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FOREWORD

The Federal Lands Highway Division (FLHD) designs and constructs numerous wire-faced,
mechanically-stabilized (MSE) walls across the U.S. These MSE walls are utilized to support highways
and roadways built on sloped terrain which may carry significant vehicular traffic. The FLHD designs and
constructs vehicular barrier systems which are placed within the exterior region of MSE walls. This report
contains the research results aimed at the development of economical and crashworthy barrier systems for
placement on top of and near the exterior edge of MSE walls.

The objective for this study was to develop an economical barrier system for safely treating vertical drop-
offs located at the outside edge of wire-faced, MSE walls. The new barrier system was to be capable of
providing acceptable safety performance during high-speed, high-energy passenger car impacts, be easily
maintained, and not impart unreasonable damage to the MSE wall system and was to be evaluated
according to the Test Level 3 (TL-3) safety performance criteria set forth in the American Association of
State Highway and Transportation Officials (AASHTO) Manual for Assessing Safety Hardware (MASH).

The study included numerous design concepts, significant dynamic component testing to determine post
type, length, and placement, and development of a non-blocked version of the MGS with steel posts
placed at the slope break point of a 3H:1V fill slope. Full-scale crash testing was successfully used to
evaluate the proposed design. TL-3 and TL-2 guidance was provided regarding the placement of a non-
blocked, steel-post version of the MGS on wire-faced, MSE walls. The results from this study are
recommended for use to update Central Federal Lands Highway Division’s (CFLHD) Standard Detail
C255-50, dated August 18, 2008, regarding semi-rigid barriers installed on welded, wire-face, MSE walls.

F. David Zanetell, P.E., Director of Project Delivery
Federal Highway Administration
Central Federal Lands Highway Division

Notice

This document is disseminated under the sponsorship of the U.S. Department of Transportation in the
interest of information exchange. The U.S. Government assumes no liability for the use of the information
contained in this document. This report does not constitute a standard, specification, or regulation.

The U.S. Government does not endorse products or manufacturers. Trademarks or manufacturers' names
appear in this report only because they are considered essential to the objective of the document.

Quality Assurance Statement

The Federal Highway Administration (FHWA) provides high-quality information to serve Government,
industry, and the public in a manner that promotes public understanding. Standards and policies are used
to ensure and maximize the quality, objectivity, utility, and integrity of its information. FHWA
periodically reviews quality issues and adjusts its programs and processes to ensure continuous quality
improvement.
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B SI* (MODERN METRIC) CONVERSION FACTORS i

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0914 meters m
mi miles 1.61 kilometers km
AREA
in’ square inches 645.2 square millimeters mm?
ft* square feet 0.093 square meters m’
yd? square yard 0.836 square meters m’
ac acres 0.405 hectares ha
mi’ square miles 2.59 square kilometers km®
VOLUME
floz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft’ cubic feet 0.028 cubic meters m’
yd® cubic yards 0.765 cubic meters m’
NOTE: volumes greater than 1,000 L shall be shown in m*
MASS
0oz ounces 28.35 grams g
1b pounds 0.454 kilograms kg
T short ton (2,000 1b) 0.907 megagrams (or “metric ton”) Mg (or "t")
TEMPERATURE (exact degrees)
o . 5(F-32)/9 . o
F Fahrenheit or (F-32)/1.8 Celsius C
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela per square meter cd/m?
FORCE & PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
1bf/in* poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in’
m’ square meters 10.764 square feet ft?
m’ square meters 1.195 square yard yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi’
VOLUME
mL milliliter 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m’ cubic meters 35314 cubic feet ft’
m’ cubic meters 1.307 cubic yards yd?
MASS
g grams 0.035 ounces 0z
kg kilograms 2.202 pounds b
Mg (or "t") megagrams (or “metric ton”) 1.103 short ton (2,000 1b) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela per square meter 0.2919 foot-Lamberts fl
FORCE & PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in*

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

Wire-faced, mechanically-stabilized earth (MSE) walls provide an economical method for
constructing vertical structures for supporting roadways where local topography or high land
costs preclude the use of conventional fill slopes. While an economical solution for slope
stability, MSE walls create safety issues by producing deep vertical drop-offs adjacent to the
roadway. For years, the Federal Lands Highway Division (FLHD) has designed and constructed
a large number of MSE walls across the United States (U.S.). The accepted practice has been to
install the face of conventional, wood-post W-beam guardrail nearly 10 ft (3.0 m) away from the
exterior face of an MSE wall, when considering 2 ft (0.6 m) of level surface behind the posts, an
adjacent 3H:1V fill slope, and a 2-ft (0.6-m) fill height. Thus, it became desirable to place the
barrier systems closer to the exterior edge of the MSE wall. Unfortunately, no methods were
currently available for anchoring these barriers at or near the exterior face.

The primary research objective for this study was to develop an economical barrier system for
safely treating vertical drop-offs located at the outside edge of wire-faced, MSE walls. During
high-speed, high-energy impacts with passenger vehicles, the new barrier system should not
impart unreasonable damage to the MSE wall system. The new barrier system should be easily
maintained without requiring extensive repairs to the MSE wall structure. Several design
concepts were considered for a new barrier system positioned closer to the exterior edge of wire-
faced, MSE walls. The standard MGS along with its design variations were also considered. The
new or modified barrier system was to be evaluated according to the Test Level 3 (TL-3) safety
performance criteria set forth in the American Association of State Highway and Transportation
Officials (AASHTO) Manual for Assessing Safety Hardware (MASH).

For this study, the Midwest Guardrail System (MGS) was extensively reviewed and considered
for use in shielding the vertical drop-offs associated for MSE walls. From a review, the MGS
was shown to provide acceptable safety performance when used for shielding wide, transverse
culvert structures as well as fill slopes as steep as 2H:1V.

Multiple design concepts were considered for treating vertical drop-offs at the exterior face of
wire-faced, MSE wall. As part of the brainstorming and selection process, several factors were
considered, including: (1) control of overall project costs; (2) environmental impacts; (3) use of
an economical barrier system; (4) concerns for MSE wall damage; (5) use 3H:1V fill slope at the
top outer edge of MSE wall; (6) use of beam and post barriers for aesthetics; (7) constructability,
maintenance, and repair of barrier system; and (8) approximate dynamic deflection and assumed
vehicle trajectory for high-speed, high-energy vehicular impacts into semi-rigid guardrail
systems. After considering concerns for constructability and repair, those barrier systems with
deeply-embedded reinforced concrete foundations in combination with tension elements were
eliminated from further investigation and comparison. Later, five design concepts were subjected
to a basic cost analysis and system comparison. Following this effort, the project team chose to
further develop a non-blocked version of the MGS with the posts placed at the slope break point
of a 3H:1V fill slope.

Dynamic component testing was utilized to determine the post-soil behavior of steel and wood
posts embedded in compacted, soil materials used for constructing wire-faced, MSE walls as
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well as to evaluate the effects of sloped terrain and different installation methods. Twenty-six
dynamic tests were performed to evaluate the propensity for MSE wall damage, select post
length, and determine post material and section. Following the post testing program, a non-
blocked version of the MGS was recommended for evaluation within a crash testing program
using: (1) steel W-beam backup plates; (2) 6-ft (1.8-m) long posts manufactured from either
W6x8.5 (W152x12.6) or W6x9 (W152x13.4) steel sections; (3) posts driven at the slope break
point of a 3H:1V fill slope adjacent to and on top of a wire-faced, MSE wall; and (4) posts
installed using a 40-in. (1,016-mm) embedment depth. All other MGS features were maintained,
including, rail splices at mid-span locations, 31-in. (787-mm) top mounting height, and 75-in.
(1,905-mm) post spacing.

A full-size, MGS and MSE wall system was constructed for testing and evaluation. The non-
blocked MGS was constructed with the back side of the steel posts positioned approximately 2 ft
— 9 in. (0.84 m) away from the inside edge of the wall facing fill or 5 ft — 9 in. (1.75 m) away
from the outer edge of the wire-faced, MSE wall. The modified MGS system was crash tested
successfully using the 1100C small car and 2270P pickup truck vehicles according to the Test
Level 3 (TL-3) safety performance guidelines provided in MASH. In both crash tests, no damage
was observed in the MSE wall system. As a result of the extensive dynamic component testing
and full-scale vehicle crash testing programs, the non-blocked MGS was recommended for use
with wire-faced, MSE walls when placed at the slope break point of a 3H:1V fill slope. The
modified MGS reduces the required width of the MSE wall, thus resulting in decreased
construction costs.

For this research study, the test results and findings are contained in two different reports. The
first report contains the design review of the MGS, design considerations, a summary of the
dynamic component testing program, details for the MGS and MSE wall systems, the MASH
full-scale crash testing requirements, results from the two full-scale crash tests, as well as a
project summary, overall conclusions, and recommendations. This report (TRP-03-235-11) is
entitled, “Development of an Economical Guardrail System for Use on Wire-Faced, MSE
Walls.” The second report contains the procedures utilized for the dynamic bogie testing
program, results from the 26 dynamic post tests, as well as a post testing summary with
conclusions and recommendations specific to the component testing program. This report (TRP-
03-231-11) is entitled, “Investigation and Dynamic Component Testing of Wood and Steel Posts
for MGS on a Wire-Faced, MSE Wall.”

Following the completion of the research program noted above, MwRSF researchers also
determined the minimum lateral barrier offset for wire-faced MSE wall systems which utilize a
3H:1V fill slope. For non-blocked MGS systems, the back side of steel posts are recommended
to be placed a minimum of 1 ft (0.30 m) away from the inside edge of the wall facing fill or 4 ft
(1.22 m) away from the outer edge of the MSE wall, whichever results in the largest lateral offset
between the post and exterior wall face. For this recommendation, the minimum lateral offset
between the rail face and outer edge of the MSE wall would be 4 ft—9 Y4 in. (1.45 m). For
varying thickness of select wall backfill and different widths for the 3H:1V fill slope, three
different configurations were prepared to demonstrate the recommended guidance regarding the
minimum lateral offset for the steel posts, as shown in Figures ES-1 through ES-3. This design
guidance is suitable for use under both TL-2 and TL-3 roadside applications.
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CHAPTER 1. INTRODUCTION
1.1 BACKGROUND

Wire-faced, mechanically-stabilized earth (MSE) walls provide an economical method for
constructing nearly vertical walls adjacent to roadways where the local topography or the high
cost of land precludes the use of conventional fill slopes. These MSE walls incorporate wire-
mesh layers, cages, or baskets for surrounding and containing the angular aggregate or larger
stones. The sequential placement of these layers or cages allow for a nearly vertical surface to be
formed at the outside edge of the structure. While an economical solution for slope stability,
MSE walls create safety issues by producing deep vertical drop-offs adjacent to the roadway that
require the installation of a barrier system.

The Federal Lands Highway Division (FLHD) of the Federal Highway Administration (FHWA)
designs and constructs a large number of wire-faced, MSE walls throughout the United States
(U.S.). Within the Central Federal Lands Highway Division (CFLHD), Standard Detail C255-50
dated August 18, 2008 provides significant information regarding the general configuration of
welded wire face MSE walls, as shown in Figures 1 and 2", According to the CFLHD details,
MSE wall systems are constructed using multiple layers of rock and reinforcing elements
vertically placed on top of one another. The outer vertical edge consists of a special compaction
zone of wall facing fill measuring approximately 3 ft (0.91 m) wide. The maximum layer height
of compacted fill material is 2 ft (0.61 m) between the horizontal reinforcement elements. Above
the last reinforcement element, the MSE wall system contains one additional layer of select wall
backfill. The top layer of select wall backfill ranges in thickness from 6 in. (0.15 m) to 20 in.
(0.51 m), but it is 1 ft (0.30 m) thick in “normal” configurations. Subsequently, a combined layer
of road base material and wearing surface covers the top of the MSE wall system. However,
CFLHD’s C255-50 detail does not specify a range in thickness for the combined layer of road
base material and wearing surface.

According to Standard Detail C255.50, CFLHD’s accepted practice is to install conventional,
wood-post W-beam guardrail 2 ft (0.61 m) laterally away from the slope break point (SBP), as
measured to the backside of the wood posts. For this configuration, wood guardrail posts utilize a
minimum embedment depth of 5 ft (1.52 m), as measured from the post base to the top of the
select wall backfill material. For a 1-ft (0.30-m) thick layer of road base and wearing surface, the
total embedment depth for wood posts could easily reach 6 ft (1.83 m), thus resulting in post
lengths of 8 ft (2.44 m) or more. Depending on the size and grade of a wood post, concerns may
exist for premature post fracture in standard W-beam guardrail systems configured with a 6-ft
(1.83-m) embedment depth. Premature wood post fracture may potentially compromise the
safety performance of wood-post, W-beam guardrail systems.

Using a “normal” 1-ft (0.30-m) thick top layer of select wall backfill and a 3-ft (0.91 m) wide
special compaction zone of select wall facing fill, the soil terrain at the outer top region of the
MSE wall would conform to a 3H:1V fill slope. Assuming a 1 ft (0.30 m) thick layer of road
base and wearing surface above the top layer of select wall backfill in combination with a 3H:1V
fill slope, the slope break point would occur approximately 6 ft (1.83 m) laterally away from the
outer vertical edge of the MSE wall system. Therefore, a typical roadside cross section could be
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configured with 2-ft (0.61-m) wide level terrain behind the guardrail posts and a 6-ft (1.83-m)
wide 3H:1V fill slope extending to the vertical edge of the MSE wall system. The fill slope
would contain 2 ft (0.61 m) of road base, wearing surface, and top layer of select wall backfill.
Using this common configuration, CFLHD’s accepted practice would result in a guardrail system
being installed 8 ft (2.44 m) away from the exterior face of the MSE wall, as measured to the
backside of the wood posts. Typically, wood-post, W-beam guardrail systems are configured
with 6-in. x 8-in. (152-mm x 203-mm) posts and offset blocks in combination with a 3%4-in. (83-
mm) deep rail section. For this common roadside configuration, the front face of the W-beam rail
would be 9 ft - 7% in. (2.93 m) laterally away from the exterior vertical face of the MSE wall, as
shown in Figure 3. Large lateral barrier offsets will increase the cost of the MSE wall structure
and potentially result in additional environmental impacts on FLHD projects.

Unfortunately, methods for anchoring crashworthy barrier systems at or near the outside face of
a wire-faced, MSE wall were unavailable. As a result, there existed a need to develop an
economical barrier system that would either reduce the large lateral barrier offset to or near 0 ft
(0 m) when placing low-cost standard W-beam guardrails on wire-faced MSE walls or decrease
the overall width of the MSE wall structure. In addition, the development of an economical
barrier system would possibly help to define or clarify the minimum lateral offset between the
barrier and the outer edge of the MSE wall system.

W-beam guardrail systems are normally used to prevent motorists from striking serious hazards
adjacent to low- and medium-service level highways. During design impact event, these barriers
rely on energy dissipation associated with the rotation of guardrail posts in soil and incur
significant dynamic deflections. The economics of wire-faced, MSE wall construction would
dictate minimizing the lateral width required for the shoulder, guardrail system, and soil fill
placed behind the guardrail. Additionally, the tradeoff between damage incurred to the wire-
faced, MSE wall during a vehicular impact event and the initial cost of construction is an
important consideration.

A design of a cantilevered, W-beam barrier system was submitted to the Midwest Roadside
Safety Facility (MwRSF) project team for review. This modified barrier system was configured
for attachment to the exterior vertical surface of wire-faced, MSE walls and incorporated long,
exterior-mounted, vertical posts and/or rigid sleeves for anchoring guardrail posts, as well as
costly foundation hardware placed within the MSE wall, such as long steel anchor rods, plates,
and reinforced concrete beams. Unfortunately, this unique barrier and anchorage system, along
with other similar systems, have not been previously crash tested and evaluated according to
impact safety standards. It is our opinion that an exterior-mounted, crashworthy barrier system
would likely be very expensive to construct and difficult to maintain and repair when considering
the structural elements that are embedded deep into the MSE wall. The connection between the
foundation and barrier system would have required tension elements at fairly close spacing, such
as at 6 ft — 3 in. (1.90 m) centers. For this configuration, it would be extremely cumbersome to
construct the MSW wall system when placing and compacting the select wall backfill material
around the tension elements. Secondarily, repair of these types of barrier systems would be
impractical. In addition, these systems would likely result in greater concerns for damage to the
MSE wall structure during vehicular impact events.
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Full-scale crash testing of strong-post, W-beam guardrails installed in rigid foundations, such as
solid rock, asphalt pavements, and concrete mow strips, has shown that preventing the posts
from absorbing energy by rotating in the soil severely limits the barrier’s ability to contain and
redirect large passenger vehicles, such as light trucks and sport utility vehicles (SUVs).1*
Therefore, the optimum barrier system would minimize damage to the wire-faced, MSE wall
structure and decrease the required lateral offset between the guardrail face and the outside
vertical edge of the wall system.

In recent years, the Midwest Guardrail System (MGS) has demonstrated improved vehicle
containment, safety performance, and redirective capacity over that provided by conventional,
strong-post, W-beam guardrail systems. [See references 4-13.] The MGS utilizes mid-span
guardrail splices, an increased top rail mounting height of 31 in. (787 mm), an increased
blockout depth of 12 in. (305 mm), and a reduced post embedment of 40 in. (1,016 mm). From
the seemingly simple design changes, the redirective capacity of the MGS has proven to be more
than double that provided by standard W-beam guardrail systems. [See references 4-13.] The
MGS has also been shown to provide satisfactory safety performance when used in combination
with curbs, culverts, slopes, and other roadside anomalies. Thus, the standard MGS, its existing
variations, as well as any potential design modifications, were also considered for use in
shielding the hazardous, vertical drop-offs created by the construction of wire-faced, MSE walls.

1.2 OBJECTIVE

The primary research objective was to develop an economical barrier system for safely treating
vertical drop-offs located at the outside edge of wire-faced, MSE wall systems. During high-
speed, high-energy impacts with passenger vehicles, the new barrier system should not impart
unreasonable damage to the MSE wall system when positioned at the minimum lateral offset
between the post and edge of the MSE wall system. The new barrier system should be easily
maintained without requiring extensive repairs to the MSE wall structure. Several design
concepts were to be considered for a new barrier system that was positioned closer to the exterior
edge of wire-faced, MSE walls. In addition, the standard MGS along with its design variations
were to be considered for use or modification. The new or modified barrier system was to be
evaluated according to the Test Level 3 (TL-3) safety performance criteria set forth in the
American Association of State Highway and Transportation Officials (AASHTO) Manual for
Assessing Safety Hardware (MASH).!"¥ Design guidance for TL-2 impact conditions will also
be available in the final recommendations.

1.3 SCOPE

The research objectives were achieved through the completion of multiple tasks within the
research and development effort. First, a design review, comparisons, and evaluations were
performed on various barrier concepts and systems. Dynamic component testing was then
utilized to determine the post-soil behavior of steel and wood posts placed in compacted soil
material representative of that typically used for the construction of wire-faced, MSE walls. This
post testing program was also used to evaluate the propensity for damage to the MSE wall
system, select the appropriate post length, and determine the post material type. After
considering various barrier concepts, the standard MGS was modified by removing the 12-in.
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(305-mm) deep wood spacer blocks and by incorporating steel W-beam backup plates.
Subsequently, the modified barrier system was installed at the slope break point of a 3H:1V fill
slope using a 6-ft (1.8 m) lateral offset between the steel post’s centerline and the outer edge of
the MSE wall as shown in Figure 4. The modified MGS was crash tested and evaluated
according to the TL-3 safety performance guidelines provided in MASH using 1100C small car
and 2270P pickup truck vehicles striking at a target impact speed of 62 mph (100 km/h) and a
target impact angle of 25 degrees. Finally, conclusions and recommendations were made that
pertained to the safety performance of the non-blocked, MGS installed on top of a wire-faced,
MSE wall system.

13



14!

CL

ot 61!!

/-Weoring Surface and Road Base

b —

on?

pe)

'a Steel Post
5’_9”
3 3"

] Wall Facing Fil

1 Select Wall Backfill

| Wall Backfill

:
v i’
)

7

Figure 4. Schematic. Non-Blocked, Steel-Post MGS System Centered at Slope Break Point.

600-¢T-dLl/T7dD-VMHL 'ON Ld0d3d YMHA

NOILONAOHINI" T 941dVHD
¢10¢ AdvNd4934



FEBRUARY 2012
FHWA REPORT NO. FHWA-CFL/TD-12-009
CHAPTER 2. REVIEW OF MIDWEST GUARDRAIL SYSTEM (MGS)

CHAPTER 2. REVIEW OF MIDWEST GUARDRAIL SYSTEM (MGS)

The MGS has demonstrated excellent safety performance when modified for use in treating
hazardous terrain. More specifically, full-scale crash testing has demonstrated that the MGS can
successfully contain and redirect heavy passenger vehicles when placed in close proximity to
both vertical drop-offs adjacent culverts headwalls and 2H:1V fill slopes. [See references 15-18.]

First, the MGS was adapted to span across concrete box culverts measuring 24-ft (7.3 m) wide or
less, as measured parallel to the roadway.!">'® The long-span MGS system utilized three timber
breakaway CRT posts, measuring 6 in. (152 mm) wide by 8 in. (203 mm) deep by 6 ft (1,829
mm) long and spaced on 6 ft — 3 in. (1,905 mm) centers, both on the upstream and downstream
ends of the culvert system. During the crash testing program, the MGS contained a 2270P pickup
truck even after allowing it to extend approximately 3 ft (0.9 m) beyond the edge of the vertical
drop off and later redirected it back onto the traveled-way without serious risk to the occupants.

The MGS was also modified to allow for post placement at the slope break point of a 2H:1V fill
slope."”"®! This MGS design variation incorporated W6x9 (W152x13.4) steel posts measuring 9
ft (2.7 m) long and spaced on 6 ft — 3 in. (1,905 mm) centers. For this study, the modified MGS
safely contained and redirected a 2270P pickup truck even when a maximum dynamic barrier
deflection of 57.6 in. (1,463 mm) was observed.

Both MGS design variations were successfully crash tested and evaluated according to the TL-3
safety performance guidelines provided in MASH. Based on these results, the research team
believed that the MGS should be considered for modification and use on top of or near the outer
edge of wire-faced, MSE walls.
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Multiple design concepts were considered for use in treating vertical drop-offs created with the
construction of wire-faced, MSE wall systems. As part of the brainstorming and selection
process, several factors were considered, including: (1) control of overall project costs through a
reduction in the lateral offset used for placing barrier systems or a decrease in the overall width
of the MSE wall structure; (2) environmental impacts on FLHD projects, such as increased
excavation into mountainous terrain or increased structure encroachment into nearby streams and
forests; (3) use of an economical barrier system; (4) concerns for damage to the wire-faced, MSE
wall structure; (5) MwRSF and CFLHD personnel agreed that placement of a 3H:1V fill slope at
the top outer edge of MSE wall structure could be reasonably maintained, should not easily
erode, and should form basis of analysis for most barrier concepts; (6) use of beam and post
barriers either possessing flexibility to address aesthetics or providing openness for enhanced
visualization of surroundings; (7) constructability, maintenance, and repair of the new barrier
system; and (8) approximate dynamic deflection and assumed trajectory for high-speed, high-
energy vehicular impacts into semi-rigid guardrail systems.

Early in the study, CFLHD personnel and vendors of MSE wall systems provided various
concepts for placing W-beam guardrail systems on top of or at the outer vertical edge of the
MSE walls. These barrier designs used rigid steel sleeves for anchoring guardrail posts, which
may have reduced concerns for inflicting significant damage to wire-faced, MSE wall systems
near the outer edge. These barrier designs often utilized costly foundation hardware, including
the use of long steel anchor rods and plates as well as reinforced concrete foundations.
Unfortunately, the crashworthiness of exterior-mounted, barrier and anchorage systems have not
been verified through full-scale vehicle crash testing programs.

Using the FLHD and MSE wall vendor details, MwRSF prepared two simple barrier concepts for
consideration and discussion, as shown in Figures 5 and 6. For these design concepts, long
tension elements in combination with deeply-embedded reinforced concrete foundations would
be required to restrain the posts and/or supporting rigid sleeves. In addition, the spacing of the
long tension elements would be fairly close, or assumed to occur at 6 ft — 3 in. (1,90 m) centers.
Unfortunately and for these design concepts, the research team believed that it would be difficult
to construct the MSE wall structure while compacting fill around the long, sloped tension
elements, one or two per post location. In addition, it was deemed impractical to repair any
damaged tension elements or reinforced concrete foundations within the MSE wall structure in
the event that damage occurred. After considering concerns for constructability and repair,
barrier concepts with deeply-embedded reinforced concrete foundations in combination with
long, sloped tension elements were eliminated from further investigation and comparison.

As noted previously, MwRSF prepared a baseline barrier configuration for use on top wire-faced
MSE walls using CFLHD’s accepted practice. For this baseline configuration, a wood-post, W-
beam guardrail system was installed 8 ft (2.44 m) away from the exterior face of the MSE wall,
as shown in Figure 3. Recall, this barrier system was configured with 6-in. x 8-in. (152-mm x
203-mm) wood posts and offset blocks in combination with a 3%-in. (83-mm) deep rail section,
thus positioning the rail face 9 ft - 7% in. (2.93 m) laterally away from the exterior edge of the
MSE wall.
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Using the design factors noted above, five additional barrier concepts were prepared for
consideration and discussion. Later, these barrier concepts were compared to one another using a
basic, incremental-cost analysis, which considered differences in system components and varied
widths of MSE wall.

Four initial barrier concepts were configured using features from the MGS. Concept no. 1
consisted of a standard MGS located 24 in. (610 mm) forward from the slope break point (SBP),
as measured to back of the steel post, as shown in Figure 7. This concept was very similar to the
baseline barrier configuration depicted in Figure 3. However, Concept No. 1 incorporated the
MGS features, a steel post in lieu of a wood post, and a 12-in. (302-mm) versus 8-in. (203-mm)
deep wood offset block. As a result, Concept No. 1 became the modified baseline configuration
for use in the basic incremental-cost analysis. Concept no. 2, as depicted in Figure 8, consisted of
a non-blocked MGS located 24 in. (610 mm) forward from the slope break point, as measured to
back of steel post. A standard MGS with the steel post centered at the slope break point was
selected for Concept no. 3, as shown in Figure 9. Finally, Concept no. 4 utilized a non-blocked
MGS with the steel post centered at the slope break point, as depicted in Figure 10

One additional barrier concept was proposed which did not utilize the approximately 6-ft (1.8-m)
wide, 3H:1V fill slope. Instead, the final barrier concept utilized a heavily-reinforced concrete
slab and grade beam system that was placed on a mostly level surface. As depicted in Figure 11,
Concept no. 5 incorporated an aesthetic, glue-laminated (glulam) timber rail and post system
which was placed at the top exterior edge of the wire-faced, MSE wall system using steel
mounting brackets which attached to the concrete slab and grade beam.

Subsequently, the five barrier concepts were compared using relative reductions in the required
width of the MSE wall structure as the primary metric along with reductions in the cost of the
wire-faced, MSE wall structure as a function of width and changes in the installation cost for the
various barrier systems. Concept no. 1 served as the basis for comparison; since, the barrier face
was farthest from the outside edge of the MSE wall structure and required the greatest structure
width.

A comparison of the five barrier concepts is shown in Table 1. From this information, an
incremental decrease in the required width of MSE wall structure was observed with the
progression of Concept nos. 1 through 5. The cost analysis was based on the assumption that (1)
the MSE wall was placed on a 1H:1V fill slope and (2) each 1ft (0.3 m) reduction in lateral
barrier offset would result in a 1 ft (0.3 m) reduction in the height of the MSE wall. CFLHD
personnel provided a cost for the MSE wall to be approximately $50/ft>. When considering a 1-ft
(0.3-m) height reduction, a net cost reduction of $50 per linear ft of MSE wall was used in the
analysis. For example, Concept no. 2 provides a 1 ft (0.3 m) reduction in wall width as compared
to Concept no. 1 due to the elimination of the 12-in. (305- mm) deep timber spacer blocks. Thus,
the front face of the barrier is placed 1 ft (0.3 m) closer to the outside edge of the MSE wall
system and results in a cost reduction of $52/ft. When compared to Concept no. 1, the greatest
cost reduction for the MSE wall structure was determined as $450/ft for Concept no. 5.
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Table 1. Comparison of Barrier Conce

ts for Use on Wire-Faced, MSE Wall System.

Reduction | Reduction Reduction Net Cost
Concept System Wall Wall Cost | Barrier Cost | Reduction
No. Description Width (ft) | ($/linear ft) | ($/linear ft) ($/1t)
Standard MGS - Steel Post
1 - 2 ft from SBP to Back of Post NA NA NA NA
- 6 ft Post Length
Non-Blocked MGS - Steel Post
2 - 2 ft from SBP to Back of Post 1 ft $50/1t $2/ft $52/1t
- 6 ft Post Length
Standard MGS - Steel Post
3 - Post Centered at SBP 2.25 ft $112/1t ($8/1t) $104/1t
- Est. 7 to 8 ft Post Length
Non-Blocked MGS - Steel Post
4 - Post Centered at SBP 3.25ft $162/ft ($4/1t) $158/ft
- Est. 7 to 8 ft Post Length
Glulam Timber Rail and Post
5 1 ft from Rail Face to Edge 9 ft $450/1t ($800/ft) ($350/1t)

When the costs of barrier construction were evaluated, only one barrier concept (Concept no. 2)
was found to be more economical than a standard MGS guardrail. The net cost reduction for this
concept was found to be less than $2/ft and occurred due to the removal of the timber spacer
blocks, the use of a shorter guardrail bolt, and the addition of a steel backup plate. Concept nos. 3
and 4 were estimated to be more costly than Concept no. 1 as a result of the anticipated need to
increase post length near the 3H:1V fill slope. Concept no. 5 provided the greatest increase in
barrier costs, $800/ft, as compared to Concept no. 1. This large increase resulted from the high
material and labor costs associated with the construction of a side-mounted, glulam timber beam
and post system with attachment to the heavily-reinforced, concrete slab and grade beam system.

Barrier costs and savings in MSE wall construction were combined to produce a net reduction in
construction costs for each option. Each of the MGS barrier alternatives (Concept nos. 2 through
4) provided a net cost reduction for the MSE wall and barrier systems when compared to the
baseline condition of Concept no. 1. For example, Concept no. 4 (i.e., non-blocked MGS with
steel posts placed at the slope break point) provided the greatest net cost reduction of $158/ft
when compared to the baseline configuration. Alternatively, the glulam timber beam and post
configuration (Concept no. 5) actually produced a net cost increase when compared to baseline
configuration (Concept no. 1). Based on the cost analysis and system comparison, the CFLHD-
MwRSEF project team selected Concept no. 4 for further development and use on wire-faced,
MSE walls.
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CHAPTER 4. BARRIER DESIGN ISSUES

The implementation of Concept no. 4 for use with a wire-faced, MSE wall system presents three
potential problems, including: (1) failure of the rail to release from the posts; (2) rail rupture
arising from contact with a post flange; and (3) overly stiff guardrail posts.

If a guardrail fails to release from a post, the rail element can be pulled down when the post
rotates in the soil. In extreme cases, the rail will become disengaged from the vehicle and allow
it to override the barrier. Standard MGS systems incorporate a button head post bolt and a wood
spacer block. The small button head is more easily pulled through the post bolt slot, and the soft
wood behind the rail eliminates the risk of the rail becoming pinched between the bolt head and
the post flange. Elimination of the blockout could allow the rail to be pinched which would alter
rail release characteristics. Further, removing the blockout and placing the posts in very stiff soil,
such as in a MSE wall system, would be expected to change the nature of post deformation
during an impact. The stiffened post would not deflect in advance of the impacting vehicle. Thus,
the stiff post would be more likely to be contacted by the front wheel and pushed down parallel
to the rail. In this situation, the post bolt could be pushed parallel to the rail without generating a
significant pull-out force.

The post bolt pullout problem was examined using first principles. Initially, the size of the
shoulder on a standard post bolt was examined to determine if the rail element could actually
become tightly pinched between the bolt head and the post flange. This dimensional analysis
showed that a single layer of guardrail could not become tightly pinched and thus, a standard
post bolt with an underside lug could possibly be used with the MGS without blocks.

The second post bolt pull-out issue that was investigated related to the potential motion of the
post parallel to the rail. In this situation, the post bolt would quickly reach the end of the slot in
the rail. In this loading condition, the post bolt would need to begin to tear out the end of the slot
in order to release the rail from the post. The shear force required to yield the region of the
guardrail in contact with the side of the bolt was calculated using the bolt bearing equation
shown below:

Fy = (6w)(tw)(Dp) = 3,400 1b (15.1 kN)

where ow = yield strength of W-beam rail = 50 ksi
tw = thickness of W-beam rail = 0.109 in.
Dy, = bolt diameter = 0.625 in.

After the W-beam begins to yield, it will initially begin to buckle, which would produce out-of-
plane tearing in the guardrail. A great number of out-of-plane tearing tests were conducted
during development of the BEST guardrail end terminal. [See references 19-21.] The BEST
impact head causes out-of-plane tearing to cut a W-beam guardrail into four longitudinal strips.
Static compression tests with the W-beam rail pushed over the hardened cutters demonstrated
that out-of-plane tearing forces were generally below the estimated bearing yield force shown
above. Never-the-less, a 25 percent dynamic load factor was applied to the bearing force to
produce a tear-out force estimate of 4,200 1b (18.7 kN).
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The post was modeled as a cantilever with a 4,200-1b (18.7-kN) resistive force at the top and a
tire impact load applied 16 in. (406 mm) above the ground. This load condition was found to
produce a plastic moment at the base of the post when the tire load approached 13,000 1b (57.8
kN). This loading would produce approximately 5.5 g’s on the MASH 1100C test vehicle. Note
that this acceleration is only slightly higher than those experienced on some roller coasters.
Hence, the force required to reduce bolt tear out along the rail should not produce unsafe
decelerations, even for impacts with an 1100C small car vehicle.

The concern about tearing of the guardrail when it contacted a post flange was resolved by
reviewing prior crash test findings. Historical testing has shown that small cuts can be produced
in a W-beam guardrail when it becomes trapped between the edge of a post flange and an
impacting vehicle.””! The traditional solution to this problem has been to incorporate plates to
prevent the rail from directly contacting a post. This inexpensive solution was incorporated into
the new barrier.

The final concern was that excessively stiff guardrail posts would not absorb enough energy and
thereby lead to rail rupture. Note that guardrail posts were expected to be significantly stiffer
because the posts were driven into a well-compacted, crushed limestone soil material adjacent to
the baskets of large rocks and with the bottoms of the posts penetrating into the wire-mesh layers
of compacted, crushed limestone. The large rocks inside the wire baskets were essentially
constrained from any significant movement. Thus, the base of the posts adjacent to the baskets of
rocks and penetrating into the wire-mesh layers would likely be constrained against lateral
movement and rotation, thus potentially resulting in premature lateral torsional buckling and
reduced energy dissipation. In order to investigate the post stiffness when installed in a MSE
wall system, a series of dynamic bogie tests were conducted to determine the appropriate
guardrail post length to support the guardrail and prevent damage to the MSE wall system. As
summarized below, these dynamic post tests in the MSE wall produced high soil resistance, but
the posts did not fail in lateral torsional buckling.
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CHAPTER 5. DYNAMIC COMPONENT TESTING
5.1 OVERVIEW

Dynamic component testing was utilized to determine the post-soil behavior of steel and wood
posts placed in compacted, soil material representative of that used for constructing wire-faced,
MSE walls. This post testing program was also used to: (1) investigate the dynamic response of
posts placed on 3H:1V fill slopes using alternative post installation methods; (2) evaluate the
propensity for rotating posts to inflict damage to the MSE wall system; (3) select the appropriate
post length ranging between 6 and 9 ft (1.8 and 2.7 m); and (4) evaluate common guardrail post
sections, including 6-in. x 8-in. (152-mm x 203-mm) wood posts as well as W6x9 (W152x13.4)
and W6x8.5 (W152 x 12.6) steel sections. Further details can be found in a MwRSF research
report, entitled Investigation and Dynamic Testing of Wood and Steel Posts for MGS on a Wire-
Faced, MSE Wall.'*’!

A total of twenty-six dynamic tests were conducted during four rounds of testing on 6-in. x 8-in.
(152-mm x 203-mm) wood posts, W6x16 (W152x23.8) steel posts, W6x9 (W152x13.4) steel
posts, and W6x8.5 (W152 x 12.6) steel posts of multiple lengths and soil embedment depths. The
posts were impacted 247 in. (632 mm) above the ground line.

For each bogie test, raw acceleration data was acquired and filtered, and then force vs.
displacement and energy vs. displacement graphs were plotted. From the energy vs.
displacement graphs, the average post-soil forces were calculated for displacements of 15 and 20
in. (381 and 508 mm) at the center rail height. Different soil gradations, terrain (i.e., level or
sloped fill), installation methods, and levels of soil compaction were evaluated. A summary of
test results for the four rounds of post testing are shown in Tables 2 through 7.
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Table 2. Round 1 Summary - 6-in. x 8-in. (152-mm x 203-mm) Wood Posts with 40-in. (1,016-mm) Embedment Depth at 25
mph (40.2 km/h).

Impact Peak Force Average Force Total Maximum
Test Soil Velocity | porce | Deflection | @ 15in. | @ 20 in. | Energy | Deflection | paiype
No. Gradati T
0 radation mph kips in. kips kips kip-in. in. ype
(km/h) (kN) (mm) (kN) (kN) (k) (mm)
GWB-10 AASHTO Grading 24.7 14.6 1.9 6.0 5.8 2235 45.5 Rotation
B (strong soil) - Y (39.8) (64.9) (48) (26.9) (26.0) (25.3) (1,155) in Soil
GWB-11 AASHTO Grading 24.7 14.8 1.9 6.3 6.2 233.5 45.8 Rotation
B (strong soil) - Y (39.8) (65.8) (48) (28.0) (27.6) (26.4) (1,164) in Soil
Averase 24.7 14.7 1.9 6.2 6.0 228.5 45.6
g (39.8) (65.3) (48) (27.5) (26.8) (25.8) (1,159)

ONILS3L ININOJINOD JINVNAQ 'S 431dVHD
600-¢T-dL/T14D-VMH4 'ON L40d3d YMHA

¢T0Z AdvNdd34d



1€

Table 3. Round 1 Summary - 6-in. x 8-in. (152-mm x 203-mm) Wood Posts with 40-in. (1,016-mm) Embedment Depth at 20

mph (32.2 km/h).

Impact Peak Force Average Force Total Maximum
; Velocit Ener Deflection ;
Test Soil Y| Force |Deflection| @15in. | @ 20 in. &Y Failure
No. Gradation Type
mph kips in. kips kips kip-in. in.
(km/h) (kN) (mm) (kN) (kN) (kJ) (mm)
GWB-1 AASHTO Grading 20.7 9.7 1.6 5.2 52 222.0 48.5 Rotation in
B (strong soil) - Y (33.3) (43.0) (40) (23.1) (23.1) (25.1) (1,233) Soil
GWB-2 AASHTO Grading 19.8 12.3 1.5 6.6 6.4 205.0 459 Rotation in
B (strong soil) - Y (31.8) (54.9) 39) (29.5) (28.6) (23.2) (1,165) Soil
GWB-6 AASHTO Grading 19.6 8.7 1.6 6.5 6.2 177.3 40.5 Rotation in
B (strong soil) - X (31.5) (38.9) (41) (28.8) (27.5) (20.0) (1,029) Soil
B (strong soil) - Y (30.6) (38.0) (66) (25.3) (26.4) (23.4) (1,036) Soil
Averase 19.8 9.8 1.8 6.0 59 202.9 43.9
g (31.8) (43.7) (46) (26.7) (26.4) (22.9) (1,116)
GWE.5* 2-to 4-in. Dia. 19.7 8.4 1.3 3.6 3.5 126.3 56.2 Rotation in
Limestone (BL7) (37.3) (33) (16.1) (15.6) (14.3) (1,428) Soil

*Embedded in 2-4-in. limestone — not included in average of strong soil tests

ONILS3L ININOJINOD JINVNAQ 'S 431dVHD
600-¢T-dL/T14D-VMH4 'ON L40d3d YMHA

¢T0Z AdvNdd34d



43

Table 4. Round 1 Summary - 6-in. x 8-in.(152-mm x 203-mm) Wood Posts with 40-in. (1,016-mm) Embedment Depth at 15
mph (24.1 km/h).

Impact Peak Force Average Force Total Maximum
Test Soil Velocity Force | Deflection | @ 15in. | @ 20 in. Energy | Deflection Failure
No. Gradation Type
mph kips in. kips kips Kip-in. in.
(km/h) (kN) (mm) (kN) (kN) (kJ) (mm)
GWB-3 AASHTO Grading 15.1 8.3 1.1 4.5 4.3 141.9 52.8 Rotation
B (strong soil) - Y (24.4) (36.9) 27) (20.1) (19.3) (16.0) (1,341) in Soil
GWB-4 AASHTO Grading 14.3 10.2 1.2 3.8 3.7 129.3 44.9 Rotation
B (strong soil) - Y (23.1) (45.2) (30) (17.1) (16.4) (14.6) (1,140) in Soil
GWB-8 AASHTO Grading 15.1 8.7 1.2 4.1 4.1 144.9 43.3 Rotation
B (strong soil) - Y (24.3) (38.5) (29) (18.5) (18.0) (16.4) (1,101) in Soil
B (strong soil) - Y | (23.3) (29.4) (26) (16.1) (15.8) (14.4) (1,085) in Soil
Average 14.8 8.4 1.1 4.0 3.9 136.0 45.9
g (23.8) (37.5) (28) (17.9) (17.4) (15.4) (1,166)
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Table 5. Round 2 Testing Results - W6x16 (W152x23.8) Steel Posts v.s 6-in. x 8-in. (152-mm x 203-mm) Wood Posts with 40-in.

(1,016-mm) Embedment Depth at 20 mph (32.2 km/h).

Impact Peak Force Average Force Total Maximum
];’St Velocity Force | Deflection | @ 15 in. @ 20 in. Energy | Deflection F;ilure
0. ype
mph kips in. kips kips Kip-in. in.
(km/h) (kN) (mm) (kN) (kN) (kJ) (mm)
W6x16 (W152x23.8) Steel Posts
GWB-12 19.0 12.8 9.9 11.0 10.3 236.1 33.8 Rotation
(30.6) (57.1) (251) (49.1) (45.8) (26.7) (860) in Soil
GWB-13 19.2 12.8 6.6 11.0 10.4 247.7 313 Rotation
(30.8) (57.1) (169) (48.9) (46.3) (28.0) (795) in Soil
Averase 19.1 12.8 8.3 11.0 10.4 241.9 32.6
g (30.7) (57.1) (210) (49.0) (46.1) (27.3) (828)
6-in. x 8-in. (152-mm x 203-mm) SYP Wood Posts
GWB-14 19.3 14.6 2.9 11.6 10.5 232.0 31.7 Rotation
(31.0) (65.0) (74) (51.5) (46.6) (26.2) (805) in Soil
GWB-15 19.6 13.5 4.0 11.3 10.3 225.6 30.0 Rotation
(31.6) (60.2) (102) (50.5) (45.8) (25.5) (761) in Soil
Avera 19.5 14.1 3.5 11.5 10.4 228.8 30.8
verage (31.3) (62.6) (88) (51.0) (46.2) (25.8) (783)
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Table 6. Round 3 Testing Results - 6-in. x 8-in. (152-mm x 203-mm) Wood Posts vs. W6x9 (W152x13.4) and W6x8.5
(W152x12.6) Steel Posts at 20 mph (32.2 km/h) with Varying Embedment Depths and Posts at 3H:1V Slope Break Point.

Embedment | Impact Peak Force Average Force Total Maximum
’I;(f_t Depth Velocity Force | Deflection | @ 15 in. @ 20 in. Energy | Deflection Failure Type
in. mph kips in. kips kips Kip-in. in.
(mm) (km/h) | (kN) (mm) (kN) (kN) (kJ) (mm)
6-in. x 8 in. (152-mm x 203-mm) SYP Wood Posts
GWR4-1 (1’5322 1 ég?) (}‘;;) (ZS) NA NA (22140) (?(')L) Post Fracture
W6x9 (W152x13.4) Steel Posts
GWRS.1 ! 52 20.0 15.1 37 109 9.8 237.4 354 | SoilRoution
(1,321) (32.1) | (672) (93) (48.4) 43.5) | (26.8) 900) | b Vielding
GWRS.2 52 20.8 15.6 2.8 1.1 10.2 2512 332 Soil Rg‘ztaﬁon
(1,321) (334) | (69.5) (72) (49.3) 452) | (284) (4 | bost Yielding
W6x8.5 (W152x12.6) Steel Posts

GWRS. 46 19.9 147 27 9.9 9.0 215 348 | SoilRoution
(1,168) (320) | (65.6) (69) (44.2) (40.0) | (25.0) 383 | bogt Vielding
GWR4 ol 6) ég'g) (ééz"(l)) (27'2) (49399) (49i 35) (2236781) (38‘;.75) e
’ ' ) ) ) ' Post Yielding

' Post driven.
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Table 7. Round 4 Testing Results — W6x9 (W152x13.4) Steel Posts vs. W6x8.5 (W152x12.6) Steel Posts with Varying
Embedment Depths and Posts Driven at 3H:1V Slope Break Point.

Embedment | Impact Peak Force Average Force Total Maximum
Test Df:pth Velocity | Force | Deflection | @ 15in. | @ 20 in. Epel:gy Deﬂ.ection Failure
No. in. mph Kips in. Kips Kips Kip-in. in. Type
(mm) (km/h) (kN) (mm) (kN) (kN) (kJ) (mm)
W6x9 (W152x13.4) Steel Posts, 52-in. (1,321-mm) Embedment Depth

GWBR5-1 52 21.1 16.2 2.7 10.1 8.9 211.0 28.5 Soil Rotation,
(1,321) (34.0) (72.0) (70) (44.9) (39.6) (23.8) (724) Post Yielding
GWBR5-4 52 22.3 15.1 33 9.9 9.1 235.7 34.2 Soil Rotation,
(1,321) (35.9) (67.1) (83) (43.8) (40.4) (26.6) (869) Post Yielding

Averase 52 21.7 15.6 3.0 10.0 9.0 223.4 314

g (1,321) (34.9) (69.6) (77) (44.4) (40.0) (25.2) (797)

W6x9 (W152x13.4) Steel Posts, 46-in. (1,168-mm) Embedment Depth

GWBRS5-2 46 19.4 15.1 3.2 10.2 9.3 240.8 35.0 Soil Rotation,
(1,168) (31.2) (67.1) (80) (45.2) (41.5) (27.2) (889) Post Yielding
GWBRS5-5 46 23.9 14.4 4.5 9.7 8.9 244.5 38.5 Soil Rotation,
(1,168) (38.5) (64.0) (115) (43.1) (39.4) (27.6) (978) Post Yielding

Averase 46 21.6 14.7 3.8 9.9 9.1 242.7 36.7

g (1,168) (34.8) (65.5) (98) (44.1) (40.4) (27.4) (933)

W6x8.5 (W152x12.6) Steel Posts, 40-in. (1,016-mm) Embedment Depth
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5.2 ROUND 1 TESTING

Eleven tests were performed on 6-in. x 8-in. (152-mm x 203-mm) wood posts embedded 40 in.
(1,016 mm) in different soils and impacted at various speeds. Two major conclusions came from
this round of testing. First, the resistance to post rotation provided by the 2-in. to 4-in. (51-mm to
102-mm) wall-facing rock was dramatically less than that observed in standard strong soil, e.g.,
AASHTO Grading B. Thus, a standard MGS should not be configured with posts placed in
larger wall-facing rock. Second, testing at various impact speeds demonstrated an increase in
force and energy absorbed with increases in impact velocity. A 50 percent increase in average
force occurred when comparing the 20 mph (32 km/h) tests to the 15 mph (24 km/h) tests, but a
minimal increase occurred between the 20 mph (32 km/h) and 25 mph (40 km/h) tests. Further
testing would be required to determine whether this phenomenon was the result of the soil
inertia, the dynamic properties of the soil, or some other unknown cause.

5.3 ROUND 2 TESTING

Four dynamic posts tests were performed - two tests on 6-in. x 8-in. (152-mm x 203-mm) wood
posts and two tests on W6x16 (W152x23.8) steel posts. A W6x16 (W152x23.8) steel section was
used in lieu of a W6x9 (W152x13.4) steel section to determine the post-soil resistance of an
embedded guardrail post. The heavier post section had a similar flange width but provided
reduced concerns for plastic deformations. All four posts were embedded 40 in. (1,016 mm) into
a well-compacted, strong soil and impacted at 20 mph (32 km/h). The test results showed that the
post-soil resistance for standard wood and steel posts was nearly identical. This finding supports
the common, industry-wide assumption that the two post types provide equivalent post-soil
resistance for guardrail systems. As such, it is the researcher’s opinion that the standard MGS
installed in level terrain would perform in an acceptable manner when supported by 6-in. x 8-in.
(152-mm x 203-mm) wood posts using a 6-ft (1.8-m) length and a 40-in. (1,016-mm)
embedment depth.

5.4 ROUND 3 TESTING

Five tests were performed on wood and steel posts placed at the slope break point of a 3H:1V fill
slope with various embedment depths, ranging between 40 in. and 52 in. (1,016 mm and 1,321
mm). A 6-in. X 8-in. (152-mm x 203-mm) wood post with a 52-in. (1,321-mm) post embedment
depth was shown to fracture and thus could not provide the required energy absorption for an
MGS post. The steel post tests resulted in similar resistances to post rotation regardless of the
embedment depth due to plastic bending of the posts during all of the tests. Due to a failure
observed in the first test within Round 3, the wood post test matrix was temporarily aborted. As a
result, the dynamic post-soil behavior and an acceptable length for a 6-in x 8-in. (152-mm x 203
mm) wood post was not determined for MSE wall applications. Further bogie testing of wood
posts installed at the slope break point of a 3H:1V fill slope is planned for a follow-on research
and testing program to determine an acceptable post length. If that wood post testing program is
successful, the implementation of wood posts into the barrier system may be hindered unless an
acceptable post installation method is developed for MSE wall applications.
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The cross-sectional area is much larger for wood posts than for steel guardrail posts. Thus, it may
be difficult to either drive wood posts or install them using the auger, backfill, and tamping
method due to the roller-compacted, strong soil and steel wire mesh found within the upper
surface of a wire-faced, MSE wall. Based on post-soil performance, reliability, and ease of
installation, steel posts versus wood posts were recommended for continued evaluation for a non-
blocked, MGS installed on a wire-faced, MSE wall system.

5.5 ROUND 4 TESTING

Six dynamic component tests were performed to evaluate standard steel posts, ranging from 6 to
7 ft (1.8 and 2.1 m) in length, installed adjacent to and on top of a wire-faced MSE wall system.
The posts were driven into a roller-compacted, strong soil at the slope break point of a 3H:1V fill
slope. Multiple embedment depths, ranging from 40 in. to 52 in. (1,016 mm to 1,321 mm), were
again evaluated. From the test results, these steel posts of different lengths provide similar post-
soil behavior (i.e., force versus deflection curves) through the deflections of 15 to 20 in. (381 to
408 mm) or within the expected performance for typical W-beam guardrail systems. However,
the 6-ft (1.8-m) long posts with a 40-in. (1,016-mm) embedment depth provided improved
energy absorption as compared to the steel posts with embedment depths of 46 and 52 in. (1,168
and 1.321 mm). The greater embedment depths resulted in higher peak post-soil resistance,
increased greater post bending, but reduced post rotation. The larger embedment depths caused
the point of rotation (plastic bending hinge) to be farther below the groundline, thus resulting in a
lower maximum deflection and decreased energy absorption. On the other hand, the lower
embedment depths allowed for more post rotation through the soil and less post bending, thus
resulting in larger deflections and increased energy absorption. The results from the Round 4
testing program are also shown in Figures 12 and 13.

5.6 POST DESIGN CONSIDERATIONS AND SYSTEM RECOMMENDATIONS

From the Rounds 3 and 4 component testing programs, post-soil forces and energy dissipation
characteristics for steel posts were compared to those results obtained from the original MGS
research and development program. [See references 4-6, 24.] From that original study, the
baseline average post-soil resistance for standard steel posts installed in level terrain was found
to be approximately 6.4 kips (28.5 kN) over 15 in. (381 mm) of deflection. From the FHWA
testing program described herein, a standard 6-ft (1.8-m) long steel guardrail post installed at the
slope break point of the sloped MSE wall system provided an average post-soil resistance of 9.8
kips (43.6 kN) over 15 in. (381 mm) of deflection. Thus, the research team believed that the 6-ft
(1.8-m) long steel post would allow the MGS to perform in an acceptable manner and meet
current impact safety standards but with reduced barrier deflections from those observed in the
original R&D program.

Following the completion of the post testing program, a non-blocked version of the MGS was
recommended for evaluation within a crash testing program using: (1) steel W-beam backup
plates; (2) 6-ft (1.8-m) long posts manufactured from either W6x8.5 (W152x12.6) or W6x9
(W152x13.4) steel sections; (3) posts driven at the slope break point of a 3H:1V fill slope
adjacent to and on top of a wire-faced, MSE wall; and (4) posts installed using a 40-in. (1,016-
mm) embedment depth.
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Bogie Testing on the Gabion Wall
Force vs. Deflection

) B

16 A ——7-ft W6x9 (GWBR5-1) |
——6.5-ft W6x9 (GWBR5-2)

14 ——6-ft W6x8.5 (GWBR5-3) —
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Figure 12. Graph. Round 4 Results from Dynamic Post Testing on the Wire-Faced, MSE
Wall.

Figure 13. Photo. Tcal Damage - 6-ft (1.8-m) Long, W6x8.5 (W152x12.6) Post at
Breakpoint of 3H:1V Fill Slope.

38



FEBRUARY 2012
FHWA REPORT NO. FHWA-CFL/TD-12-009
CHAPTER 6. SYSTEM DESIGN DETAILS

CHAPTER 6. SYSTEM DESIGN DETAILS

The standard MGS formed the basis for the barrier system utilized with the wire-faced,
mechanically-stabilized earth (MSE) wall system. However, the MGS was modified by
removing the 12-in. (305-mm) deep wood spacer blocks and incorporating W-beam backup
plates. In addition, all other MGS features were maintained, including the use of 6-ft (1.8-m)
long W6x8.5 (W152x12.6) steel posts, rail splices at mid-span locations, a 31-in. (787-mm) top
mounting height, as well as the 75-in. (1,905-mm) post spacing. The non-blocked MGS was
installed at the slope break point of a 3H:1V fill slope using an approximate lateral offset of 6 ft
(1.8 m) from the post centerline to the outer edge of the wire-faced, MSE wall.

The test installation was 175 ft (53.3 m) long and consisted of standard 12-gauge (2.66-mm
thick) corrugated W-beam guardrail supported by steel posts, as shown in Figures 14 through 30.
Photographs of the test installation are shown in Figures 31 through 45. Material specifications,
mill certifications, and certificates of conformity for the system materials are shown in Appendix
A.

The entire system was constructed with twenty-nine guardrail posts. Post nos. 3 through 27 were
galvanized ASTM A36 W6x8.5 (W152x12.6) steel sections measuring 72 in. (1,829 mm) long.
Post no. 1, 2, 28, and 29 utilized timber Breakaway Cable Terminal (BCT) posts measuring 52
in. wide x 7% in. deep x 46 in. long (140 mm x 190 mm x 1,168 mm) and were placed in 72-in.
(1,829-mm) long steel foundation tubes, as shown in Figures 14, 26, and 28. A tangent
anchorage system was utilized on the upstream and downstream ends of the guardrail system in
order to develop the barrier’s tensile capacity. The anchorage system consisted of timber posts,
foundation tubes, anchor cables, bearing plates, rail brackets, and channel struts, which closely
resembled the hardware used in the Modified BCT system.

Post nos. 1 through 29 were spaced on 75 in. (1,905 mm) centers. For posts nos. 3 through 27,
the soil embedment depth was 40 in. (1,016 mm), as shown in Figure 24. Post nos. 9 through 21
were driven into the soil at the slope break point of the 6-ft (1,829-mm) wide, 3H:1V fill slope
located on the wire-faced, MSE wall. Wood spacer blockouts were not used to offset the rail
away from the front face of the steel posts. However, 12-gauge (2.66-mm thick) W-Beam
backup plates, measuring 12 in. (305 mm) long, were located between the rail and the front face
of the steel posts, as shown in Figure 24.

Standard 12-gauge (2.66-mm thick) W-beam rails with additional post bolt slots at half-post
spacing intervals were placed between post nos. 1 and 29, as shown in Figures 14 and 25. The
top mounting height of the W-beam guardrail was 31 in. (787 mm) with a 247 in. (632 mm)
center height. Rail splices were placed at the mid-span locations between posts, as shown in
Figures 14 and 26. All guardrail splice connections between the rail sections were lapped in the
direction of traffic to reduce vehicle snag at the splice during the crash tests.

The actual, wire-faced, MSE wall system measured 84 ft (25.6 m) in length and was configured
with a 3H:1V fill slope at its outer edge. The MSE wall system was positional longitudinally
between post nos. 8 through 22, as shown in Figures 16 and 17. The MSE wall system was
placed within an excavated pit measuring 11 ft — 10 in. (3.6 m) wide by 7 ft (2.1 m) deep with

39



FEBRUARY 2012
FHWA REPORT NO. FHWA-CFL/TD-12-009
CHAPTER 6. SYSTEM DESIGN DETAILS

three 2-ft (0.6-m) thick layers of roller-compacted, course, crushed limestone material. The soil-
aggregate material met the Grading B specifications of AASHTO M147-65 denoted in MASH
and NCHRP Report No. 350, which also closely conformed to the select wall backfill materials
denoted in Sections 255 and 704 of the 2003 FHWA Standard Specifications for Construction of
Roads and Bridges on Federal Highway Projects.!"*****) The outer region of the bottom two
layers contained a wall facing fill material that consisted of 4 to 6-in. (102 to 152-mm) diameter
rocks that were placed by hand. A 4-ft (1.2-m) wide void space was excavated behind the MSE
wall system. Steel-wire reinforcement mats were used to construct and stabilize the MSE wall
system, as shown in Figures 17 through 23. The MSE wall installation manual is shown in
Appendix B.

For test no. MGSGW-1 (1100C small car test), the W-beam backup plates at post nos. 14
through 17 were longitudinally shifted to different positions in order to determine whether rail
slot alignment, or mis-alignment, affects post bolt release away from the rail. The bolt heads
were also positioned at different locations within the guardrail slots. For post nos. 14 and 16, the
guardrail slots and W-beam backup plate slots were mis-aligned. For post nos. 15 and 17, the
guardrail slots and W-beam backup plate slots were aligned with one another. The four post bolts
and rail slots are depicted in Figure 42.

For test no. MGSGW-2 (2270P pickup truck test), the head of the post bolts were positioned at
different locations within the guardrail slots. For post nos. 12 through 17, three different
locations were considered - the upstream end of the slot, the downstream end of the slot, and
centered in slot. These configurations are shown in Figures 43 through 45.
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Figure 24. Schematic. Post Details, Test Nos. MGSGW-1 and MGSGW-2.
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Figure 25. Schematic. Rail Section Details, Test Nos. MGSGW-1 and MGSGW-2.
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Figure 26. Schematic. Foundation Details, Test Nos. MGSGW-1 and MGSGW-2.
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Figure 27. Schematic. Foundation Details, Test Nos. MGSGW-1 and MGSGW-2.
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Figure 28. Schematic. End Anchor Components Details, Test Nos. MGSGW-1 and MGSGW-2.
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Figure 29. Schematic. Strut and Yoke Assembly Details, Test Nos. MGSGW-1 and MGSGW-2.
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ILG(T QTY. Description Material Specifications and/or Grade Vendor H%'S;Jjgre
. — |Wall Facing Fill Wall Foce Aggregate, 4—6 in. Rock -
al 11 |Cap Mat 8" x 12" [203 x 305] Steel Mesh, 3 Gauge -
a2 10 |Prongless Mat 8" x 12” [203 x 305] Steel Mesh, 3 Gauge =
a3 20 |[Backing Mat 4” x 3" [102 x 78] Steel Mesh, 3 Gauge -
a4 10 |Standard Mat 8" x 10.5" [203 x 267] Steel Mesh, 3 Gauge -
ad 180 |Hog Rings s =
ab — |Filter Fabric ol =
b1 25 |W6x8.5 x 6’ long [W152x12.6, 1829 long] Steel Post ASTM A36 [248 MPa] -
b2 1 |6'-3" [1905] W—Beam Section 12 ga. [2.7] AASHTO M180 RWMO1a
b3 | 14 [12'—8" [3810] W—Beam MGS Section 12 ga. [2.7] AASHTO M180 RWMO4q
b4 2 12'—8" [3810] W—Beam MGS End Section 12 ga. [2.7] AASHTO M180 -
b5 | 4 |[5/8” [15.9] Dia. x 10" [254] long Guardrail Bolt and Nut ASTM A307 FBBO3
b6 | 137 |5/8” [15.9] Dia. x 1 1/2” [38] Guardrail Bolt and Nut ASTM A307 FBBO1
b7 44 [5/8" [15.9] Dia. Flat Washer ASTM A153 FWC16a
b8 25 [W—Beam Backup Plate 12 ga. [2.7] AASHTO M180 RWBO1a
cl 4 |BCT Timber Post — MGS Height SYP Grade No. 1 or better PDFC1
c2 4 |72" [1829] Foundation Tube ASTM A53 Grade B PTEOB
c3 2 |Strut and Yoke Assembly ASTM A36 Steel Calvanized PFPO1
c4 2 |5x8x5/8" [127x203x15.9] Anchor Bearing Plate ASTM A36 Steel FPBO1
c5 2 |BCT Anchor Cable Assembly $3/4" [19] 6x18 IWRC IPS Galvanized Wire Rope FCA01-02
cb 2 |Anchor Bracket Assembly ASTM A36 Steel FPAO1
o 2 |2 3/8" [60] 0.D. x 6" [152] Long BCT Post Sleeve ASTM A53 Grade B Schedule 40 FMMO2
c8 4 |5/8” [15.9] Dia. x 10" [254] Long Hex Head Bolt and Nut ASTM A307 FBX16a
c9 16 [5/8" [15.9] Dia. x 1 1/2" [38] Long Hex Head Bolt and Nut ASTM A307 FBX16a
c10 4 Eﬁts [22.2] Dia. x 7 1/27 [191] Long Hex Head Bolt and ASTM A307 FBX224
c11 8 |7/8” [22.2] Dia. Flat Washer ASTM A153 FWC22a
SHEET:
FHWA Gabion Wall 17 of 17

Midwest Roadside

Bill of Materials

Full-=Scale Test Program |,

6/30/2010

DRAWN BY:
EAJ/RUT,
MDI\:I/ /

DWG. NAME.

Safety Facility

fhwa gabion wall_v18

SCALE: None |REV. BY:
UNITS: In.[mm]|RKF /KAL

Figure 30. Schematic. Bill of Materials, Test Nos. MGSGW-1 and MGSGW-2.
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Figure 31. Photo. Construction of Wire-Faced, MSE Wall.
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b. Fiber Filter Positioned, Ready for Course Aggregate d. Wall Face Aggregate Filled by Hand

Figure 32. Photo. Construction of Wire-Faced, MSE Wall. (continued.)
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Figure 33. Photo. Construction of Wire-Faced, MSE Wall. (continued.)
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MSE Wall, Send Layer ib Filter
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d. Second Layer Fiber Filter Positning

Figure 34. Photo. Construction of Wire-Faced, MSE Wall. (continued.)
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Figure 35. Photo. Construction of Wire-Faced, MSE Wall. (continued.)
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b. Non-Blocked MGS Installation, Leveling Rail d. Non-Blocked MGS Installation, Driving Posts-1

Figure 36. Photo. Construction of Midwest Guardrail System (MGS) on MSE Wall.
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b. Non-Blocked MGS Intallatin, Driving ost o.

Figure 37. Photo. Construction of Midwest Guardrail System (MGS) on MSE Wall. (continued.)
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a. MGS on MSE Wall, Upstream Quarter View

d. MGS on MSE Wall, Upstream Quarter View

b. MGS on MSE Wall, Rr Qurter View
Figure 38. Photo. Test Installation — MGS on MSE Wall.
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¢. MGS on MSE Wall, Front View

a. MGS on MSE Wall, Rear Quarter View

b. MGS on MSE Wall, Upstream Rear Quarter View d. MGS on MSE Wall, Downstream Rear View

Figure 39. Photo. Test Installation — MGS on MSE Wall. (continued.)
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c. MSE Wall, Near Impact
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-

lse-up
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Figure 40. Photo. Test Installation — Wire-Mesh and Wall Facing Rock.
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a. Upstream Inline View c. Downstream Inline View

d. Front View of Upstream Anchor

b. Rear View of Donstrea Anhor

Figure 41. Photo. Test Installation — End Anchorage System.
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b. Bolt Location at Post 16 - " | d. Bolt Location at ost 17

Figure 42. Photo. W-Beam Backup Plate and Post Bolt Locations, Test No. MGSGW-1.
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S B " Ble
Upstream View of Post 13

Figure 43. Photo. Post Bolt Locations at Post Nos. 12 and 13, Test No. MGSGW-2.
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| b' Downstam Vlew of Post 15

d Upstream View of Post 15

Figure 44. Photo. Post Bolt Locations at Post Nos. 14 and 15, Test No. MGSGW-2.
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View of Post 17

Figure 45. Photo. Post Bolt Locations at Post Nos. 16 and 17, Test No. MGSGW-2.
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CHAPTER 7. TEST REQUIREMENTS AND EVALUATION CRITERIA
7.1 TEST REQUIREMENTS

Longitudinal barriers, such as W-beam guardrails, must satisfy impact safety standards in order
to be accepted by the Federal Highway Administration (FHWA) for use on the National
Highway System (NHS) for new construction projects or as a replacement for existing designs
not meeting current safety standards. In recent years, these safety standards have consisted of the
guidelines and procedures published in NCHRP Report No. 350.%°) However, NCHRP Project
22-14(2) generated revised testing procedures and guidelines for use in the evaluation of
roadside safety appurtenances and are provided in MASH.!"¥ According to Test Level 3 (TL-3)
of MASH, longitudinal barrier systems must be subjected to two full-scale vehicle crash tests.
The two full-scale crash tests are noted below.

1. Test Designation No. 3-10 consists of a 2,425-b (1,100-kg) passenger car
impacting the system at a nominal speed and angle of 62 mph (100 km/h) and 25
degrees, respectively.

2. Test Designation No. 3-11 consists of a 5,000-1b (2,268-kg) pickup truck
impacting the system at a nominal speed and angle of 62 mph (100 km/h) and 25
degrees, respectively.

The test conditions of TL-3 longitudinal barriers are summarized in Table 8.

Table 8. MASH TL-3 Crash Test Conditions.

Impact Conditions
Test Test Test Speed Evaluation
Article Designation | Vehicle Angle Criteria'
No. mph km/h (deg)
Loneitudi 3-10 1100C 62 100 25 A,D,F,H,I
ongitudinal
Barrier 3-11 2270P 62 100 25 AD,FH]I

'~ Evaluation criteria explained in Table 9.

7.2 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 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. Vehicle
trajectory after collision is a measure of the potential for the post-impact trajectory of the vehicle
to result in multi-vehicle accidents. This criterion also indicates the potential for safety hazard
for the occupants of other vehicles or occupants of the crash vehicle when subjected to secondary
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collisions with other fixed objects. These three evaluation criteria are described in greater detail
in MASH and are summarized in Table 9. Finally, the full-scale vehicle crash tests were
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 sheets. Additional discussion on PHD, THIV, and
ASI is provided in Reference 14.

Table 9. MASH Evaluation Criteria for Longitudinal Barriers.

A. 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
Adequacy 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 (OIV) (see Appendix A, Section A5.3 of MASH for
calculation procedure) should satisfy the following limits:

Occupant Impact Velocity Limits

Occupant
Risk Component Preferred Maximum
o 30 ft/s 40 ft/s
Longitudinal and Lateral 9.1 m/s) (12.2 m/s)

I. The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section AS5.3
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

7.3 SOIL STRENGTH REQUIREMENTS

In order to limit the variation of soil strength among testing agencies, the foundation soil must
satisfy the recommended performance characteristics set forth in Chapter 3 and Appendix B of
MASH. Testing facilities must first subject the baseline soil material to a dynamic post test to
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demonstrate a minimum dynamic load of 7.5 kips (33.4 kN) at deflections between 5 and 20 in.
(127 and 508 mm). If satisfactory results are observed, a static test is conducted using an
identical test installation. The results from this static test become the baseline requirement for
soil strength in future full-scale crash testing. On the day of the full-scale crash test, an additional
steel post is to be statically tested in the same manner as used for the baseline static test. If the
static test results reveal a post-soil resistance equal to or greater than 90 percent of the baseline
test result at deflections of 5, 10, and 15 in. (127, 254, and 381 mm), the full-scale crash test can
be conducted. Otherwise, the crash test must be postponed until the soil demonstrates adequate
post-soil strength. However, the soil strength tests were not conducted for this crash testing
program since a special soil material was required and placed with a roller-compactor in a region
where the guardrail posts were driven.
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CHAPTER 8. TEST CONDITIONS
8.1 TEST FACILITY

The testing facility is 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.

8.2 VEHICLE TOW AND GUIDANCE SYSTEM

A reverse cable tow system with a 1:2 mechanical advantage was used to propel the test vehicle.
The distance traveled and the speed of the tow vehicle were one-half that of the test vehicle. The
test vehicle was released from the tow cable before impact with the 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 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 ¥z-in. (9.5-mm) diameter guide cable was tensioned to approximately 3,500
1b (15.6 kN) and supported both laterally and vertically every 100 ft (30.48 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.

8.3 TEST VEHICLES

For test no. MGSGW-1, a 2003 Kia Rio Sedan was used as the test vehicle. The curb, test
inertial, and gross static vehicle weights were 2,302 1b (1,044 kg), 2,427 1b (1,101 kg), and 2,596
b (1,178 kg), respectively. The test vehicle is shown in Figure 46, and vehicle dimensions are
shown in Figure 47.

For test no. MGSGW-2, a 2003 Dodge Ram Quad Cab pickup truck was used as the test vehicle.
The curb, test inertial, and gross static vehicle weights were 5,081 1b (2,305 kg), 4,999 1b (2,268
kg), and 5,169 Ib (2,345 kg), respectively. The test vehicle is shown in Figure 48, and vehicle
dimensions are shown in Figure 49.

The longitudinal component of the center of gravity (c.g.) was determined using the measured
axle weights for both the small car and pickup truck. The Suspension Method 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 c.g. location
for the test inertial condition. The c.g. height of the 1100C vehicle was estimated based on
historical c.g. height measurements. The location of the final c.g. for each vehicle is shown in
Figures 47 and 49 through 51. Data used to calculate the final location of the c.g. is shown in
Appendix C.
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c. Front View

Figure 46. Photo. Test Vehicle, Test No. MGSGW-1.
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Date: 10/20/2009 Test Number: MGSGW-1 Model: Rio Sedan (1100C)
Make: Kia Vehicle 1.D.#: KNADC125336269907
Tire Size: 175/65 R14 Year: 2003 Odometer: 36304
Tire Inflation Pressure: 29 psi

*(All Measurements Refer to Impacting Side)

Vehicle Geometry - in. (mm)

r

a_ 64 (1626) b 5575 (1416)

g

¢ 16675 (4235 d_383 (973

e 9525  (2419) f 3325 (845

g 2175  (552) h 3928  (998)

i 975 (248) i 22 (559)

k 1025 260) 12175 (552)
m_ 565 (1435  n_56.75 (1441)
o 28 (711) p_3 (76)
Q25 (572 r 155 (394)
s 1175 (298) t_ 63 (1600)

Wheel Center Height Front  10.75 (273)

Wheel Center Height Rear 11 (279)

Wheel Well Clearance (F)  24.5 (622)

Mass Distribution

Wheel Well Clearance (R) 24 (610)

Gross Static LF 734 RF 755 Frame Height (F) 10.75 (273)
LR 515 RR 592 Frame Height (R) 16 (406)
Engine Type 4 cyl.
Weights
Ib (kg) , Curb Test Inertial Gross Static Engine Size 1.6 Liter
W-front ' 1412 (640) 1407 (638) 1489 (675) Transmition Type:
W-rear 890 (404) 1020 (463) 1107 (502) Automatic
W-total 2302 (1044) 2427 (1101) 2596 (1178) RWD 4WD
GVWR Ratings Dummy Data
Front 1808 Type: Hybrid 2
Rear 1742 Mass: 170 Ib
Total 3315 Seat Position: Passenger
Note any damage prior to test: none

Figure 47. Schematic. Vehicle Dimensions, Test No. MGSGW-1.
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a. Non-Impact Side

3,

-

b. Front Qua_rter' View

Figure 48. Photo. Test Vehicle, Test No. MGSGW-2
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Date: 11/20/2009 Test Number: MGSGW-2 Model: _ 2270P (RAM 1500)
Make: Dodge Vehicle 1.D.#: 1D7HA18N13S298692
Tire Size: 265/70 R17 Year: 2003 Odometer: 224685
Tire Inflation Pressure: 35psi

*(All Measurements Refer to Impacting Side)

‘ ====== ‘ Vehicle Geometry -- in. (mm)
n m
t  Wheel wheel o a 78 (1981) b 7625 (1937)
Track Track
| ¢ 227  (5766) d 465 (1181)
I e 1405 (3569) f 40  (1016)

Test Inertial CM g 28.32 (719) h 62.00 (1575)

. iRe DIa i_ 15.25 (387) j_27.25  (692)
[~ WHEEL DIA kK 21.75 (552) 1 29.875 (759)
i m__ 68.5 (1740) n__ 68 (1727)
1 ‘ 0o 44.25 (1124) p 3 (76)
L 0) - | 315
P 5 i3 l q . (800) r 21.625 (549)
. f s 16.125  (410) t 755 (1918)
‘Wheel Center Height Front  15.25 (387)
° vwrmr : wl’-'ronv T Wheel Center Height Rear 15.25  (387)
c Wheel Well Clearance (F)  35.5 902)
Mass Distribution Wheel Well Clearance (R) 38.5  (978)
Gross Static LF 1456 RF 1417 Frame Height (F) 18.125  (460)
LR 1154 RR 1142 Frame Height (R) 26.25  (667)
Engine Type Gas V-8
Weights
Ib (kg) Curb Test Inertial Gross Static Engine Size 4.7L
W-front 2865 (1300) 2787 (1264) 2873 (1303) Transmition Type:
W-rear 2216  (1005) 2212 (1003) 2296 (1041) anual
W-total 5081 (2305) 4999 (2268) 5169 (2345) FWD 4WD
GVWR Ratings Dummy Data
Front 3650 Type: Hybrid II
Rear 3900 Mass: 170 1b
Total 6650 Seat Position: Passenger
Note any damage prior to test: None

Figure 49. Schematic. Vehicle Dimensions, Test No. MGSGW-2.
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G

vehicle

TEST #: MGSGW-1
TARGET GEOMETRY-- in. (mm)

A 28 (711) E 345 (876) I 2175 (552)
B 23.25 (591) F 3725 (946) J 28 (711)
C 485 (1232) G 3925 (997) K 285 (724)
p 11 (279) H 95.25 (2419)

Figure 50. Schematic. Target Geometry, Test No. MGSGW-1.
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7

0,

A

B

C

D

TEST #: MGSGW-2
TARGET GEOMETRY-- in. (mm)

63.75 (1619) E 63.875 (1622) I 40 (1016)
99.5 (2527) F  42.625 (1083) J 295 (749)
42.875 (1089) G 63.75 (1619) K 43.25 (1099)
64 (1626) H 76.25 (1937) L 6l (1549)

Figure 51. Schematic. Target Geometry, Test No. MGSGW-2.
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Square black- and white-checkered targets were placed on the vehicles to aid in the analysis of
the high-speed digital videos, as shown in Figures 50 and 51. Round, checkered targets were
placed on the center of gravity on the left-side door, the right-side door, and the roof of the
vehicles. The remaining targets were located for references so they could be viewed from the
high-speed cameras for video analysis.

The front wheels of the test vehicles were aligned for camber, caster, and toe-in values of zero so
that the vehicles would track properly along the guide cable. A 5B flash bulb was mounted under
the left-side windshield wiper 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 digital videos. A remote
controlled brake system was installed in the test vehicles so the vehicles could be brought safely
to a stop after the test.

8.4 SIMULATED OCCUPANT

For test nos. MGSGW-1 and MGSGW-2, A Hybrid II 50™ Percentile Adult Male Dummy,
equipped with clothing and footware, was placed in the right-front seat of the test vehicle with
the seat belt fastened. The dummy, which had a final weight of 170 1b (77 kg), was represented
by model no. 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.

8.5 DATA ACQUISITION SYSTEMS
8.5.1 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 vehicles.

The first 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. Two additional accelerometers were used to measure the longitudinal and lateral
accelerations independently at the same sample rate. 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 memory
and 8 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.
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The second system, Model EDR-3, was a triaxial piezoresistive accelerometer system developed
by Instrumented Sensor Technology (IST) of Okemos, Michigan. The EDR-3 was configured
with 256 kB of RAM memory, a range of £200 g’s, a sample rate of 3,200 Hz, and a 1,120 Hz
lowpass filter. The computer software program “DynaMax 1 (DM-1)” and a customized
Microsoft Excel worksheet were used to analyze and plot the accelerometer data.

8.5.2 Rate Transducers

An 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 vehicles near the center of
gravity and recorded data at 10,000 Hz to the SIM. The raw data measurements were then
downloaded, converted to the proper Euler angles for analysis, and plotted. The computer
software program “DTS TDAS Control” and a customized Microsoft Excel worksheet were used
to analyze and plot the angular rate sensor data.

8.5.3 Pressure Tape Switches

For test nos. MGSGW-1 and MGSGW-2, five pressure-activated tape switches, spaced at
approximately 6.56-ft (2-m) intervals, were used to determine the speed of the vehicles before
impact. Each tape switch fired a strobe light which sent an electronic timing signal to the data
acquisition system as the right-front tire of the test vehicle passed over it. Test vehicle speeds
were determined from electronic timing mark data recorded using TestPoint and LabVIEW
computer software programs. Strobe lights and high-speed video analysis are used only as a
backup in the event that vehicle speed cannot be determined from the electronic data. However,
due to technical difficulties, the strobe data was not collected with the LabVIEW computer
software program for test no. MGSGW-1.

8.5.4 High-Speed Photography

Two high-speed AOS VITcam digital video cameras, three high-speed AOS X-PRI digital video
cameras, four JVC digital video cameras, and two Canon digital video cameras were utilized to
film both tests. Camera details, camera operating speeds, lens information, and a schematic of
the camera locations relative to the system for both tests are shown in Figures 52 and 53. The
high-speed digital videos were analyzed using the ImageExpress MotionPlus and Redlake
MotionScope software. Actual camera speed and camera divergence factors were considered in
the analysis of the high-speed digital videos. A Nikon D50 digital still camera was also used to
document pre-test and post-test conditions for both tests.
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No. Type Olzg:rtllll;‘g /sSeIZ: e)ed Lens Lens Setting
= 2 AQOS Vitcam CTM 500 Cosmicar 12.5mm fixed --
é S 4 AOS Vitcam CTM 500 Nikkor Fixed 20mm --
E = 5 AOS X-PRI 500 Sigma 24-135 100
2 “ | & AOS X-PRI 500 Fujinon 50mm Fixed .
7 AOS X-PRI 500 Sigma 50mm Fixed --
1 JVC — GZ-MC500 (Everio) 29.97
3 2 JVC — GZ-MG27u (Everio) 29.97
> 3 JVC — GZ-MG27u (Everio) 29.97
s 4 JVC — GZ-MG27u (Everio) 29.97
2 | Canon ZR90 29.97
2 Canon ZR10 29.97
90" [27.4 m] 270" [82.3 m] {
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Figure 52. Schematic. Camera Locations, Speeds, and Lens Settings, Test No. MGSGW-1.
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No. Type Olzg:rtllll;‘g /sSeIZ: e)ed Lens Lens Setting
= 2 AQOS Vitcam CTM 500 Cosmicar 12.5mm fixed --
é o 3 AOS Vitcam CTM 500 Canon TV Lens 17-102mm 20 mm
E % 5 AOS X-PRI Gigabit 500 Telesar 135 mm Fixed -
-é” > 6 AOS X-PRI Gigabit 500 Sigma 50mm Fixed --
7 AOS X-PRI Gigabit 500 Fujinon 50mm Fixed --
1 JVC — GZ-MC500 (Everio) 29.97
3 2 JVC — GZ-MG27u (Everio) 29.97
> 3 JVC — GZ-MG27u (Everio) 29.97
= 4 JVC — GZ-MG27u (Everio) 29.97
2 | Canon ZR90 29.97
2 Canon ZR10 29.97
76'-2" [23.2 m] } 307 [93.6 m) / // )
& [1.8 m]
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Figure 53. Schematic. Camera Locations, Speeds, and Lens Settings, Test No. MGSGW-2.

600-¢T-dL/140-VMH4 "'ON 140d3d YMH4

SNOILIANOD 1S31 '8 431dVHO
¢10Z¢ AdvNdd3d






FEBRUARY 2012
FHWA REPORT NO. FHWA-CFL/TD-12-009
CHAPTER 9. FULL-SCALE CRASH TEST NO. MGSGW-1

CHAPTER 9. FULL-SCALE CRASH TEST NO. MGSGW-1
9.1 TEST NO. MGSGW-1

The 2,596-1b (1,178-kg) small car with a simulated occupant seated in the right-front seat,
impacted the non-blocked MGS placed at the slope break point of the 3H:1V fill slope on top of
a wire-faced, MSE wall at a speed of 61.0 mph (98.2 km/h) and at an angle of 25.3 degrees. A
summary of the test results and sequential photographs are shown in Figure 54. Additional
sequential photographs are shown in Figures 55 and 56. Documentary photographs of the crash
test are shown in Figures 57 and 58.

9.2 WEATHER CONDITIONS
Test no. MGSGW-1 was conducted on October 20, 2009 at approximately 1:30 pm. The weather

conditions as per the National Oceanic and Atmospheric Administration (station 14939/LNK)
were documented and are shown in Table 10.

Table 10. Weather Conditions, Test No. MGSGW-1.

Temperature 63° F

Humidity 75%

Wind Speed 7 mph

Wind Direction 70° from True North
Sky Conditions Overcast

Visibility 10 Statute Miles
Pavement Surface Dry

Previous 3-Day Precipitation 0.00 in.

Previous 7-Day Precipitation 0.21 in.

9.3 TEST DESCRIPTION

Initial vehicle impact was to occur 4 ft - 9% in. (1.5 m) upstream of the splice between post nos.
14 and 15, as shown in Figure 59. The actual point of impact was 4’ in. (114 mm) downstream
from the target impact location, or 4 ft — 5 in. (1.3 m) upstream from the centerline of the splice
between post nos. 14 and 15. A sequential description of the impact events is shown in Table 11.
The vehicle came to rest 31 ft - 1 in. (9.5 m) downstream from impact and 11 ft — 3 in. (3.4 m)
laterally in front of the traffic-side face of the barrier and oriented with its front end facing
upstream. The vehicle trajectory and final position are shown in Figures 54 and 60.

89



FEBRUARY 2012
FHWA REPORT NO. FHWA-CFL/TD-12-009
CHAPTER 9. FULL-SCALE CRASH TEST NO. MGSGW-1

Table 11. Sequential Description of Impact Events, Test No. MGSGW-1.

22/([:])5 EVENT

0.000 The vehicle impacted the system.

0.018 The right-front bumper of the vehicle underrode the rail.

0.022 The right-front tire contacted the front-upstream flange of post no. 14.

0.03 The rail disengaged from post no. 14.

0.044 The engine block contacted the rail at splice between post nos. 14 and 15.

0.058 The vehicle rolled away from the barrier.

0.068 The center of the front bumper contacted the upstream side of post No. 15.

0.070 The right-front tire deflated.

0.074 The rail disengaged from post no. 15, which twisted downstream.

0.078 The right-front tire became airborne.

0.112 The ‘surrogate‘occupant’s head contacted the right-front side window,
causing the window to shatter.

0.116 The right-rear tire became airborne.

0.128 The front bumper overrode post no. 15.

0.158 The center-front bumper contacted the front-upstream flange of post no. 16.

0.174 The rail separated from post no. 16.

0.188 The left-front tire deflated.

0.272 A buckle formed in bottom rail corrugation just downstream of post no. 16.

0.276 The front bumper contacted post no. 17, which twisted upstream.

0.282 The vehicle pitched downward.

0.306 The rail disengaged from post no. 17.

0.322 The right-front tire contacted the ground.

0.328 The vehicle yawed toward the barrier.
The right-front corner of the engine hood lost contact with the rail at post

0.726 no. 18, and the vehicle exited the system at an angle of 58.3 degrees with a
velocity of 10.2 mph (16.3 km/h).

0.826 Left front of vehicle yaws toward barrier.

1.346 Front of vehicle continues to yaw toward barrier.
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9.4 BARRIER DAMAGE

Damage to the barrier was moderate, as shown in Figures 61 through 66. Barrier damage
consisted of contact marks on and deformation to the guardrail posts and W-beam rail. The
length of vehicle contact along the barrier was approximately 24 ft — 2 in. (7.4 m) extending
from 53 in. (1,346 mm) upstream of the centerline of the splice between post nos. 14 and 15 to
26 in. (660 mm) upstream of post no. 18.

Damage to the W-beam rail occurred between posts nos. 13 and 18. Minor buckling was found
just upstream of post no. 13. Sheet metal from the vehicle body was wedged in the guardrail slot
near post no. 14. A Y4-in. (6-mm) gap was found at the splice between post nos. 14 and 15.
General deformation and flattening in the rail splice between posts nos. 16 and 17. Between
posts nos. 16 and 17, the splice bolt holes encountered a '4-in. (3-mm) gap. At post no. 17, the
bottom of the backup plate was crushed upward with a 1-in. (25-mm) tear on the upstream side.
The guardrail bolt and backup plate were still attached to post no. 17, while the slot in the
guardrail was folded with a ’2-in. (13-mm) tear. Minor buckling occurred at post nos. 17 and 18.

A 2Y-in. (64-mm) soil gap was found at the front of post no. 13. Post nos. 14 and 15 twisted and
bent downstream. The front flange of post no. 14 was bent and sustained contact marks. A 4-in.
(102-mm) soil gap was found at the front of post no 14. The guardrail bolt tore through the
flange of post no. 14. The guardrail bolt tore through the flange at post nos. 14 through 16. Posts
nos. 16 and 17 were completely removed from the ground, with the wire mesh being exposed at
the bottom of the hole at post no. 16. The front flange of post no. 16 was deformed due to contact
with the vehicle. Post no. 17 was bent at the groundline and at the location of vehicle contact,
and it was severely twisted. Post no. 18 twisted upstream, and its front flange buckled due to
vehicle contact. An Y&-in. (3-mm) gap was found at the front of post no. 18.

The permanent set of the barrier system is shown in Figure 61. The maximum lateral permanent
set rail and post deflections were 17% in. (441 mm) at the midspan between post nos. 15 and 16
and 20% in. (511 mm) at post no. 14, respectively, as measured in the field. The maximum
lateral dynamic rail and post deflections were 27.4 in (696 mm) at the midspan between post nos.
15 and 16 and 26.2 in. (665 mm) at post no. 14, respectively, as determined from high-speed
digital video analysis. The working width of the system was found to be 35.7 in. (907 mm).

9.5 VEHICLE DAMAGE

The damage to the vehicle was moderate, as shown in Figures 67 through 70. The maximum
occupant compartment deformations are shown in Table 12 with the deformation limits
established in MASH for various regions of the occupant compartment. It should be noted that
the MASH-established deformation limits were not violated. Complete interior occupant
compartment deformations as well as other vehicle deformations, along with the corresponding
locations, are provided in Appendix D.

The majority of the damage was concentrated on the right-front corner and right side of the
vehicle where the impact occurred. The front bumper was completely detached and fractured.
The front frame was deformed inward toward the engine compartment and fractured on the right
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side. The metal headlight assembly frame was deformed inward, and the headlight was
disengaged from the vehicle. The right-front A-arm assembly was disengaged from the frame.
The right-front fender was torn back to approximately the midpoint of the wheel and became
detached. The engine support bowed downward and backward. Both front tires were deflated.
Two gouge marks were found along the right side, measuring 27% in. (692 mm) and 19 in. (483
mm) in length. The hood and radiator were crushed inward at the right bumper corner. The right-
front window was fractured, and the glass removed. A 7-in. (178-mm) scratch was found on the
underside of the fender. Severe folding occurred on the right-front quarter panel. Minor denting
was found along the bottom of the right-front door. The right-front wheel was deformed. The
right-front side of the interior floor panel was deformed inward and upward. Both right-side
doors were partially detached at the hinge.

Table 12. Maximum Occupant Compartment Deformation by Location, Test No.

MGSGW-1.
MAXIMUM MASH ALLOWABLE
LOCATION DEFORMATION DEFORMATION

in. (mm) in. (mm)
Wheel Well & Toe Pan 174 (32) <9(229)
Floor Pan & Transmission Tunnel Y4 (6) <12 (305)
Side Front Panel (in Front of A-Pillar) Y4 (6) <12 (305)
Side Door (Above Seat) ¥4 (19) <9(229)
Side Door (Below Seat) 1Y4 (32) <12 (305)
Roof NA <4(102)
Windshield NA <3(76)

9.6 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 13. It is
noted 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 13. The results of the occupant
risk analysis, as determined from the accelerometer data, are summarized in Figure 54. The
recorded data from the accelerometers and the rate transducers are shown graphically in
Appendix E.
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Table 13. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. MGSGW-1.

. o Transducer MASH
Evaluation Criteria Limits
EDR-3 DTS set 1 DTS set 2
o -22.62 -25.87 -22.45
oIV Longitudinal (-6.89) (-7.89) (-6.84) <40 (12.2)
ft/s
(m/s) -16.51 -17.07 -16.53
Lateral (-5.03) (-5.20) (-5.04) <40 (12.2)
ORA Longitudinal -9.94 -13.78 -10.25 <20.49
g's Lateral -6.54 -7.81 -7.40 <20.49
THIV 30.08 .
ft/s (m/s) NA 0.17) NA not required
PgI-,ISD NA 14.55 NA not required
ASI 0.74 0.92 0.78 not required
9.7 DISCUSSION

The analysis of the test results for test no. MGSGW-1 showed that the non-blocked MGS placed
at the slope break point of the 3H:1V fill slope on top of a wire-faced, MSE wall adequately
contained and redirected the 1100C vehicle with controlled lateral displacements of the barrier.
There were no detached elements nor fragments which showed potential for penetrating the
occupant compartment nor 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 nor ride over the barrier and remained upright during and after
the collision. Vehicle roll, pitch, and yaw angular displacements were deemed acceptable
because they did not adversely influence occupant risk safety criteria nor cause rollover. After
impact, the vehicle exited the barrier at an angle of 58.3 degrees as it spun-out. The vehicle’s
trajectory violated the bounds of the exit box. However, the exit box criterion is preferable and
not a requirement. Therefore, test no. MGSGW-1 (test designation no. 3-10) was determined to
be acceptable according to the TL-3 MASH safety performance criteria.
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Test Agency MwRSF
Test Number MGSGW-1
Date 10/20/2009
MASH Test Designation 3-10
Test Article .....oooeeeceeriereninniene MGS without blockouts on MSE wall with a 3:1 slope
Total Length 175 ft (53.4 m)
Key Component — Steel W-Beam

Thickness 12 gauge (2.66 mm)

Top Mounting Height 31 in. (787 mm)
Key Component — Steel Posts

Post n0S. 3-27 ..o W6x8.5 (W152x12.6) by 6 ft (1.8 m) long

Post Location Centerline of posts at slope break point

Spacing 6 ft-3 in. (1.9-m)

Blockout None
Key Component — Wood Posts

Post nos. 1-2, 28-29 ... 5Y; by 7% by 46 in. (140x191x1,168 mm)
Key Component — Foundation Tube 6 ft (1.8 m) long
Soil Type NCHRP No. 350 Strong Soil
Vehicle Model 2003 Kia Rio Sedan

Curb 2,302 1b (1,044 kg)

Test Inertial 2,427 1b (1,101 kg)

Gross Static 2,596 1b (1,178 kg)

Impact Conditions

Speed 61.0 mph (98.2 km/h)

Angle 25.3 deg

Impact Location............c........ 4 ft - 5 in. (1.3 m) US of splice btwn posts 14 and 15
Exit Conditions

Speed 10.2 mph (16.3 km/h)

Angle 58.3 deg
Exit Box Fail (Not required)
Vehicle Stability Satisfactory

31 ft- 1 in. downstream
11 ft - 3 in. (3.4 m) laterally from traffic-side face

Vehicle Stopping Distance

7 8 9 10 11 1213 14 15 16 17 1B 19 20 21 22 23 24 25 26 27 2B 29

0.238 sec

0.000 sec 0.112 sec
31'-1" [9.5 m) ~10-11}" [3.3 m]
7z
z?g\ "RLF / 14'-9" [4.5 m]
|

1.154 sec

3
_I\1
3—4"
(1016
. Vehicle Damage —— Moderate
vDS®! 1-FR-5
CcDpCt 01-FZEW4
Maximum Interior Deformation ............cccccocccvvicinnccnnae 1%4 in. (32 mm) Right Toe Pan
. Test Article Damage Moderate
. Test Article Deflections
Permanent Set 20% in. (511 mm)
Dynamic 27.4 in. (696 mm)
Working Width 35.7 in. (906 mm)
. Maximum Angular Displacements (DTS)
Roll -11.2°<75°
Pitch -5.4°<75°
Yaw 126.0°
. 1S 58.97 kip-ft (80 kJ)
. Transducer Data
Evaluation Criteria Transducer MASH
EDR-3 DTS set 1 DTS set 2 Limit
o -22.62 -25.87 -22.45 <40
(]Zg Longitudinal (-6.89) (-1.89) (-6.84) (122)
(m/s) Lateral -16.51 -17.07 -16.53 <40
(-5.03) (-5.20) (-5.04) (12.2)
ORA Longitudinal -9.94 -13.78 -10.25 <2049
g’s Lateral -6.54 -7.81 -7.40 <20.49
30.10 not
THIV - ft/s (m/s) NA ©.17) NA required
PHD - g’s NA 1455 NA not
required
ASI 0.74 0.92 0.78 not
required

Figure 54. Schematic. Test Results and Sequential Photographs, Test No. MGSGW-1.
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a. 0.000sec

b. 0.030 sec

d. 0.206 sec

~e. 0.440 sec

f. 0.572 sec

~ k. 0.586 sec

I. 1.092 sec

Figure 55. Photo. Additional Sequential Photographs, Test No. MGSGW-1.

95



FEBRUARY 2012
FHWA REPORT NO. FHWA-CFL/TD-12-009
CHAPTER 9. FULL-SCALE CRASH TEST NO. MGSGW-1

h. 0.12 sec

3

k. 0.30 sec

"j ]

1. 0.492 sec

Figure 56. Photo. Additional Sequential Photographs, Test No. MGSGW-1.
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Figure 57. Photo. Documentary Photographs, Test No. MGSGW-1.
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d. | h.
Figure 58. Photo. Documentary Photographs, Test No. MGSGW-1.
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a. Impact Location, Overhead

c. Impact Location, Close-up

Figure 59. Photo. Impact Location, Test No. MGSGW-1.
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b. Vehicle Trajectory Marks

Figure 60. Photo. Vehicle Final Position and Trajectory Marks, Test No. MGSGW-1.
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c. Downstream View

Figure 61. Photo. System Damage, Test No. MGSGW-1.
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62. Photo. System Damage, Test No. MGSGW
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Figure 63. Photo. System Damage, Test No. MGSGW-1.
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a. Post No. 13, Front Side

b. Post No. 14, Front Side

c. Post No. 13, pstramiew

d. Post No. 14, Post Bolt Hole Tear

Figure 64. Photo. Post Nos. 13 and 14 Damage, Test No. MGSGW-1.
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Figure 65. Photo. Post Nos. 15 and 16 Damage, Test No. MGSGW-1.
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a. Post Nos 17, Top Portion | c. Post No. 17, Entire Lenth
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b. Post No. 18, Front View

d. Post No. 18, Rear View

Figure 66. Photo. Post Nos. 17 and 18 Damage, Test No. MGSGW-1.
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d. RearMGSGW-1

Figure 67. Photo. Vehicle Damage, Test No. MGSGW-1.
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b. Rail Interlock

Figure 68. Photo. Vehicle Damage, Test No. MGSGW-1.
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W . o

c. ImpactISide

Figure 69. Photo. Vehicle Undercarriage Damage, Test No. MGSGW-1.
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a. Impact Side Firewall

b. Impact Side Tunnel

Figure 70. Photo. Vehicle Occupant Compartment Damage, Test No. MGSGW-1.
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CHAPTER 10. FULL-SCALE CRASH TEST NO. MGSGW-2

10.1 TEST NO. MGSGW-2

The 5,169-1b (2,345-kg) pickup truck with a simulated occupant seated in the right fron seat,
impacted the non-blocked MGS placed at the slope break point of the 3H:1V fill slope on top of
a wire-faced, MSE wall at a speed of 65.3 mph (105.0 km/h) and at an angle of 25.1 degrees. A
summary of the test results and sequential photographs are shown in Figure 71. Additional
sequential photographs are shown in Figures 72 and 73. Documentary photographs of the crash
test are shown in Figures 74 through 76.

10.2 WEATHER CONDITIONS

Test no. MGSGW-2 was conducted on November 20, 2009 at approximately 2:20 pm. The
weather conditions as per the National Oceanic and Atmospheric Administration (station
14939/LLNK)) were reported and are shown in Table 14.

Table 14. Weather Conditions, Test No. MGSGW-2.

Temperature 53°F

Humidity 43%

Wind Speed 0 mph

Wind Direction 0° from True North
Sky Conditions Sunny

Visibility 10 Statute Miles
Pavement Surface Dry

Previous 3-Day Precipitation 0.00 in.

Previous 7-Day Precipitation 0.06 in.

10.3 TEST DESCRIPTION

Initial vehicle impact was to occur 16 ft (4.9 m) upstream of the splice between post nos. 14 and
15, as shown in Figure 77. The actual point of impact occurred at the target impact point. A
sequential description of the impact events is shown in Table 15. The vehicle came to rest 103 ft
- 4% in. (31.5 m) downstream from impact and 16 ft - 3 in. (4.9 m) laterally in front of the
barrier. The vehicle trajectory and final position are shown in Figures 71 and 78.
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Table 15. Sequential Description of Impact Events, Test No. MGSGW-2.
TIME EVENT
(sec)
0.000 The right-front corner of the vehicle impacted the guardrail.
0.070 The rail separated from post no. 13. The vehicle rolled toward the barrier.
0.078 The right-front tire contacted post no. 13.
0.084 The vehicle began to redirect.
0.104 The right-rear tire contacted the guardrail at the target impact location.
The right-front door of the vehicle became ajar. The bolt on post no. 14
0.108 .
pulled through rail.
0.148 The right-front tire ruptured.
0.152 The front-right tire contacted post no. 14.
0.184 The left-rear tire became airborne.
0.190 The left-front tire became airborne.
0.230 The vehicle became parallel to the system with a velocity of 46.7 mph (75.2
) km/h). The vehicle continued to yaw in the negative direction.
0.248 The right-front tire struck post no. 15.
The rail separated from post no. 15. The right-front wheel was disengaged
0.252 i
from the vehicle.
0.398 The vehicle yawed back in the positive direction.
0.404 The right-rear tire contacted post no. 15 and became airborne.
The right side of the rear bumper lost contact with the rail at the midpoint
0.452 between post nos. 14 and 15, and the vehicle exited the system at an angle
of 20.4 degrees and a velocity of 43.8 mph (70.5 km/h).
0.700 The driveshaft made contact with the ground, and the vehicle continued to
) yaw in the negative direction.
0.748 The driveshaft folded and detached from the vehicle.
0.756 The left-front tire contacted the ground.
0.988 The left-front tire became airborne again.
1.168 The left-front tire contacted the ground again.
1.190 The left-rear tire contacted the ground.
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10.4 BARRIER DAMAGE

Damage to the barrier was moderate, as shown in Figures 79 through 84. Barrier damage
consisted of deformed guardrail posts, contact marks on the W-beam rail and guardrail posts, and
deformed W-beam rail. The length of vehicle contact along the barrier was approximately 25 ft —
9% 1n. (7.9 m), extending from 5 in. (127 mm) upstream of post no. 12 to 4% in. (114 mm)
downstream of post no. 16.

Contact marks were found on the W-beam rail between the impact location at 16 ft upstream of
the splice between post nos. 14 and 15 through 4% in. downstream of post no. 16. A buckle
formed in the rail at 3 in. (76 mm) upstream of post no. 11. Flattening of the lower corrugation
occurred from 4 in. (102 mm) downstream of post no. 12 through 20 in. (508 mm) upstream of
post no. 14. The bottom of the rail folded from post no. 14 through 19 in. (483 mm) downstream
of post no. 15. The rail disengaged from post nos. 13 through 16. Two tears were found in the
bottom of the guardrail slots at post nos. 13 through 15, measuring 1% in. (38 mm), 2% in. (70
mm), and 1% in. (32 mm), respectively. The splices between post nos. 12 and 13 and 14 and 15
were stretched %4 in. (6.4 mm) and /¢ in. (1.6 mm), respectively.

Post nos. 3 through 10 twisted slightly downstream. Post no. 11 twisted downstream and rotated
backward forming a 1-in. (25-mm) soil gap at the front face of the post. Post no. 12 rotated
backward, and soil gaps of 472 in. (114 mm) and 2 in. (51 mm) were found at the front and back
faces of the post, respectively. Post no. 13 twisted and bent downstream. The upstream edge of
the front flange of post no. 13 encountered local deformation and contact marks, and a sharp kink
was found on the back flange. Post no. 14 was bent downstream, and its front flange encountered
deformations and contact marks. Post no. 15 was bent downstream and had a 5-in. (127-mm) soil
gap at its front flange. The tire of the vehicle came to rest on top of post no. 15. Post no. 16
rotated slightly upstream and had a 2%-in. (57 mm) soil gap at its front face, and its front flange
was slightly deformed near the top. The backup plate at post nos. 13 and 14 disengaged from the
system. The remaining posts sustained no damage.

The permanent set of the barrier system is shown in Figure 79. The maximum lateral permanent
set rail and post deflections were 22% in. (565 mm) at post no. 14 and 26% in. (667 mm) at post
no. 13, respectively, as measured in the field. The maximum lateral dynamic rail and post
deflections were 35.7 in (907 mm) at the midpoint of post nos. 13 and 14 and 35.7 in. (907 mm)
at post no. 14, respectively, as determined from high-speed digital video analysis. The working
width of the system was found to be 45.2 in. (1,148 mm).

10.5 VEHICLE DAMAGE

The damage to the vehicle was moderate, as shown in Figures 85 through 88. The maximum
occupant compartment deformations as well as the deformation limits established in MASH for
various regions of the occupant compartment are shown in Table 16. It should be noted that the
MASH-established deformation limits were not violated. Complete interior occupant
compartment deformations as well as other vehicle deformations, along with the corresponding
locations, are provided in Appendix D.
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The majority of the damage was concentrated on the right-front corner and the right side of the
vehicle. The right-front wheel was detached, and the brake lines were cut. The right control arm
was sheared off, and the upper A-arm was bent downward. Denting occurred to the inner right-
front wheel well. The lower-right side of the front bumper was crushed upward, and the bumper
sustained contact marks. The right-front quarter panel was crushed slightly inward, and the right
headlight was fractured. The hood was slightly ajar, and cracking occurred along the right side of
the grill. The right-front door was crushed inward at the lower hinge and slightly ajar. Crushing
and scraping occurred along the entire lower length of the vehicle. The right-rear quarter panel
and the bumper encountered denting and folding. The driveshaft was removed from the vehicle.
The right-rear taillight was displaced, and the right side of the tailgate was slightly ajar. The left-
rear wheel was detached. A 3-in. (76-mm) diameter bulge was found in the sidewall of the right-

rear tire.

Table 16. Maximum Occupant Compartment Deformation by Location, Test No.

MGSGW-2.
MAXIMUM MASH ALLOWABLE
LOCATION DEFORMATION DEFORMATION

in. (mm) in. (mm)
Wheel Well & Toe Pan 1(25) <9(229)
Floor Pan & Transmission Tunnel Y4 (6) <12 (305)
Side Front Panel (in Front of A-Pillar) Y4 (6) <12 (305)
Side Door (Above Seat) 12 (38) <9 (229)
Side Door (Below Seat) 72 (13) <12 (305)
Roof NA <4(102)
Windshield NA <3(76)

10.6 OCCUPANT RISK

The calculated occupant impact velocities (OI'Vs) and maximum 0.010-sec occupant ridedown
accelerations (ORAs) in both the longitudinal and lateral directions are shown in Table 17. It is
noted 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 17. The results of the occupant
risk analysis, as determined from the accelerometer data, are summarized in Figure 71. The
recorded data from the accelerometers and the rate transducers are shown graphically in

Appendix F.
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Table 17. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. MGSGW-2.

. o Transducer MASH
Evaluation Criteria Limits
EDR-3 DTS set 1 DTS set 2
g -17.25 -17.85 -16.91
<
oIV Longitudinal (-5.26) (-5.44) (-5.15) <40 (12.2)
ft/s (m/s) -17.71 -18.26 -17.56
Lateral (-5.40) (-5.57) (-5.35) <40 (12.2)
Longitudinal -11.15 -11.99 -10.98 <20.49
ORA
’s
. Lateral -8.76 -8.91 -10.37 <20.49
THIV 24.1 .
ft/s (m/s) NA (7.35) NA not required
Pgl_,ISD NA 12.73 NA not required
ASI 0.76 0.81 0.84 not required
10.7 DISCUSSION

The analysis of the test results for test no. MGSGW-2 showed that the non-blocked MGS placed
at the slope break point of the 3H:1V fill slope on top of a wire-faced, MSE wall adequately
contained and redirected the 2270P vehicle with controlled lateral displacements of the barrier.
There were no detached elements nor fragments which showed potential for penetrating the
occupant compartment nor 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 nor ride over the barrier and remained upright during and after
the collision. Vehicle roll, pitch, and yaw angular displacements were deemed acceptable
because they did not adversely influence occupant risk safety criteria nor cause rollover. After
impact, the vehicle exited the barrier at an angle of 20.4 degrees. The vehicle’s trajectory
violated the bounds of the exit box as it spun-out. However, the exit box criterion is preferable
and not a requirement. Therefore, test no. MGSGW-2 (test designation no. 3-11) was determined
to be acceptable according to the TL-3 MASH safety performance criteria.
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. Test Agency MwRSF

. Test Number MGSGW-2 L

. Date oo 11/20/2009 . Vehicle Damage .......... Moderate

. MASH Test Designation ...... 3-11 VDS[Z)]] 1-RFQ-3

o Test Article ...oocveeereecreeeciieneanne MGS without blockouts on MSE wall with a 3:1 slope CDC.....vvovns . : 01-RDEW2

. TOAl LENGLN w..oooooeeeeeeeeeeeeeeeeeeeeee oo 175 ft (53.4 m) ..11/4 in. (32 mm) right toe pan

° Key Component — Steel W-Beam . Test Article Damage Moderate
Thickness 12-gauge (2.66 mm) . Test Article Deflections o
Top Mounting Height 31 in. (787 mm) Permanent Set 26V in. (667 mm)

. Key Component — Steel Posts Dynamic...........ccocvvvveee 257 in. (907 mm)
POSEN0S. 3-27 oo W6x8.5 (W152x12.6) by 6 ft (1.8 m) long ~ Working Width 45.2in. (1,148 mm)
Post Location Centerline of posts at slope break point ° Maximum Angular Displacements (DTS) .
SPACINE ..o 6 ft-3in. (1.9 m) Roll 16.4 deg <75
Blockouts None Pitch -15.7 deg <75°

. Key Component — Wood Posts YaW s - 38.0 deg
Post n0S. 1-2, 28-29....c.rrrrrveevennnne 5Y% by 7% by 46 in. long (140x191x1,186 mm) e IS 132.3 kip-ft (180 kJ)

. Key Component — Foundation Tube 6 ft (1.8 m) long hd Transducer Data 5

. SOI TYPE.vrvvrrrrierariesressneisssssses s sss s ssseses NCHRP No. 350 Strong Soil Evaluation Criteria Transducer MASH

e Vehicle Model 2003 Dodge Ram 1500 Quad Cab EDR-3 DTSset1 | DTS set 2 Limit
Curb.....coeveee 5,081 1b (2,305 kg) o1V Longitudinal -17.25 -17.85 -16.91 <40
TSt INETtAl ..ovoeeeeerserr 4,999 Ib (2,268 kg) fi/s ¢ (:526) (-544) (5.15) (122)
Gross Static 5,169 1b (2,345 kg) (m/s) Lateral -17.71 -18.26 -17.56 <40

. Impact Conditions (-5.40) (-5.57) (-5.35) (12.2)
Speed 65.3 mph (105.0 km/h) ORA Longitudinal -11.15 -11.99 -10.98 <20.49
Angle 25.1 deg g’s Lateral -8.76 -8.91 -10.37 <2049

4 Imp'a40t Location. .16 ft (4.9 m) US of splice btwn posts 14 and 15 THIV — fi/s (m/s) NA 24.1 NA N(?t

. Exit Conditions (7.35) required
Speed 43.8 mph (70.5 km/h) e Not
Angle 20.4 deg PHD —g’s NA 1273 NA required
Exit Box Criteria ... Fail (Not required) Not

. Vehicle Stability Satisfactory ASI 0.76 0.81 0.84 required

. Vehicle Stopping Distance 103 ft - 4 2 in.(31.5 m) downstream

16 ft - 3 in. (4.9 m) laterally in front of traffic-side face

Figure 71. Schematic. Test Results and Sequential Photographs, Test No. MGSGW-2.

¢-MOSON 'ON 1S31L HSVHD 3TVIOS-11N4 '0T d31dVHD

600-¢T-dL1/TdD-VMH4 'ON Ld0d3d YMHA

¢T0Z AdvNnddg34d




FEBRUARY 2012
FHWA REPORT NO. FHWA-CFL/TD-12-009
CHAPTER 10. FULL-SCALE CRASH TEST NO. MGSGW-2

SO [ S I =

a. 0.000 sec

f. 0.576 sec I. 0.826 sec

Figure 72. Photo. Additional Sequential Photographs, Test No. MGSGW-2.
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a. 0.000 sec

b. 0.034 sec 10.072 sec

h. 0.196 sec

0.506 sec

d. 0.134 sec

0.252 sec

e. 0.468 sec

1.190 sec

Figure 73. Photo. Additional Sequential Photographs, Test No. MGSGW-2.
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d. - N h,
Figure 74. Photo. Documentary Photographs, Test No. MGSGW-2.
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d. T h
Figure 75. Photo. Documentary Photographs, Test No. MGSGW-2.
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d. N h.
Figure 76. Photo. Documentary Photographs, Test No. MGSGW-2.
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KSOH

c. Closeup View

Figure 77. Photo. Impact Location, Test No. MGSGW-2.
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Figure 78. Photo. Vehicle Final Position and Trajectory Marks, Test No. MGSGW-2.
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C. Frot Vle

Figure 79. Photo. System Damage, Test No. MGSGW-2.
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a. Impacted Rail

b. Impacted Rail Rear View

Figure 80. Photo. System Damage, Test No. MGSGW-2.
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b. Post No. 12 Upstream View

Figure 81. Photo. Post Nos. 11 and 12 Damage, Test No. MGSGW-2.
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14 Rear View
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c. Post No. 13 Rear View

d. Post No

82. Photo. Post Nos. 13 and 14 Damage, Test No. MGSGW-
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b. Post No. 16 Rear View ‘ d. Post No. 16 Upstrarn View

Figure 83. Photo. Post Nos. 15 and 16 Damage, Test No. MGSGW-2.
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a. Post No. 13 c. Post No. 15
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b. Post No. 14 d. Post No. 16

Figure 84. Photo. Post Bolt Location Rail Damage Photographs, Test Nos. MGSGW-2.
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Figure 85. Photo. Vehicle Damage, Test No. MGSGW-2.

¢-MOSON 'ON 1S31 HSVHD 3TVIOS-T11Nd '0T 431dVHD

600-¢T-dL/T7dD-VMH4 'ON Ld0d3d YMHA

¢102¢ AdvNd4d3d



FEBRUARY 2012
FHWA REPORT NO. FHWA-CFL/TD-12-009
CHAPTER 10. FULL-SCALE CRASH TEST NO. MGSGW-2

c. Left Quarter

Figure 86. Photo. Vehicle Damage, Test No. MGSGW-2.
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*

c. Right Side Supension

Figure 87. Photo. Vehicle Undercarriage Damage, Test No. MGSGW-2.
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Figure 88. Photo. Vehicle Occupant Compartment Damage, Test No. MGSGW-2.
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CHAPTER 11. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

A design review, cost comparison, and evaluation was performed on selected barrier concepts for
consideration in protecting hazardous conditions that arise from the construction of wire-faced,
MSE wall systems. After eliminating general concepts that utilized deeply-embedded reinforced
concrete foundations and long, sloped tension elements, five barrier concepts remained for
further investigation and analysis. During the evaluation process, a cost comparison was made
between different barrier types as well as on the effect of their use in the construction of wire-
faced, MSE walls. From this effort, a non-blocked MGS with steel posts placed at the slope
break point of a 3H:1V fill slope (Concept no. 4) was found to provide the greatest net cost
reduction, or $158/ft, when compared to the baseline configuration of standard MGS with steel
posts and a 2-ft (610-mm) lateral offset to the slope break point (Concept no. 1). Based on the
cost analysis and system comparison, the CFLHD-MwRSF project team selected Concept no. 4
for further development and consideration for protecting vertical drop-offs associated with wire-
faced, MSE walls.

During this study, a significant dynamic bogie testing program was conducted to determine the
post-soil behavior of steel and wood posts embedded in level and/or sloped terrain using a
compacted soil material similar to that used for the construction of wire-faced, MSE walls. This
post testing program was also used to evaluate different post placement methods, such as the
auger, backfill, and tamp method versus driven posts, as well as to select the appropriate post
length, determine the preferred post material, and evaluate the propensity for damage to occur to
wire-faced, MSE walls during vehicular impacts into the barrier system. A total of 26 dynamic
bogie tests were performed and are described in detail in an MwRSF research report.”*) From
this effort, a 6-ft (1.8-m) long steel guardrail post with a 40-in. (1,016-mm) embedment depth
was selected for use in the MGS when located at the slope break point of a 3H:1V fill slope. A 6-
ft (1.8-m) long steel guardrail post embedded into a roller-compacted, special MSE wall fill
material, driven through the upper wire-mesh layer, and placed at the slope break point, was
found to provide adequate post-soil resistance for use in the MGS. In addition, dynamic
component testing of steel posts driven at the slope break point did not reveal any concerns for
damage to the wire-faced, MSE wall system.

Following the dynamic component testing effort, a non-blocked version of the MGS was
developed for use with a wire-faced, MSE wall system. The modified MGS utilized 6-ft (1.8-m)
long steel posts spaced on 75 in. (1,905 mm) centers, a top mounting height of 31 in. (787 mm)
for the W-beam rail, and steel W-beam backup plates at the steel post locations. The 12-in. (305-
mm) deep wood spacer or offset blocks were not utilized in this barrier system.

The non-blocked MGS was successfully crash tested using both the 1100C small car and 2270P
pickup truck vehicles according to TL-3 safety performance guidelines provided in MASH, as
shown in Table 18. After the first full-scale crash test, the deformed posts were removed from
the wire-faced, MSE wall. Subsequently, the soil region surrounding the locations of the
damaged posts were filled with soil and recompacted. Then, new steel posts were driven into the
wire-faced, MSE wall at the slope break point in order to repair the MGS and for use in the
second full-scale crash test. Following both crash tests, no damage was observed in the wire-
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Table 18. Summary of Safety Performance Evaluation Results.

Evaluation
Factors

Evaluation Criteria

Test No.
MGSGW-1
(1100C Test)

Test No.
MGSGW-2
(2270P Test)

Structural
Adequacy

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

S

S

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.

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

Occupant
Risk

Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3 of MASH for
calculation procedure) should satisfy the following limits:

Occupant Impact Velocity Limits, ft/s (m/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 AS5.3 of
MASH for calculation procedure) should satisfy the following limits:

Occupant Ridedown Acceleration Limits (g’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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faced, MSE wall system for the backside of the steel posts positioned 5 ft — 9 in. (1.75 m)
away from the MSE wall’s outer face.

Based on the research program described herein, the non-blocked MGS (Concept no. 4) is
recommended for use on top of wire-faced, MSE walls when the centerline of the steel posts are
placed at the slope break point of a 3H:1V fill slope. Under this scenario and as previously
shown in Figure 10, the face of the W-beam rail would be positioned approximately 6 ft — 6% in.
(1.99 m) away from the outer edge of the wire-faced, MSE wall when assuming a 2-ft (0.6 m) fill
height — 1 ft (0.3 m) normal layer thickness of select wall backfill and 1 ft (0.3 m) thick
combined layer for wearing surface and road base material. The current FHLD accepted practice,
as depicted in Figure 3, is to install the face of conventional, wood-post W-beam guardrail 9 ft —
7% in. (2.93 m) away from the exterior face of the MSE wall when assuming a 2-ft (0.6—m) level
surface behind the posts, an adjacent 3H:1V fill slope, and a 2-ft (0.6-m) fill height for the road
base and wearing surface. Therefore, the implementation of the new TL-3 barrier system would
provide at least a 3 ft - 1 in. (0.94 m) reduction in the required width of the wire-face, MSE wall.
Thus, the non-blocked, steel post MGS provides (1) an economical and practical barrier
alternative for use on wire-faced, MSE walls, (2) satisfactory vehicle containment under the TL-
3 MASH impact conditions, (3) reduces the required width of the wire-faced, MSE wall structure
with the elimination of a timber blockout and removal of the 2-ft (0.6-m) wide level terrain
behind the posts, and (4) results in decreased construction and material costs for the overall wire-
faced, MSE wall and barrier systems.

As noted above, the non-blocked MGS was successfully crash tested with the back side of the
steel posts positioned approximately 2 ft — 9 in. (0.84 m) away from the inside edge of the wall
facing fill or 5 ft — 9 in. (1.75 m) away from the outer edge of the wire-faced, MSE wall. For this
baseline configuration, the steel posts were driven into the select wall backfill. During the 2270P
crash test (test no. MGSGW-2), the maximum dynamic barrier deflection was observed to be
35.7 in. (907 mm). In addition, no damage was observed in the MSE wall structure during either
of the MASH crash tests. Following the successful crash testing program on the finalized
configuration (Concept No. 4), as shown in Figure 10, the researchers believed that the non-
blocked MGS should be capable of safely containing and redirecting the 2270P pickup truck
under TL-3 impact conditions when positioned closer than the 5-ft 9-in. (1.75-m) lateral offset to
the outer edge of the MSE wall.

Due to the presence of the special compaction zone consisting of larger rocks (i.e., wall facing
fill), it is impossible to drive steel posts 3 ft (0.91 m) laterally away from the outer MSE wall
edge. This assertion comes from field results obtained from the post-soil testing program as well
as a general concern for mitigating damage to the MSE wall. Therefore, it was deemed necessary
to establish a minimum lateral offset between the backside of the steel posts and the rock
boundary (i.e., inside edge of the wall facing fill) to address these concerns. Further, any
minimum design guidelines should consider the situation where the wall facing fill width may
slightly exceed 3 ft (0.91 m).

Recall, the non-blocked, steel post MGS performed in an acceptable manner when backside face
was positioned 2-ft 9 in. (0.84 m) laterally away from the inside face of the wall facing fill.
When possible, it would seem reasonable to accommodate this lateral barrier offset. However,
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special scenarios will occur in actual field installations in which this lateral barrier offset will not
be available. Therefore, the recommended minimum lateral barrier offset should be 1 ft (0.3 m)
between the back side of post to inside edge of the wall facing fill or 4 ft (1.22 m) between back
side of post to outer edge of the MSE wall, whichever results in greater lateral offset between the
post and exterior wall surface. For high-energy, vehicular impact events, this minimum lateral
placement recommendation would provide the most economical barrier system and MSE wall
configuration, assure adequate safety performance, and mitigate concerns for damage to the MSE
wall structure.

For this minimum placement recommendation, the lateral offset between the rail face and outer
edge of the MSE wall would be 4 ft - 9% in. (1.45 m). For varying thicknesses of select wall
backfill and different widths for the 3H:1V fill slope, three different configurations were
prepared to demonstrate the recommended minimum lateral barrier offset for the steel posts, as
shown in Figures 89 through 91. When the non-blocked, steel-post MGS is installed using the
minimum lateral barrier offset, the maximum width reduction for the wire-faced, MSE wall
would increase from 3 ft - 1 in. (0.94 m) to 4 ft - 10 in. (1.47 m) if compared to the current
FLHD guidance, thus providing even greater economic benefit at the TL-3 impact conditions.

As noted above and for TL-3 applications, the non-blocked, steel post MGS was constructed,
tested, and evaluated with the front face of the W-beam rail positioned approximately 6 ft — 6%
in. (1.99 m) away from the outer edge of the wire-faced, MSE wall. Based on the successful
safety performance evaluations of the two crash tests, the observed dynamic barrier deflections,
and the configuration of the MSE wall, the non-blocked MGS can also be installed with the rail
face approximately 4 ft - 9% in. (1.45 m) away from the outer edge of the MSE wall system and
still meet TL-3 impact safety standards.

Under TL-2 impact conditions, dynamic rail deflections for the non-blocked MGS would be
reduced from those observed under TL-3 impact conditions. As such, the recommended barrier
placement for TL-2 conditions could conservatively utilize the minimum lateral barrier offset of
4 ft — 9% in. (1.45 m) which was noted for TL-3 conditions. However, TL-2 post deflections near
the ground line may be smaller than those deflections observed during comparable TL-3 impact
events. As a result and under TL-2 impact conditions, a 6-in. (152-mm) lateral barrier shift
toward the outer MSE wall edge may be considered. Under this more aggressive scenario, the
rail face would be positioned approximately 4 ft — 3% in. (1.30 m) away from the wire-faced,
MSE wall. Of course, this modified TL-2 barrier placement could result in increased risk for
damage to the MSE wall structure as well as reduced constructability in driving steel posts if the
wall facing fill (i.e., layer of larger stones) extends beyond the common width of 3 ft (0.91 m).

The roller-compacted soil fill material and mesh reinforcement within the wire-faced, MSE wall
system provided a stiff foundation for the driven, steel guardrail posts. This finding was made
upon review of the post-soil responses observed in selected dynamic bogie tests as well as from
the barrier deflections and working widths observed during the full-scale crash testing program
reported herein. From the successful MASH crash testing program reported herein, it is the
researcher’s opinion that a non-blocked MGS would also perform satisfactorily when installed in
standard soil placed on level terrain. However, the safety performance of a non-blocked MGS
installed on level terrain can only be verified through full-scale crash testing.
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Previously, it has been demonstrated that wood blockouts used in combination with the MGS
greatly increases barrier capacity, reduces occupant risk, and improves the vehicle post-impact
trajectory. Thus, the researchers recommend that 12-in. (305-mm) deep wood spacer blocks, or
acceptable alternatives, be used with the MGS when the roadside geometry can accommodate a
guardrail system with increased width.

Concrete curbs or asphalt dikes often provide drainage control at the edge of roadway or
shoulder. Occasionally, curbs and vehicular barrier systems are both required along the roadside.
For these circumstances, it is necessary to ensure that the combination curb and guardrail system
meets current impact safety standards. Therefore, if curbs are required on MSE wall structures, it
is recommended that the steel post MGS be installed with wood blockouts, or other acceptable
alternatives.
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APPENDIX A. MATERIAL SPECIFICATIONS

The material specifications for the critical components in the system are contained in this
appendix.
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16 5/8"[15.9] Dia. x 1 1/2"[38] Long Hex Head Bolt and Nut
4 7/8"[22.2] Dia. x 7 1/2"[191] Long Hex Head Bolt and Nut

Item QT
No. Y.
al 11
a2 10
a3 20
a4 10
a5 180
a6 -
bl 25
b2 1
b3 14
b4 2
b5 4
b6 137
b7 44
b8 25
cl 4
c2 4
c3 2
c4 2
cs5 2
c6 2
c7 2
c8 4
c9

cl0

cll 8

Description

Wall Facing Fill
Cap Mat
Prongless Mat
Backing Mat
Standard Mat
Hog Rings
Filter Fabric

W6x8.5 x 6' long [W152x12.6, 2134 long] Steel Post

6'-3"[1905] W-Beam Section

12'-6"[3810] W-Beam MGS Section

12'-6" [3810] W-Beam MGS End Section

5/8" [15.9] Dia. x 10" [254] long Guardrail Bolt and Nut
5/8"[15.9] Dia. x 1 1/2" [38] Guardrail Bolt and Nut
5/8"[15.9] Dia. Flat Washer

W-Beam Backup Plate

BCT Timber Post - MGS Height

72" [1829] Foundation Tube

Strut and Yoke Assembly

5x8x5/8" [127x203x15.9] Anchor Bearing Plate

BCT Anchor Cable Assembly

Anchor Bracket Assembly
2 3/8"[60] O.D. x 6" [152] Long BCT Post Sleeve
5/8"[15.9] Dia. x 10" [254] Long Hex Head Bolt and Nut

7/3"[22.2] Dia. Flat Washer

Material Specifications and/or Grade

Wall Face Aggregate, 4-6 in. Rock
8 x 12" Steel Mesh, 3 Gauge
8 x 12" Steel Mesh, 3 Gauge
8 x 3" Steel Mesh, 3 Gauge
8 x 10" Steel Mesh, 3 Gauge

ASTM A36 [36 ksi] (W6x9 A992 [50 ksi])

12 ga. [2.7] AASHTO M180
12 ga. [2.7] AASHTO M180
12 ga. [2.7] AASHTO M180
ASTM A307
ASTM A307
ASTM A153
12 ga. [2.7] AASHTO M180
SYP Grade No. 1 or better
ASTM A53 Grade B
ASTM A36 Steel Galvanized
ASTM A36 Steel

n0.75" 6x19 IWRC IPS Galvanized Wire Rope

ASTM A36 Steel
ASTM A53 Grade B Schedule 40
ASTM A307
ASTM A307
ASTM A307
ASTM A153

Figure 92. Chart. List of Heat/Lot Numbers.
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COC
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9999

Y85912

COC

6106195

43073

4153095

280638

COC

443270/15100302

Head Markings

na

Hardware
Guide

RWMOla
RWMO04a
FBBO03
FBBO1
FWCl6a
RWBO01a
PDFO1
PTEO06
FPBO1
FCAO1-
02
FPAO1
FMMO02
FBX16a
FBX16a
FBX22a
FWC22a
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- 54268171 2115 3654 104
139721 212 343z 97
189655 211 4342 4 124
180534 ; 2115 3023 86
180532 2113 2861 |84

Davis W+e Corp
MADE IN'THE U.S.A.
¢ : Kent Waah!ngton

. AS

T
Qc:

M A-185 -
Jjumber: . .
M

*RAal AN

Figure 93. Photo. Cap Mat and Prongless Mat, Material Specification.
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R - e MWROE

CERTIFICATE OF COMPLIANCE

Shipped Date: 2008-11-19
Control Number: 702420
Customer PO Number: 283%

SOLD TG:

HILFIRER RETAINING WALLS
(707)443-5093/CAROLYN

3900 BROADWAY

BUREXA Ca 95502

PCS: MATERIAL DESCRIPTION:
15Rolls @10 ca SF 8X12 W4.5/W3.5 BSINXEOOF
HEAT AMLYSIS.

455908, C=.06, MN=.50, P=.005, $=.017, 81=.15 (Brt Fab 2394 W4.5 For §)
451008, C=,08, MN=.48, P=.005, §+016, SI=.15 (8t Fab 2111 W3.5 For §)

REQUIRED SPECIFICATION:
ASTM A-22/A-185, .
MANUFACTURED BY:
Daviz Wire Cerporation
19411 - 80ch Ave. Sowth
Kent, WA 98032

" Materials ameswd to above have becn produced o the best Industy practices and in el respecws comply with
the abhoves stared specificarion. The product is mannfacnured from steal melted snd produced in the United
Stazes, .

Sinoezely,

POD/Z00d ®eR}:0L 80OZ OF AoN ixey

@oal cAl ann? aY armi
AALAma

Figure 94. Photo. Cap Mat and Prongless Mat, Certificate of Compliance.
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89/28/2009 13:29 4024722022 MWRSF PAGE 14

: Ktest o

ghway *0 Soulk
Madill, OK 734646
{B8Q) 795-7311 (800 6564164 Fau (58C) 795761z

i_-\‘ )?(NE T"u
Physicat Test Report r N ,}
J

J

i
i
HRW i, g,

Date: 09/26/2006
Cuswmer Name

Customaer Address:

Custorner Qrder Number 2p7384

POumber: First Bundie # 94752
lterm Mumber: 6025-6 ' Lest Bundle # 94765
fiern Descripion: 8X10.5XwW4.6XW3.6 74"X700° BK £ Pieces Per Bundle: 1

Number of Bundles: 14
Numbsr of Pleces: 14

Tansile Yietd Percent Weld Weld ‘Weld Weld Reguites

Brasking
* Original Stength  Strength  Swength Reduced Reducticy Bend Shesr Shear Shear Shear  Weld
Description Diameter  Ate2 LB8 P8I . LB§ Diameter  Ared offreg Test Test? TestZ Testd Test4 Shear

Line Wine 0238 "0.045 3678 88370 7E212 04133 00%4 5900 OK 3610 2635 2820 2194 1572
Crose Wie 0211 0035 3402 97283 8524 0130 0042 6200 . ;

i CHEMICAL PROPERTIES
Deseription Heat Number Carbon Mariganesa Phosphers Sulfur Silicon
Line Wire 737960 9,060 0.600 0012 0.023 0,150

Cross Wire 737960 " 0.D6D - 0500 0012 0.023 130

Sworn end Subsenibed to before me thi

This meterial has mmﬂdm%lnamdmmmmm

regulrements of ASTM A-185-05 & AASHTO M58, and we hereby 25th Cay of Sap'hmbet, 2008 AL,

ceriify that the ahove st results ara representative of hose obteined Y A

on the materiat in this shipment. All materiats Fsled above whete P

febricated

in the United Steiss of Ametica, The raw materil listed above used - petumaua ,__‘“‘_‘_“_l:il:? Fublic

g

TING gz

e

Mike RLphy A .’é‘a,,, ﬁﬁf;”&*ﬂ:ﬁ:i,ﬁ'? ;

Oklahome Steal ard Wire Ca., Inc. L Comvriasion am, O4uiigpy: 1

i e P

F igure 95. Photo. Standard Mat, Material Specification.
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NS AnRel TNTLCGINIE 'I'dllb I'I"UUI.IL(IU“ iany

E_lﬂa ufMats. s Standard, P = Pl’gllﬂle“, C=Cap, F=Flat « OSW = Oldaimma Steel & Wire, DW = Davls Wire, TI = Tree Island, BEK = Bekaerlj

st/ i o s
» Washer Coda: Wal No. Work Grder sheet_:__ | HRW. JobHio.: N
Bundje No. | Bundle No. 2 . Bundie No. Bundie No. é
e | o Inittal cg nifiat £ z feitial 12 7
=4 53 Length i ‘Wire Size = EE Langth § Wirs Size f 8 4 S‘E Lengits g Wira Size ot ;.il Length i ‘ m:-mfu?é
o = &
| DR 10,575 | H5 | Begfieny |28 o p| YE
- o | nt | W g
Bundie No. Bundle No. __ Bundie No. Bundle No.
:'é:’ §§| Lo_nglh' % Wire Size I:fﬂ: Eg Lenglh i‘ Wire Slze I:E:I Eg Length g Wire Size : ’Z?: Eg Lcngun §' Wira slaé
Bundlie No. ~_Bundie No. " Misceltaneous Items
3 Item 5
gl 2 3 A % Inttial £ g % Ay Qty Item 5
e & 5] vLeagth 3 Wise Slze 8 ZE| Langh F Wire Slze g E g
A Ba Mats ] Hog Rin:
30 oo / QGD e 24AMNL
Hardware Cloth { Hog Ring Pliers '~ — - "
P50 e | | = :
Stiffener Mats f 3 Dthe'r: '

wiVorms\production Laky.bundiics Mmib.c

Figure 96. Photo. Hog Rings and Filter Fabric, Materials Specification.
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FEBRUARY 2012
FHWA REPORT NO. FHWA-CFL/TD-12-009
APPENDIX A. MATERIAL SPECIFICATIONS

§9/28/2099 13:29 4824722822 MWRSF PAGE 12
Hilfiker Company g S . " . :
iy b e Packing Slip No. 16353
Eu CA 95503 U

SRR - Page 1 of 1
Phone:  707-443-5093
Fent: 707-443-2891
Email: info@hilfiker.com
Invoice To:  University of Nebraska 3 Ship To:  FOB:MidWest Roadside Safety Fadility
: at: Mr. John Rohde 4800 N.W. 35thStreet
527 Nebraska Hall " atnJim Holloway ph:402/450.6250
Lncoln; NE 68588 Lincoln, NE 68524 ¥
Phone: 402/472-8807
HRWJob # (90223DW Ship Date: 3141872009 HRW0S0223DW
Customer # 52154 : Ship Via: FEDEX FRT.LTL . FHWA Crash Test Wall
Sulesperson:  Gary Thompson FOB: DESTINATION Total WT: 1,866# / Total SF: 480
Terms: NET 30
-Order Oty Shin/BO Qfy  Part ID/Bescription Ly Your Orders Our Order # Weight
4£80.00 - 48000 WWW SF MATL.QUOTE 16289. 1,866 LBS
0.00 Welded Wire Wall :
T o e |
Part ID ) Part Dascription _ Ship Cty. Shipped to Dafe
STANDARD MAT 5-8lk Bx10.5 W4,5/w3.5 7'-4"X10.5' 20.00 20.00
PRONGLESS MAT P-Bik 8x12 w4.5/W3.5 7'dxt1’ 10.00 10.00
CAP MAT C-Bk 8xt2 wd.5/W3,5 7-4"x11' 10.00 10.00
BZ1BM ‘ Bik Backing Mat 3"x4" sp 8'x23° - 30,00 30.00
HOG100B Bik Hog Rings (bx of 100) 8.00 8.00
~PLIERS = " -Pliers for Hog Rings 1.00 1.00
MISC- MISC-Fiiter Fabric 4551-7.5'w-240 LF 2640.00 240.00 ;
i
|
Date: 03/19/09 Date: 03/1970%
Per HRW: @tw Per Carrier/FedEx Freight

= Aa-A

Figure 97. Photo. Hog Rings and Backing Mat, Material Specification. (continued.)
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09/28/2008 13:29 4924722022 MWRSF PAGE 11
- Hilfiker Company Invoice No. 18073
1902 Hilfiker Lare - ;
Eureka, CA 95503 USA : ‘;‘;’,’w"’”’fm” iggg
Phone:  707-443-5093 -
Fax:  707-443-2891 el
Email:  info@hilfiker.com
| Fed ID: 54-1251372 iy
5660 University of Nebraska Ship to: FOB:MidWast Roadside Safety Facility

at: Mr. John Rohde
527 Nebraska Hail
Lincoln, NE 6ES88
Phone:' 402/472-8807

4800 N.W. 35thStreat

atn:Jim Holloway ph: 402{450 6250
Lincoln, NE 68524

DESTINATION -

Ship Via: FEDEX FRT.LTL Fab point:
Invalee Date Due Date HRW # Salesperson st # POZ Terms
3/19/2009 3/19/2008  0S0223DW Gary Thompson 52154 MATL.QUOTE NET UPON RECEIPT
Orger Qty Ship Qty Part JoyDescription wm Unit Price  Extended Price
480.00 480.00 www SF $6.00 $2,880.00
. Welded Wire Wall
‘1 4 Ll '_».;
HRW Job, No
' " A payments io be in USD
HRWOSD2Z3DW 2
FHWA Crash Test Wall Invoice Sub-total 4$2,880.00
Total WT: 1,866% / Total SF: 480 Shipping & Handling $1,090.00
: Tax , 40.00
NE - Nebraska @ 0% '
Invoice Total $3,970.00

" ORIGINAL

Fiéure 98. Photo. Cap Mat, Backing Mat, Standard Mat, & Prongless Mat, Material
Specification.
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FEBRUARY 2012
FHWA REPORT NO. FHWA-CFL/TD-12-009
APPENDIX A. MATERIAL SPECIFICATIONS

Uds L0/ L0033 13: 49 q4u2a 222022 MWRSF : R e
| YNXIIGFT
Martin Hﬂ‘ie‘lh Materials ’ Page 1 of 1
PO Box001s | ;. FOR BILLING QUESTIONS PLEASE GALL
L] $
b 7622-00 ¥ 0}
Mgw‘&mmﬁm,m 515- 2540030
‘ ‘ EQ.F____&E MISC JOB TAXABLE TRK |
SOLDTO: : 01647 02491 MISGELLANEOUS JOB TAXABLE TRUCK
w— UNIV OF NEBRASKA-LINGOLN 4800 NW asTH STALINGO
MIDWEST ROADSIDE SAFETY CURT
WEST 348.1 NEBRASKA HALL g WEEPSG WATER NE 68463
LINCOLN NE 685880529 ! ’
PAYHENT TERMS:NET 30 DAYS- AR
Qrder No. Customer PO Dest | Job No. | Dist | Business | Business Unit N:rne Cust. No. | Invoice Invoice No.
No. No. Unit Date
5085431 SO 001 | 838801 | B1 28101 | Weeping Water Mine 249830 04/20/08  |7627449
ip Date Praduct: Description CQuant] UM| Unit Price Material Freight Freight T & TOTAL
P e WO By oy ¥ 40 = O |
0471 4/09 0815 | BASE MATL
70653 3186 TN 1220 38868 | 658 209.00 597.69
70721 3181} TN 1220 388.08 6.56 208.67 596,75
70783 3190 | TN 1220 38018 | 656 209.26 598,44
70851 3177 | TN 1220 28759 | . 6.56 208.41 §96.00
: . *SUBTOTAL* 127.34 1,553.54 34 2.350.88
04/15/09 0615 [l BASE MATL - C
X 71083 31,88 | TN 12.20 389,08 6.56 209.20 598.26
71178 3188 | TN 1220 3906 | 6.56 20020
71267 3180 TN 1220 389.18 6.56 598.44
: . *SUBTOTAL" 1,167.30 627.66 1,794.96
D4/16/09 0B15 (1 BASE MATL : )
gms 3180 TN 1220 387.06 | 656 208.61 596,57
© 11498 3189 | TN 1220 389.06 6.56 200820
71576 31.97 1220 32003 | 656 209,72 599,75
*SUBTOTAL" 95.68 1,167.05 627.53 1,794.58
mfu. . 318.68 3,887.89 2,090.53 5,978.42
[INVOICETOTAL .2 . .. - . $5978.42
- DETACH and Inciude this Return Portion with Payment
Martin Marieita Materials N\
: REMIT TQ;
MARTIN MARIETTA MATERIALS
CUSTOMER NUMBER: 249830 UNIV OF NEBRASKA-LIN . PO Box 93188
INVOICE NUMBER: 7627448 \ Chicago i 806733188
| PAYMENTDUE [ . _ . .$5978.42 |

mewmﬁdmmmhwnmmﬁmEmmi-mm www.martinmarigtta.
For all other questions call the number above. _ o

[.PLEASE NOTIFY US OF ANY ALTERATIONS YOU MAKE TOWARDS THE INVOICE AMOUNT i
. e e e s N ]

Figure 99. Photo. Fill Material, Material Specification.
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APPENDIX A. MATERIAL SPECIFICATIONS

@9/28/2989 13:29 4924722022 MWRSF R
Martin Marietta Materials l-{‘d 0379}25’.@1011
P.C. Box 30013 5
Raleigh, NG 27622-0013
Visit eRocks 3t www.martinmarietta.com ;
: JOB NAME: MISC JOB T, TAK
— SHIP TO:.
SoLb To: ¥ o 01498 02325 MISCELLANEOUS JOB TAXABLE TRUCK
m—— * UNIV OF NEBRASKA-LINCOLN 4800 NW 35TH STALINCOLN
MIDWEST ROADSIDE SAFETY CURT @ 312-7677
WEST 348.1 NEBRASKA WEEPING WATER NE 58463
LINCOLN NE 685880529 )
PAYMENT TERMS: NET 30 DAYS- A/R
Order No. Customer PO Dest | Job No, | Dist | Business | Business Unit Name | Cust. No.| Invoice Invoice No.
No, No. Unit - Date
5279628 SO o001 | 888801 | 81 | 38101 |Weeping Water Mine 269830 | 08/10/08  [7911202
Ship Date Product Descrigtion Quantty | UM| UnitPri Material | Freight]  Freight | Texes & TOTAL
nggggefw:. No. e =X Amount Eﬁz Feas
08/05/09 0615 [ BASE MATL 4
01344 31241 TN 12.20 381.13 6.56 204.93 586.06
01415 3140 TN 1220 28208 6.56 205.88 -589.06
H01513 31.18| TN 1220 380.40 6.56 204.54 584,94
101617 - 321 | N 1220 380.76°| 6.56 204.74 58550 |-
v *SUBTOTAL*| 12503 : 1,525.37 82049 2,345.56
08/06/09 0615 |1 BASE MATL 3
01765 3127 | ™N 12.20 38149 | 656 205.13 686,62
101836 31| TN 1220 37954 | . 6.58 204.08 58362
101962 3126 | TN 12.20 381.37 855 205.07 586.44
sSUBTOTAL" |~ 9384| | 1,14248 €128 1,756.68
TOTAL 218.67 2,867.774 1,434.47 410224
e —
DETAGH and Include this Return Portion with Payment
REMIT TO:
MARTIN MARIETTA MATERIALS
CUSTOMER NUMBER: 240830 UNIV OF NEBRASKA-LIN PO Box 83486
INVOICE NUMBER: 7911202 Chicago L. 60673-3186
PAYMENT DUE | 3410224 |

Please report any potential ethics violations fo the Martin Marlatta Materials

Corporate Ethics Office 1-800-209-4508 ————
For all other questions call the number above. Nt

_ PLEASE NOTIFYUS OE ANY ALT, ! KE T .

Figure 100. Photo. Fill Material, Material Specification.
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©9/28/2999 13:29 4824722922 MWRSF FasE oo
" g &f YOUTRY 2
Wartin Materials ; : Page 1 of 1
P.0. Box 30013 : 1 -
Raleigh, NC 27622-0013 v i
Visit eRocks 5 www.martinmarietta.com 3 TN e rob 3
! [JoB NAME: MISC JOB TAX EXEMPT TRK |
———— o ( - - } §EE Tc. _
SOLDTO: 01560 02388 MISCELLANEOUS JOB EXEMPT TRUCK
= UNIV OF NEBRASKA-LINCOLN 4800 NW.‘35th STREET -
MIDWEST ROADSIDE SAFETY CURT @ 312-7