original Profile

Dist. Between Ref.

Measurement Lateral Location Measurement Lines Actual Crush
in. (mm) in. (mm) in. (mm) in. (mm) in. (mm)
6 (152) 10 (254) 103/4  (273) -4 217 -(109) -1/2 -(12)
714  (184) 154/5 (401) 115/7  (297) -1/6 -(4)
91/2 (241) 213/5 (549) 127/8 (327) 1 (23)
14 1/4  (362) 272/5 (696) 15 (380) 34/7 91)
na NA 331/5 (843) 183/8  (467) NA NA
na NA 39 (991) 29 (737) NA NA
14 1/4  (362) 27 1/4  (692) 15 (380) 3417 (91)

Figure F-4. Exterior Vehicle Crush (NASS) - Front, Test No. MGSMS-1
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Date: 12/15/2014 Test Number: MGSMS-1
Make: Dodge Model: Ram 1500 Year: 2007
in. (mm)
Distance from centerline to reference line - Lrge: 41 (1041)
Width of contact and induced crush - Field L: 227 1/4 (5772)
Crush measurement spacing interval (L/5) - I:  45.45 (1154)
Distance from vehicle c.g. to center of Field L - Dg 1 -11.75 -(298)
Width of Contact Damage: 227 1/4  (5772)
Distance from vehicle c.g. to center of contect damage - D¢: 11 3/4 (298)
NOTE: Enter "NA" for crush measurement if distance can not be measured (i.e., front of vehicle has been pushed inward or tire has been remeoved)
Crush Longitudinal Location Original Profile Dist. Bet.ween Ref. Actual Crush
Measurement Measurement Lines
in. (mm) in. (mm) in. (mm) in. (mm) in. (mm)
Cy na NA -125 3/8 -(3185) 15 3/8 (391) -9 -(229) NA NA
C, 2 (51) -80 -(2030) 10 172 (267) 12 (13)
Cs 3 (76) -34 112 -(876) 11 4/7 (294) 4/9 (11)
(oA 212 (64) 11 (279) 111/4 (286) 1/4 (6)
Cs na NA 56 3/7 (1433) 10 1/2 (267) NA NA
Cs na NA 101 7/8 (2588) 37 (940) NA NA
Cmax 11 (279) 80 (2032) 111/4 (286) 83/4 (222)

Figure F-5. Exterior Vehicle Crush (NASS) - Side, Test No. MGSMS-1
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Appendix G. Accelerometer and Rate Transducer Data Plots, Test No. MGSMS-1
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4.5

Figure G-1. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. MGSMS-1
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Figure G-2. Longitudinal Change in Velocity (SLICE-2), Test No. MGSMS-1
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