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DISCLAIMER

The contents of this report reflect the views of the authors, who are solely responsible for
the facts and accuracy of the data and the opinions, findings, and conclusions presented herein.
The contents do not necessarily reflect the official views or policies of the Washington State
Department of Transportation (WsDOT), the Roadside Safety Pooled Fund, The Texas A&M
University System, or the Texas A&M Transportation Institute (TTI). This report does not
constitute a standard, specification, or regulation. In addition, the above-listed
agencies/companies assume no liability for its contents or use thereof. The names of specific
products or manufacturers listed herein do not imply endorsement of those products or
manufacturers.

The results reported herein apply only to the article tested. The full-scale crash tests were
performed according to TTI Proving Ground quality procedures and American Association of
State Highway and Transportation Officials Manual for Assessing Safety Hardware, Second
Edition, guidelines and standards.

The Proving Ground Laboratory within TTI’s Roadside Safety and Physical Security
Division (“TTI Lab”) strives for accuracy and completeness in its crash test reports. On rare
occasions, unintentional or inadvertent clerical errors, technical errors, omissions, oversights, or
misunderstandings (collectively referred to as “errors”) may occur and may not be identified for
corrective action prior to the final report being published and issued. If, and when, the TTI Lab
discovers an error in a published and issued final report, the TTI Lab will promptly disclose such
error to WsDOT and the Roadside Safety Pooled Fund, and all parties shall endeavor in good
faith to resolve this situation. The TTI Lab will be responsible for correcting the error that
occurred in the report, which may be in the form of errata, amendment, replacement sections, or
up to and including full reissuance of the report. The cost of correcting an error in the report shall
be borne by the TTI Lab. Any such errors or inadvertent delays that occur in connection with the
performance of the related testing contract will not constitute a breach of the testing contract.

THE TTI LAB WILL NOT BE LIABLE FOR ANY INDIRECT, CONSEQUENTIAL,
PUNITIVE, OR OTHER DAMAGES SUFFERED BY WSDOT, THE ROADSIDE
SAFETY POOLED FUND, OR ANY OTHER PERSON OR ENTITY, WHETHER SUCH
LIABILITY IS BASED, OR CLAIMED TO BE BASED, UPON ANY NEGLIGENT ACT,
OMISSION, ERROR, CORRECTION OF ERROR, DELAY, OR BREACH OF AN
OBLIGATION BY THE TTI LAB.
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SI* (MODERN METRIC) CONVERSION FACTORS
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Chapter 1. BACKGROUND AND OBJECTIVE

1.1. BACKGROUND

The American Associate of State Highway and Transportation Officials (AASHTO)
Manual for Assessing Safety Hardware (MASH) 2016 edition is the latest in a series of
documents that provide guidance on testing and evaluation of roadside safety features (/). The
original MASH document was published in 2009 and represents a comprehensive update to crash
test and evaluation procedures to reflect changes in the vehicle fleet, operating conditions, and
roadside safety knowledge and technology. The MASH documents supersede the National
Cooperative Highway Research Program (NCHRP) Report 350, Recommended Procedures for
the Safety Performance Evaluation of Highway Features, standards (2).

The Federal Highway Administration (FHWA) issued a January 7, 2016, memo
mandating the AASHTO/FHWA Joint Implementation Agreement for MASH with compliance
dates for installing MASH hardware that differ by hardware category. After December 31, 2019,
all roadside safety devices must be successfully tested and evaluated according to the MASH
2016 standard edition. FHWA will no longer issue eligibility letters for highway safety hardware
that has not been successfully crash tested according to the MASH 2016 edition evaluation
criteria. At a minimum, all barriers on high-speed roadways on the National Highway System are
required to meet Test Level 3 (TL-3) requirements.

A flared strong-post W-beam guardrail system allows for the potential to reduce guardrail
installation lengths, which in turn would result in decreased guardrail construction and
maintenance costs, as well as reduced impact frequency. Stolle et al. (3) conducted a research
and test study to investigate the potential to increase flare rates for the Midwest Guardrail
System (MGS) according to NCHRP Report 350 criteria. The researchers conducted computer
simulations and full-scale crash testing that showed that the MGS could meet NCHRP Report
350 impact criteria when installed at a 5:1 flare rate. Impact severities during testing were found
to be greater than intended, yet the MGS passed all NCHRP 350 requirements. The researchers
recommended that whenever a guardrail is outside of the shy line for adjacent traffic, and the
roadside terrain is sufficiently flat, flare rates should be increased to as high as 5:1 when using
the MGS guardrail.

The structural adequacy MASH 2016 test for TL-3 conditions consists of a 5,000-1b
pickup truck (denoted 2270P) impacting a barrier at 62 mi/h and 25 degrees with respect to the
roadway. The severity MASH 2016 test consists of a 2,420-1b passenger car (denoted 1100C)
impacting the barrier at 62 mi/h and 25 degrees with respect to the roadway.

MASH was developed to incorporate significant changes and additions to procedures for
safety-performance evaluation, as well as updates reflecting the changing character of the
highway network and the vehicles using it. For example, MASH increased the weight of the
pickup truck design test vehicle from 4,409 Ib to 5,000 Ib, changed the body style from a ¥4-ton
standard cab to a ’2-ton four-door, and imposed a minimum height for the vertical center of
gravity (CG) of 28 inches. The increase in vehicle mass represents an increase in impact severity
of approximately 13 percent for Test 3-11 with the pickup truck design test vehicle with respect
to the impact conditions of NCHRP Report 350. The increased impact severity may, therefore,
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result in increased impact forces and larger lateral barrier deflections compared to NCHRP
Report 350.

The impact conditions for the small car test have also changed. The weight of the small
passenger design test vehicle increased from 1,800 Ib to 2,420 Ib, and impact angle increased
from 20 degrees to 25 degrees with respect to the roadway. These changes represent an increase
in impact severity of 105 percent for Test 3-10 with the small car design test vehicle compared to
the impact conditions of NCHRP Report 350. This increase in impact severity might result in
increased vehicle deformation and could possibly aggravate vehicle stability. Specifically, when
a flare rate is included in the guardrail design, there is an increment of the effective impact angle
between the vehicle and the guardrail, which results in a considerably higher impact severity and
requires an increasing level of demand on the structural capacity of a barrier system. For
example, under MASH conditions, a 5:1 flare rate would increase the impact severity 196 percent
for Test 3-10.

MASH also adopted more quantitative and stringent evaluation criteria for occupant
compartment deformation than NCHRP Report 350. An increase in impact severity might result
in increased vehicle deformation and could possibly result in failure to meet the latest MASH
evaluation criteria. For example, NCHRP Report 350 established a 6-inch threshold for occupant
compartment deformation or intrusion. MASH, by comparison, limited the extent of roof crush to
no more than 3.9 inches. In addition, MASH requires that the vehicle windshield not sustain a
deformation greater than 3 inches and have no holes or tears in the safety lining as a result of the
test impact. Although these evaluation criteria are applicable to all roadside safety device testing,
they are most relevant for sign support design and testing. In addition, little evaluation of sign
supports has been performed with larger vehicles such as the pickup. Systems that have been
demonstrated to be crashworthy for passenger cars may not be geometrically compatible with
pickup trucks.

1.2. OBJECTIVE

The purpose of the tests reported herein was to assess the performance of the MGS when
implemented with flare conditions according to the safety-performance evaluation guidelines
included in MASH (I). The crash tests were performed in accordance with MASH TL-3, which
requires two crash tests (as discussed in Chapter 3 of this report).

After the full-scale crash tests were complete, an effort was initiated through finite
element modeling and simulations to investigate the crashworthiness of the MGS at smaller flare
rates and when considering prioritized MGS retrofit options, still for high-speed impact
conditions. In all, three full-scale crash tests were performed, and five finite element analysis
scenarios were evaluated.
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Chapter 2. SYSTEM DETAILS

2.1. TEST ARTICLE AND INSTALLATION DETAILS

For the first test (609971-01-1), the test installation measured 181 ft 3 inches long, and
the distance from the ground surface to the top of the W-beam was 31 inches for the entire length
of the rail. There was a Texas Department of Transportation (TxDOT) downstream anchor
terminal (DAT) on each end, and the remainder of the installation was a 12-gauge 4-space
W-beam guardrail supported by 72-inch-long wide-flange guardrail posts. These posts were
spaced at 75 inches and embedded 40 inches deep in drilled holes. Timber blockouts were used
as spacers between the guardrail and the posts. The post holes were backfilled with crushed
limestone base, which was compacted to MASH standards. Rail splices were midway between
the posts. A 131-ft 3-inch long section was flared back from the other 50-ft section at a 7:1 flare,
such that the end post was 18 ft 4 inches toward the field side relative to the 50-ft section.
Figure 2.1 through Figure 2.5 show the general assembly drawing and photographs of the
installation.

Appendix A provides further details on the MGS guardrail with flare. Drawings were
provided by the Texas A&M Transportation Institute (TTI) Proving Ground, and construction
was performed by DMA Construction Inc. and supervised by TTI Proving Ground personnel.

2.2. DESIGN MODIFICATIONS DURING TESTS

For the second test (609971-03-1), a 131-ft 3-inch long section was flared back from the
other 50-ft section at an 11:1 flare, such that the end post of the DAT was 11 ft 10 inches
toward the field side relative to the 50-ft section. Figure 2.6 through Figure 2.10 display the
general assembly drawing and photographs of the installation.

For the third test (609971-03-2), a 100-ft long 11:1 flare was located between two
50-ft 9%-inch long SoftStop® terminals. The total length of the installation was 201 ft 7 inches.
Figure 2.11 through Figure 2.15 contain the general assembly drawing and photographs of the
installation.
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Figure 2.4. MGS Guardrail with 7:1 Flare at Impact prior to Testing.

Figure 2.5. In-line View of the MGS Guardrail with 7:1 Flare prior to Testing.
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Figure 2.8. Upstream Terminal of the MGS Guardrail with 11:1 Flare prior to Testing.
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Figure 2.10. In-line View of the MGS Guardrail with 11:1 Flare prior to Testing.
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Figure 2.12. MGS Guardrail with Shortened 11:1 Flare prior to Testing.

Figure 2.13. Upstream Terminal of the MGS Guardrail with Shortened 11:1 Flare prior to
Testing.
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Figure 2.14. MGS Guardrail with Shortened 11:1 Flare at Impact prior to Testing.

Figure 2.15. Downstream View of MGS Guardrail with Shortened 11:1 Flare
prior to Testing.
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2.3. MATERIAL SPECIFICATIONS

Appendix B provides material certification documents for the materials used to
install/construct the MGS guardrail with flare.

2.4. SOIL CONDITIONS

The test installation was installed in standard soil meeting Grade B crushed limestone of
AASHTO standard specification M147-17 “Materials for Aggregate and Soil-Aggregate
Subbase, Base, and Surface Courses” for Crash Test 609971-01-1. For Crash Tests 609971-03-1
and 609971-03-2, AASHTO M147-17 Type A Grade 2 Crushed Limestone was used.

In accordance with Appendix B of MASH, soil strength was measured the day of each
crash test. During installation of the MGS guardrail with flare for full-scale crash testing, two
6-ft-long W6x16 posts were installed in the immediate vicinity of the MGS guardrail with flare
using the same fill materials and installation procedures used in the test installation and the
standard dynamic test. Table B.1 in Appendix B presents minimum soil strength properties
established through the dynamic testing performed in accordance with MASH Appendix B.

As determined by the tests summarized in Appendix B, Table B.1, the minimum post
loads are shown in Table 2.1 for Test 609971-01-1, Table 2.2 for Test 609971-03-1, and
Table 2.3 for Test 609971-03-2.

On the day of Test 609971-01-1, loads on the post at deflections were as follows: the
backfill material in which the MGS guardrail with flare was installed met the minimum MASH
requirements for soil strength.

Table 2.1. Soil Strength for Test 609971-01-1.

Displacement (in.) Minimum Load (Ib) Actual Load (Ib)
5 3,940 10,300
10 5,500 11,300
15 6,540 11,600

On the day of Test 609971-03-1, loads on the post at deflections were as follows: the

backfill material in which the MGS guardrail with flare was installed met the minimum MASH
requirements for soil strength.

Table 2.2. Soil Strength for Test 609971-03-1.

Displacement (in.) Minimum Load (Ib) Actual Load (Ib)
5 3,940 9,122
10 5,500 9,913
15 6,540 10,154
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On the day of Test 609971-03-2, loads on the post at deflections were as follows: the
backfill material in which the MGS guardrail with flare was installed met the minimum MASH

requirements for soil strength.

Table 2.3. Soil Strength for Test 609971-03-2.

Displacement (in.) Minimum Load (Ib) Actual Load (Ib)
5 3,940 10,000
10 5,500 10,757
15 6,540 10,656
TR No. 609971-01 14
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Chapter 3. TEST REQUIREMENTS AND EVALUATION CRITERIA

3.1. CRASH TEST PERFORMED/MATRIX

Table 3.1 shows the test conditions and evaluation criteria for the MASH tests performed
on the guardrails. The target critical impact points (CIPs) for each test were determined using the
information provided in MASH Section 2.2.1 and Section 2.3.2. Figure 3.1, Figure 3.2, and
Figure 3.3 show the target CIPs for each MASH test on the MGS guardrail with flare.

Table 3.1. Test Conditions and Evaluation Criteria Specified for MASH TL-3 Guardrails.

Test Test Impact | Impact . o .
Designation Vehicle Speed Angle Evaluation Criteria
3-10 1100C 62 mi/h 25° A,D F H,I
3-11 2270P 62 mi/h 25° A,D F H,I
65" [5.4f] — ”‘ . . P 5
14 12 10
pr— F i i i Iy 3 Fi ,,77,77,77,77,77,77,;\%,: 7777777 }77,7
Plan View e BT
~ 7

Figure 3.1. Target CIP for Test 609971-01-1 on MGS Guardrail with 7:1 Flare.

45-1/2"[3.8ft] —» = 2

Plan View S B0

Figure 3.2. Target CIP for Test 609971-03-1 on MGS Guardrail with 11:1 Flare.

45172 [3.80— %, 8 8 4 2

Plan View T

Figure 3.3. Target CIP for Test 609971-03-2 on MGS Guardrail with Shortened 11:1 Flare.

The crash tests and data analysis procedures were in accordance with guidelines
presented in MASH. Chapter 4 presents brief descriptions of these procedures.
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3.2. EVALUATION CRITERIA

The appropriate safety evaluation criteria from Tables 2.2 and 5.1 of MASH were used to
evaluate the crash tests reported herein. Table 3.2 provides detailed information on the
evaluation criteria.

Table 3.2. Evaluation Criteria Required for MASH Testing.

Evaluation
Factors

Evaluation Criteria

MASH Level 3 Test

A.

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.

10, 11

Detached elements, fragments, or other debris from the test
article should not penetrate or show potential for penetrating
the occupant compartment, or present undue hazard to other
traffic, pedestrians, or personnel in a work zone. Deformations
of, or intrusions into, the occupant compartment should not
exceed limits set forth in Section 5.2.2 and Appendix E of
MASH.

10, 11

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

10, 11

Occupant impact velocities (OIV) should satisfy the following
limits: Preferred value of 30 ft/s, or maximum allowable value
of 40 ft/s.
Occupant impact velocities (OIV) should satisfy the following
limits: Preferred value of 10 ft/s, or maximum allowable value
of 16 ft/s.

10, 11

The occupant ridedown accelerations should satisfy the
following: Preferred value of 15.0 g, or maximum allowable
value 0f 20.49 g.

10, 11
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Chapter 4. TEST CONDITIONS

4.1. TEST FACILITY

The full-scale crash tests reported herein were performed at the TTI Proving Ground, an
International Standards Organization (ISO)/International Electrotechnical Commission (IEC)
17025-accredited laboratory with American Association for Laboratory Accreditation (A2LA)
Mechanical Testing Certificate 2821.01. The full-scale crash tests were performed according to
TTI Proving Ground quality procedures, as well as MASH guidelines and standards.

The test facilities of the TTI Proving Ground are located on The Texas A&M University
System RELLIS Campus, which consists of a 2000-acre complex of research and training
facilities situated 10 miles northwest of the flagship campus of Texas A&M University. The site,
formerly a United States Army Air Corps base, has large expanses of concrete runways and
parking aprons well suited for experimental research and testing in the areas of vehicle
performance and handling, vehicle-roadway interaction, highway pavement durability and
efficacy, and roadside safety hardware and perimeter protective device evaluation. The sites
selected for construction and testing are along the edge of an out-of-service apron/runway. The
apron/runway consists of an unreinforced jointed-concrete pavement in 12.5-ft x 15-ft blocks
nominally 6 inches deep. The aprons were built in 1942, and the joints have some displacement
but are otherwise flat and level.

4.2. VEHICLE TOW AND GUIDANCE SYSTEM

For the testing utilizing the 1100C and 2270P vehicles, each was towed into the test
installation using a steel cable guidance and reverse tow system. A steel cable for guiding the test
vehicle was tensioned along the path, anchored at each end, and threaded through an attachment
to the front wheel of the test vehicle. An additional steel cable was connected to the test vehicle,
passed around a pulley near the impact point and through a pulley on the tow vehicle, and then
anchored to the ground such that the tow vehicle moved away from the test site. A 2:1 speed
ratio between the test and tow vehicle existed with this system. Just prior to impact with the
installation, the test vehicle was released and ran unrestrained. The vehicle remained
freewheeling (i.e., no steering or braking inputs) until it cleared the immediate area of the test
site.

4.3. DATA ACQUISITION SYSTEMS

4.3.1. Vehicle Instrumentation and Data Processing

Each test vehicle was instrumented with a self-contained onboard data acquisition
system. The signal conditioning and acquisition system is a multi-channel data acquisition
system (DAS) produced by Diversified Technical Systems Inc. The accelerometers, which
measure the X, y, and z axis of vehicle acceleration, are strain gauge type with linear millivolt
output proportional to acceleration. Angular rate sensors, measuring vehicle roll, pitch, and yaw
rates, are ultra-small, solid-state units designed for crash test service. The data acquisition
hardware and software conform to the latest SAE J211, Instrumentation for Impact Test. Each of
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the channels is capable of providing precision amplification, scaling, and filtering based

on transducer specifications and calibrations. During the test, data are recorded from each
channel at a rate of 10,000 samples per second with a resolution of one part in 65,536. Once data
are recorded, internal batteries back these up inside the unit in case the primary battery

cable is severed. Initial contact of the pressure switch on the vehicle bumper provides a time zero
mark and initiates the recording process. After each test, the data are downloaded from the DAS
unit into a laptop computer at the test site. The Test Risk Assessment Program (TRAP) software
then processes the raw data to produce detailed reports of the test results.

Each DAS is returned to the factory annually for complete recalibration and to ensure
that all instrumentation used in the vehicle conforms to the specifications outlined by SAE
J211. All accelerometers are calibrated annually by means of an ENDEVCO® 2901 precision
primary vibration standard. This standard and its support instruments are checked annually and
receive a National Institute of Standards Technology (NIST) traceable calibration. The rate
transducers used in the data acquisition system receive calibration via a Genisco Rate-of-Turn
table. The subsystems of each data channel are also evaluated annually, using instruments with
current NIST traceability, and the results are factored into the accuracy of the total data channel
per SAE J211. Calibrations and evaluations are also made anytime data are suspect. Acceleration
data are measured with an expanded uncertainty of +1.7 percent at a confidence factor of
95 percent (k = 2).

TRAP uses the DAS-captured data to compute the occupant/compartment impact
velocities, time of occupant/compartment impact after vehicle impact, and highest
10-millisecond (ms) average ridedown acceleration. TRAP calculates change in vehicle velocity
at the end of a given impulse period. In addition, maximum average accelerations over 50-ms
intervals in each of the three directions are computed. For reporting purposes, the data from the
vehicle-mounted accelerometers are filtered with an SAE Class 180-Hz low-pass digital filter,
and acceleration versus time curves for the longitudinal, lateral, and vertical directions are
plotted using TRAP.

TRAP uses the data from the yaw, pitch, and roll rate transducers to compute angular
displacement in degrees at 0.0001-s intervals, and then plots yaw, pitch, and roll versus
time. These displacements are in reference to the vehicle-fixed coordinate system with the initial
position and orientation being initial impact. Rate of rotation data is measured with an expanded
uncertainty of £0.7 percent at a confidence factor of 95 percent (k =2).

4.3.2. Anthropomorphic Dummy Instrumentation

An Alderson Research Laboratories Hybrid II, 50th percentile male anthropomorphic
dummy, restrained with lap and shoulder belts, was placed in the front seat on the impact side of
impact of the 1100C vehicle. The dummy was not instrumented.

According to MASH, use of a dummy in the 2270P vehicle is optional, and no dummy
was used in the related tests.

TR No. 609971-01 18 2023-06-01



4.3.3. Photographic Instrumentation Data Processing

Photographic coverage of each test included three digital high-speed cameras:

¢ One located overhead with a field of view perpendicular to the ground and directly
over the impact point.

e One placed upstream from the installation at an angle to have a field of view of the
interaction of the rear of the vehicle with the installation.

e A third placed with a field of view parallel to and aligned with the installation at the
downstream end.

A flashbulb on the impacting vehicle was activated by a pressure-sensitive tape switch to
indicate the instant of contact with the MGS guardrail with critical flare. The flashbulb was
visible from each camera. The video files from these digital high-speed cameras were analyzed
to observe phenomena occurring during the collision and to obtain time-event, displacement, and
angular data. A digital camera recorded and documented conditions of each test vehicle and the
installation before and after the test.
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Chapter 5. MASHTEST 3-10 (CRASH TEST NO. 609971-01-1)

5.1. TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS

See Table 5.1 for details on MASH impact conditions and Table 5.2 for the exit
parameters for Test 609971-01-1. Figure 5.1 and Figure 5.2 depict the target impact setup.

Table 5.1. Impact Conditions for MASH Test 3-10, Crash Test No. 609971-01-1.

Test Parameter Specification Tolerance Measured

Impact Speed (mi/h) 62 +2.5 61.8

Impact Angle (deg) 25 +1.5 24.8 (32.8 to the flare)
Vehicle Inertial Weight (Ib) | 2,420 +55 2,440

Impact Severity (kip-ft) 51 >51 54.8 (91.4 to the flare)
et o st 12 vy | 07 e of

Table 5.2. Exit Parameters for MASH Test 3-10, Crash Test No. 609971-01-1.

Exit Parameter Measured

Speed (mi/h) N/A

Trajectory (deg) N/A

Heading (deg) N/A

Brakes applied post impact (s) | Brakes not applied

Vehicle at rest position

93 ft downstream of impact point
25 ft to the field side

95 degrees left

Comments:

Vehicle rolled once and came to rest on its tires
Vehicle did not cross exit box?
Vehicle penetrated through the guardrail

Note: N/A = not applicable.

2 Not less than 32.8 ft downstream from loss of contact for cars and pickups is optimal.
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Figure 5.2. MGS Guardrail with Flare/Test Vehicle Impact Location for Test 609971-01-1.
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5.2.  WEATHER CONDITIONS

Table 5.3 provides the weather conditions for Test 609971-01-1.

Table 5.3. Weather Conditions for Test 609971-01-1.

Date of Test 04-22-2019 AM
Wind Speed (mi/h) 8

Wind Direction (deg) 120
Temperature (°F) 72

Relative Humidity (%) 82

Vehicle Traveling (deg) 195

5.3. TEST VEHICLE

Figure 5.3 and Figure 5.4 show the 2008 Kia Rio used for the crash test. Table 5.4 shows
the vehicle measurements. Figure C.1 in Appendix C.1 gives additional dimensions and
information on the vehicle.

Figure 5.3. Impact Side of Test Vehicle before Test 609971-01-1.
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Figure 5.4. Opposite Impact Side of Test Vehicle before Test 609971-01-1.

Table 5.4. Vehicle Measurements for Test 609971-01-1.

Test Parameter MASH Allowed Measured
Tolerance

Dummy (if applicable)? (Ib) 165 N/A 165
Gross Static® (1b) 2,585 +25 2,605
Wheelbase (inches) 98 +5 98.8
Front Overhang (inches) 35 +4 33
Overall Length (inches) 169 +8 165.8
Overall Width (inches) 65 +3 66.4
Hood Height (inches) 28 +4 27
Track Width® (inches) 59 +2 57.7
CG aft of Front Axle® (inches) 39 +4 35.6
CG above Ground®! (inches) N/A N/A N/A

2 If a dummy is used, the gross static vehicle mass should be increased by the mass of the dummy.

b Average of front and rear axles.
¢ For test inertial mass.

42270P vehicle must meet minimum CG height requirement.
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5.4. TEST DESCRIPTION

Table 5.5 lists events that occurred during Test 609971-01-1. Figures C.3 through C.5 in
Appendix C.2 present sequential photographs during the test.

Table 5.5. Events during Test 609971-01-1.

Time (s) Events

0.0000 Vehicle contacted the barrier

0.0130 Posts 11 and 12 began to deflect toward field side
0.0360 Vehicle began to redirect

0.0450 Posts 10 and 13 began to rotate toward the impact point
0.0600 Rail disconnected from blockout on post 12

0.0860 Guardrail at Post 12 bolt hole began to rupture

0.1000 Guardrail completely ruptured

0.2860 Entire vehicle was on the field side of the test article

5.5. DAMAGE TO TEST INSTALLATION

The W-beam guardrail ruptured at post 12 and released from post 11 through post 17.
The soil was disturbed at posts 1 and 2, post 11 was leaning toward the field side at 2 degrees
from vertical, and posts 12 and 13 were leaning toward the field side at 75 degrees from vertical
and downstream at 5 degrees from vertical. Post 14 was leaning downstream at 17 degrees from
vertical and toward the field side at 2 degrees from vertical. Table 5.6 describes the damage to
the MGS guardrail with flare. Figure 5.5 and Figure 5.6 show the damage to the MGS guardrail
with flare.

Table 5.6. Damage to MGS Guardrail with Flare for Test 609971-01-1.

Test Parameter Measured

Permanent Deflection/Location N/A (vehicle broke through guardrail)
Dynamic Deflection N/A (vehicle broke through guardrail)
Working Width* and Height N/A (vehicle broke through guardrail)

2 Per MASH, “The working width is the maximum dynamic lateral position of any major part of the system or
vehicle. These measurements are all relative to the pre-impact traffic face of the test article.” In other words,
working width is the total barrier width plus the maximum dynamic intrusion of any portion of the barrier or test
vehicle past the field side edge of the barrier.
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Figure 5.6. MGS Guardrail with Flare after Impact for Test 609971-01-1.

5.6. DAMAGE TO TEST VEHICLE

Figure 5.7 and Figure 5.8 show the damage sustained by the vehicle. Figure 5.9 and
Figure 5.10 show the interior of the test vehicle. Table 5.7 and Table 5.8 provide details on the
occupant compartment deformation and exterior vehicle damage. Figure C.2 in Appendix C.1
provides exterior crush measurements.
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Figure 5.7. Impact Side of Test Vehicle after Test 609971-01-1.

Figure 5.8. Front View of the Test Vehicle after Test 609971-01-1.
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Figure 5.10. Interior of Test Vehicle on Impact Side after Test 609971-01-1.
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Table 5.7. Occupant Compartment Deformation for Test 609971-01-1.

Test Parameter Specification Measured?
Roof <4.0 inches N/A
Windshield <3.0 inches N/A
A and B Pillars <5.0 overall/<3.0 inches lateral N/A
Foot Well/Toe Pan <9.0 inches N/A
Floor Pan/Transmission Tunnel | <12.0 inches N/A
Side Front Panel <12.0 inches N/A
Front Door (above Seat) <9.0 inches N/A
Front Door (below Seat) <12.0 inches N/A

2 Due to the test failure from the vehicle rollover, no measurements were taken of the occupant compartment.

Table 5.8. Exterior Vehicle Damage for Test 609971-01-1.

Side Windows Shattered due to vehicle roll
Maximum Exterior Deformation | 9 inches at front bumper
VDS 1RFQ5

CDC 01FRES3

Fuel Tank Damage None

Description of Damage to
Vehicle:

The front bumper, hood, grill, radiator and support, right fender,
right tire and rim, right front door and glass, right A pillar, right rear
door, right rear tire and rim, and left front fender were damaged.
Damage to the windshield was caused by the flexing of the vehicle
body during impact, not from contact with the test article.
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5.7. OCCUPANT RISK FACTORS

Data from the accelerometers were digitized for evaluation of occupant risk, and the
results are shown in Table 5.9. Figure C.6 in Appendix C.3 shows the vehicle angular
displacements, and Figures C.7 through C.9 in Appendix C.4 show acceleration versus time

traces.

Table 5.9. Occupant Risk Factors for Test 609971-01-1.

Test Parameter MASH Measured | Time
<
OIV, Longitudinal (ft/s) }4;008 21.8 at 0.1296 s on right side of interior
<40.0 . . o
OlV, Lateral (ft/s) 300 12.8 at 0.1296 s on right side of interior
. Ny <20.49
Ridedown, Longitudinal (g) 5.0 8.3 2.1006-2.1106 s
<
Ridedown, Lateral (g) _?2'29 9.4 2.0955-2.1055 s
Theoretical Head Impact . . o
Velocity (THIV) (m/s) N/A 7.0 at 0.1234 s on right side of interior
Acceleration Severity Index N/A 1.0 0.0570-0.1070 s
(ASI)
50-ms Moving Avg.
Accelerations (MA) N/A 8.5 0.0422-0.0922 s
Longitudinal (g)
50-ms MA Lateral (g) N/A 5.6 0.0426-0.0926 s
50-ms MA Vertical (g) N/A 4.7 0.0770-0.1270 s
Roll (deg) <75 393 2.9564 s
Pitch (deg) <75 26 2.2072 s
Yaw (deg) N/A 91 2.9733 s
2Values in italics are the preferred MASH values.
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TEST ARTICLE

Test Agency | Texas A&M Transportation Institute (TTI)
Test Standard/Test No. | MASH 2016, Test 3-10
TTI Project No. | 609971-01-1
Test Date | 2019-04-22

0.200

S

Type | Longitudinal Guardrail
Name | MGS Guardrail with Flare
Length | 181 ft 3 inches
0.000 s Key Materials | Steel, wood, crushed concrete
Soil Type and Condition | AASHTO M147-17 Grade B Crushed Limestone

TEST VEHICLE

IMPACT CONDITIONS

0.400

S

Impact Speed (mi/h)

Type/Designation | 1100C
Year, Make and Model | 2008 Kia Rio
Inertial Weight (Ib) | 2,440
Dummy (Ib) | 165
Gross Static (Ib) | 2,605

61.8

Impact Angle (deg)

24.8 (32.8 to the flare)

Impact Location

63.7 inches upstream of centerline of post 12

Impact Severity (kip-ft)
EXIT CONDITIONS
Exit Speed (mi/h)

54.8 (91.4 to the flare)

N/A

Trajectory/Heading Angle (deg)

N/A

Exit Box Criteria

Vehicle did not cross the line

Stopping Distance

TEST ARTICLE DEFLECTIONS

93 ft downstream
25 ft to the field side

VEHICLE DAMAGE
VDS

Dynamic (inches) | N/A
Permanent (inches) | N/A
Working Width/Height (inches) | N/A

IRFQS

CDC

01FRES3

Max. Ext. Deformation

9 inches at front bumper

Max Occupant Compartment

0.600 s Deformation 0 inches
Long. OIV (ft/s) 21.8 Long. Ridedown (g) 8.3 Max 50-ms Long. (g) 8.5 Max Roll (deg) 393
Lat. OIV (ft/s) 12.8 Lat. Ridedown (g) 9.4 Max 50-ms Lat. (g) 5.6 Max Pitch (deg) 26
THIV (m/s) 7.0 ASI 1.0 Max 50-ms Vert. (g) 4.7 Max Yaw (deg) 91
et 93 | :

Impact Angle

i

2w

Figure 5.11. Summary of Results for MASH Test 3-10 on MGS Guardrail with Flare.
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Chapter 6. MASHTEST 3-11 (CRASH TEST NO. 609971-03-1)

6.1. TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS

See Table 6.1 for details on MASH impact conditions and Table 6.2 for the exit
parameters for Test 609971-03-1. Figure 6.1 and Figure 6.2 depict the target impact setup.

Table 6.1. Impact Conditions for MASH Test 3-11, Crash Test No. 609971-03-1.

Test Parameter Specification Tolerance Measured

Impact Speed (mi/h) 62 +2.5 62.6

Impact Angle (deg) 25 +1.5 25.7 (30.9 to the flare)

Vehicle Inertial Weight (Ib) | 5,000 +110 5,047

Impact Severity (kip-ft) 106 >106 124.3 (174.4 to the flare)
45.5 inches .

Impact Location upstream of the +1 ft (12 inches) 44.8 1nphes upstream of the

. centerline of post 12

centerline of post 12

Table 6.2. Exit Parameters for MASH Test 3-11, Crash Test No. 609971-03-1.

Exit Parameter Measured
Speed (mi/h) N/A
Trajectory (deg) N/A
Heading (deg) N/A

Brakes applied post impact (s) | Brakes not applied

39 ft downstream of impact point
Vehicle at rest position 17 ft to the field side
15 degrees left

Comments: Vehicle rolled onto the passenger side and then back onto the tires
Vehicle did not cross exit box*
Vehicle penetrated through the guardrail

2 Not less than 32.8 ft downstream from loss of contact for cars and pickups is optimal.
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Figure 6.2. MGS Guardrail with Flare/Test Vehicle Impact Location for Test 609971-03-1.
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WEATHER CONDITIONS

Table 6.3 provides the weather conditions for Test 609971-03-1.

Table 6.3. Weather Conditions for Test 609971-03-1.

Date of Test 7-22-2019 AM
Wind Speed (mi/h) 2

Wind Direction (deg) 252
Temperature (°F) 87

Relative Humidity (%) 80

Vehicle Traveling (deg) 195

6.3. TEST VEHICLE

Figure 6.3 and Figure 6.4 show the 2013 RAM 1500 used for the crash test. Table 6.4
shows the vehicle measurements. Figure D.1 in Appendix D.1 gives additional dimensions and
information on the vehicle.

Figure 6.3. Impact Side of Test Vehicle before Test 609971-03-1.
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Figure 6.4. Opposite Impact Side of Test Vehicle before Test 609971-03-1.

Table 6.4. Vehicle Measurements for Test 609971-03-1.

Test Parameter MASH Allowed Measured
Tolerance
Dummy (if applicable)? (Ib) 165 N/A N/A
Gross Static® (Ib) 5,000 +110 5,047
Wheelbase (inches) 148 +12 140.5
Front Overhang (inches) 39 +3 40
Overall Length (inches) 237 +13 227.5
Overall Width (inches) 78 +2 78.5
Hood Height (inches) 43 +4 46
Track Width® (inches) 67 +1.5 68.3
CG aft of Front Axle® (inches) 63 +4 59.6
CG above Ground®! (inches) 28 >28 28.3

2 If a dummy is used, the gross static vehicle mass should be increased by the mass of the dummy.

b Average of front and rear axles.
¢ For test inertial mass.

42270P vehicle must meet minimum CG height requirement.
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6.4. TEST DESCRIPTION

Table 6.5 lists events that occurred during Test 609971-03-1. Figures D.4 through D.6 in
Appendix D.2 present sequential photographs during the test.

Table 6.5. Events during Test 609971-03-1.

Time (s) Events

0.0000 Vehicle contacted barrier

0.0170 Post 12 began to lean toward field side
0.0220 Post 11 began to lean toward field side
0.0290 Post 13 began to lean toward field side
0.0340 Vehicle began to redirect

0.0550 Post 14 began to lean toward field side
0.0620 Post 11 began to twist clockwise
0.0860 Rail released from upstream posts
0.2450 Front left tire lifted off ground

0.3180 Rail released from downstream posts
0.3860 Vehicle was parallel with barrier

6.5. DAMAGE TO TEST INSTALLATION

The W-beam guardrail released from all posts. The sleeve at post 1 was deformed and
pulled downstream 1.25 inches at ground level. Posts 1 and 2 fractured at the top of the sleeves.
Post 11 was pushed back 1.5 inches at grade and rotated 45 degrees clockwise. Posts 12 to 14
were bent to the field side approximately 70 degrees and downstream 45 degrees, and the
blockouts were detached. Posts 15 to 17 were leaning downstream from 17 degrees to
72 degrees. The downstream DAT post 30 failed at the top of the sleeve.

Table 6.6 describes the damage to the MGS guardrail with flare. Figure 6.5 and
Figure 6.6 show the damage to the MGS guardrail with flare.

Table 6.6. Damage to MGS Guardrail with Flare for Test 609971-03-1.

Test Parameter Measured

Permanent Deflection/Location N/A (vehicle broke through guardrail)
Dynamic Deflection N/A (vehicle broke through guardrail)
Working Width?* and Height N/A (vehicle broke through guardrail)

2 Per MASH, “The working width is the maximum dynamic lateral position of any major part of the system or
vehicle. These measurements are all relative to the pre-impact traffic face of the test article.” In other words,
working width is the total barrier width plus the maximum dynamic intrusion of any portion of the barrier or test
vehicle past the field side edge of the barrier.
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Figure 6.6. MGS Guardrail with Flare after Test 609971-03-1.
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6.6. DAMAGE TO TEST VEHICLE

Figure 6.7 and Figure 6.8 show the damage sustained by the vehicle. Figure 6.9 and
Figure 6.10 show the interior of the test vehicle. Table 6.7 and Table 6.8 provide details on the
occupant compartment deformation and exterior vehicle damage. Figures D.2 and D.3 in
Appendix D.1 provide exterior crush and occupant compartment measurements.

Figure 6.8. Rear Impact Side of Test Vehicle after Test 609971-03-1.
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Figure 6.9. Overall Interior of Test Vehicle after Test 609971-03-1.

e g

Figure 6.10. Interior of Test Vehicle on Impact Side after Test 609971-03-1.
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Table 6.7. Occupant Compartment Deformation for Test 609971-03-1.

Test Parameter Specification Measured
Roof <4.0 inches 0 inches
Windshield <3.0 inches 0 inches
A and B Pillars <5.0 overall/<3.0 inches lateral 0 inches
Foot Well/Toe Pan <9.0 inches 0 inches
Floor Pan/Transmission Tunnel | <12.0 inches 0 inches
Side Front Panel <12.0 inches 0 inches
Front Door (above Seat) <9.0 inches 0 inches
Front Door (below Seat) <12.0 inches 0 inches

Table 6.8. Exterior Vehicle Damage for Test 609971-03-1.

Side Windows No damage

Maximum Exterior Deformation llliizi;;hes in the horizontal plane at the right front corner at bumper
VDS 1IRFQ4

CDC 01FRES3

Fuel Tank Damage None

Description of Damage to The front bumper, hood, grill, right front fender, right front tire and
Vehicle: rim, right upper and lower A arms and ball joints, right front door,

right A post, right C post, right rear cab corner, right rear exterior
bed, and rear bumper were damaged.
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6.7. OCCUPANT RISK FACTORS

Data from the accelerometers were digitized for evaluation of occupant risk, and the
results are shown in Table 6.9. Figure D.7 in Appendix D.3 shows the vehicle angular
displacements, and Figures D.8 through D.10 in Appendix D.4 show acceleration versus time
traces.

Table 6.9. Occupant Risk Factors for Test 609971-03-1.

Test Parameter MASH Measured | Time

OIV, Longitudinal (ft/s) <40.0 18.5 0.1458 s on left side of interior
30.0¢°

OlV, Lateral (ft/s) <40.0 13.8 0.1458 s on left side of interior
30.0

Ridedown, Longitudinal (g) <20.49 11.7 0.2761-0.2861 s
15.0

Ridedown, Lateral (g) <20.49 5.4 0.1544-0.1644 s
15.0

THIV (m/s) N/A 6.6 0.1385 s on left right of interior

ASI N/A 0.8 0.0772-0.1272 s

50-ms MA Longitudinal (g) N/A -7.9 0.2758-0.3258 s

50-ms MA Lateral (g) N/A -5.4 0.0482-0.0982 s

50-ms MA Vertical (g) N/A 2.3 1.6721-1.7221 s

Roll (deg) <75 103 2.0000 s

Pitch (deg) <75 12 1.4035 s

Yaw (deg) N/A 145 2.0000 s

?Values in italics are the preferred MASH values.

TR No. 619971-01 42 2023-06-01



TEST ARTICLE

Test Agency | Texas A&M Transportation Institute (TTI)
Test Standard/Test No. | MASH 2016, Test 3-11
TTI Project No. | 609971-03-1
Test Date | 7-22-2019

TEST VEHICLE

Type | Longitudinal Guardrail
Name | MGS Guardrail with Flare
Length | 181 ft 3 inches
Key Materials | Steel, wood, crushed concrete
Soil Type and Condition AASHTO M147-17 Type A Grade 2 Crushed

Limestone

IMPACT CONDITIONS

Impact Speed (mi/h)

Type/Designation | 2270P
Year, Make and Model | 2013 RAM 1500
Inertial Weight (Ib) | 5,047
Dummy (Ib) | N/A
Gross Static (Ib) | 5,047

62.6

Impact Angle (deg)

25.7 (30.9 to the flare)

Impact Location

44.8 inches upstream of the centerline of post 12

Impact Severity (kip-ft)
EXIT CONDITIONS
Exit Speed (mi/h)

124.3 (174.4 to the flare)

N/A

Trajectory/Heading Angle (deg)

N/A

Exit Box Criteria

Did not cross

Stopping Distance

TEST ARTICLE DEFLECTIONS

39 ft downstream
17 ft to the field side

VEHICLE DAMAGE
VDS

Dynamic (inches) | N/A
Permanent (inches) | N/A
Working Width/Height (inches) | N/A

1RFQ4

CDC

01FRES2

Max. Ext. Deformation

11 inches at the front bumper

Max Occupant Compartment
Deformation

OCCUPANT RISK VALUES

0 inches

Long. OIV (ft/s) 18.5 Long. Ridedown (g) 11.7 Max 50-ms Long. (g) -7.9 Max Roll (deg) 103
Lat. OIV (ft/s) 13.8 Lat. Ridedown (g) 54 Max 50-ms Lat. (g) -5.4 Max Pitch (deg) 12
THIV (m/s) 6.6 ASI 0.8 Max 50-ms Vert. (g) 2.3 Max Yaw (deg) 145
39' — ¥ S
=%
) B

Impact Angle -

Figure 6.11. Summary of Results for MASH Test 3-11 on MGS Guardrail with Flare.
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Chapter 7. MASHTEST 3-11 (CRASH TEST NO. 609971-03-2)

7.1. TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS

See Table 7.1 for details on MASH impact conditions and Table 7.2 for the exit
parameters for Test 609971-03-2. Figure 7.1 and Figure 7.2 depict the target impact setup.

Table 7.1. Impact Conditions for MASH Test 3-11, Crash Test No. 609971-03-2.

Test Parameter Specification Tolerance Measured

Impact Speed (mi/h) 62 +2.5 60.3

Impact Angle (deg) 25 +1.5 24.5 (29.7 to the flare)

Vehicle Inertial Weight (Ib) | 5,000 +110 5,019

Impact Severity (kip-ft) 106 >106 104.9 (149.8 to the flare)
45.5 inches .

Impact Location upstream of the +1 ft (12 inches) 41.5 1nphes upstream of the

. centerline of post 14

centerline of post 14

Table 7.2. Exit Parameters for MASH Test 3-11, Crash Test No. 609971-03-2.

Exit Parameter Measured
Speed (mi/h) N/A
Trajectory (deg) N/A
Heading (deg) N/A

Brakes applied post impact (s) | 4.1s

86 ft downstream of impact point
Vehicle at rest position 15 ft to the field side
45 degrees right

Comments: Vehicle remained upright
Vehicle penetrated through the guardrail
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Figure 7.2. MGS Guardrail with Flare/Test Vehicle Impact Location for Test 609971-03-2.
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7.2. WEATHER CONDITIONS
Table 7.3 provides the weather conditions for Test 609971-03-2.

Table 7.3. Weather Conditions for Test 609971-03-2.

Date of Test 03-18-2020 PM
Wind Speed (mi/h) 10

Wind Direction (deg) 142
Temperature (°F) 80

Relative Humidity (%) 78

Vehicle Traveling (deg) 195

7.3. TEST VEHICLE

Figure 7.3 and Figure 7.4 show the 2014 RAM 1500 used for the crash test. Table 7.4
shows the vehicle measurements. Figure E.1 in Appendix E.1 gives additional dimensions and
information on the vehicle.

Figure 7.3. Impact Side of Test Vehicle before Test 609971-03-2.
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Figure 7.4. Opposite Impact Side of Test Vehicle before Test 609971-03-2.

Table 7.4. Vehicle Measurements for Test 609971-03-2.

Test Parameter MASH Allowed Measured
Tolerance

Dummy (if applicable)® (1b) 165 N/A N/A
Gross Static? (1b) 5,000 +110 5,019
Wheelbase (inches) 148 +12 140.5
Front Overhang (inches) 39 +3 40
Overall Length (inches) 237 +13 227.5
Overall Width (inches) 78 +2 78.5
Hood Height (inches) 43 +4 46
Track Width® (inches) 67 £1.5 68.3
CG aft of Front Axle® (inches) 63 +4 59.5
CG above Ground®! (inches) 28 >28 29

2 If a dummy is used, the gross static vehicle mass should be increased by the mass of the dummy.
b Average of front and rear axles.

¢ For test inertial mass.

42270P vehicle must meet minimum CG height requirement.
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7.4. TEST DESCRIPTION

Table 7.5 lists events that occurred during Test 609971-03-2. Figures E.4 and E.5 in
Appendix E.2 present sequential photographs during the test.

Table 7.5. Events during Test 609971-03-2.

Time (s) Events

0.0000 Vehicle contacted barrier

0.0030 Post 13 and 14 began to lean toward field side

0.0310 Post 15 began to lean toward field side

0.0320 Vehicle began to redirect

0.0350 Post 12 began to rotate clockwise

0.2440 Rail next to front right quarter panel of truck began to rupture
0.2630 Rail next to front right quarter panel of truck completely ruptured
0.2680 Vehicle was parallel with barrier

7.5. DAMAGE TO TEST INSTALLATION

The right anchor post pulled downstream 1 inch, and the soil was disturbed at post 1. The
rail element released at post 8 until the end of the installation. Post 13 was pushed back
1" inches at grade. Posts 14—18 were leaning downstream at approximately 60 degrees from
vertical, with the blockouts missing. Posts 19-23 were also leaning downstream at approximately
60 degrees from vertical, but the blockouts remained intact. Posts 18-21 showed impact damage
on the field-side flange, and post 19 had a tear on the field-side flange as well. The rail and head
released from and pushed the anchor posts downstream 7 ft. Post 31 was leaning 10 degrees
downstream from vertical. The rail ruptured 20 inches upstream of the joint between posts 16
and 17.

Table 7.6 describes the damage to the MGS guardrail with flare. Figure 7.5 and
Figure 7.6 show the damage to the MGS guardrail with flare.

Table 7.6. Damage to MGS Guardrail with Flare for Test 609971-03-2.

Test Parameter Measured

Permanent Deflection/Location N/A (vehicle broke through guardrail)
Dynamic Deflection N/A (vehicle broke through guardrail)
Working Width* and Height N/A (vehicle broke through guardrail)

2 Per MASH, “The working width is the maximum dynamic lateral position of any major part of the system or
vehicle. These measurements are all relative to the pre-impact traffic face of the test article.” In other words,
working width is the total barrier width plus the maximum dynamic intrusion of any portion of the barrier or test
vehicle past the field side edge of the barrier.
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Figure 7.6. MGS Guardrail with Flar

e after Test 609971-03-2.
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7.6. DAMAGE TO TEST VEHICLE

Figure 7.7 and Figure 7.8 show the damage sustained by the vehicle. Figure 7.9 and
Figure 7.10 show the interior of the test vehicle. Table 7.7 and Table 7.8 provide details on the
occupant compartment deformation and exterior vehicle damage. Figures E.2 and E.3 in
Appendix E.1 provide exterior crush and occupant compartment measurements.

77

TR No. 619971-01 51 2023-06-01



Figure 7.10. Interior of Test Vehicle on Impact Side after Test 609971-03-2.
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Table 7.7. Occupant Compartment Deformation for Test 609971-03-2.

Test Parameter Specification Measured
Roof <4.0 inches 0 inches
Windshield <3.0 inches 0 inches
A and B Pillars <5.0 overall/<3.0 inches lateral 0 inches
Foot Well/Toe Pan <9.0 inches 0 inches
Floor Pan/Transmission Tunnel | <12.0 inches 0 inches
Side Front Panel <12.0 inches 0 inches
Front Door (above Seat) <9.0 inches 0 inches
Front Door (below Seat) <12.0 inches 0 inches

Table 7.8. Exterior Vehicle Damage for Test 609971-03-2.

Side Windows No damage

Maximum Exterior Deformation lll(e)ig;;hes in the horizontal plane at the right front corner at bumper

VDS 1IRFQ4

CDC 01FRES3

Fuel Tank Damage None

Description of Damage to The front bumper, hood, grill, radiator and support, right front

Vehicle: fender, right front tire and rim, and right front and rear doors were
damaged.
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7.7.  OCCUPANT RISK FACTORS

Data from the accelerometers were digitized for evaluation of occupant risk, and the
results are shown in Table 7.9. Figure E.6 in Appendix E.3 shows the vehicle angular
displacements, and Figures E.7 through E.9 in Appendix E.4 show acceleration versus time
traces.

Table 7.9. Occupant Risk Factors for Test 609971-03-2.

Test Parameter MASH Measured | Time

OIV, Longitudinal (ft/s) <40.0 18.7 0.1555 s on right side of interior
30.0¢°

OlV, Lateral (ft/s) <40.0 13.9 0.1555 s on right side of interior
30.0

Ridedown, Longitudinal (g) <20.49 4.8 0.1901-0.2001 s
15.0

Ridedown, Lateral (g) <20.49 5.0 0.2219-0.2319 s
15.0

THIV (m/s) N/A 6.7 0.1474 s on right side of interior

ASI N/A 0.6 0.0805-0.1305 s

50-ms MA Longitudinal (g) N/A -53 0.0640-0.1140 s

50-ms MA Lateral (g) N/A —4.1 0.1823-0.2323 s

50-ms MA Vertical (g) N/A -1.9 0.4240-0.4740 s

Roll (deg) <75 9 1.2582's

Pitch (deg) <75 6 1.9605 s

Yaw (deg) N/A 194 2.0000 s

?Values in italics are the preferred MASH values.

TR No. 619971-01 54 2023-06-01



Test Agency | Texas A&M Transportation Institute (TTI)
Test Standard/Test No. | MASH 2016, Test 3-11
TTI Project No. | 609971-03-2
Test Date | 03-18-2020

TEST ARTICLE

Type | Longitudinal Guardrail
Name | MGS Guardrail with Flare
Length | 201 ft 7 inches
0.000 s Key Materials | Steel, wood, crushed concrete

AASHTO M147-17 Type A Grade 2

Soil Type and Condition Crushed Limestone

TEST VEHICLE

Type/Designation | 2270P
Year, Make and Model | 2014 RAM 1500
Inertial Weight (Ib) | 5019
Gross Weight (Ib) | 5019
IMPACT CONDITIONS
Impact Speed (mi/h) | 60.3
Impact Angle (deg) | 24.5 (29.7 to the flare)

0.200 s

41.5 inches upstream of the centerline of
post 14

Impact Severity (kip-ft) | 104.9 (149.8 to the flare)
EXIT CONDITIONS

Impact Location

Exit Speed (mi/h) | N/A
Trajectory/Heading Angle (deg) | N/A
Exit Box Criteria | Did not cross

86 ft downstream
15 ft to the field side

Stopping Distance

TEST ARTICLE DEFLECTIONS
Dynamic (inches) | N/A

Permanent (inches) | N/A

Working Width/Height (inches) | N/A
VEHICLE DAMAGE

VDS | 1RFQ4
CDC | OIFRES3
Max. Ext. Deformation | 10 inches at the front bumper

0.600 s Max Occupant Compartment Deformation | 0 inches

OCCUPANT RISK VALUES

Long. OIV (ft/s) 18.7 Long. Ridedown (g) 4.8 Max 50-ms Long. (g) —5.3 | Max Roll (deg) 9
Lat. OLV (ft/s) 13.9 Lat. Ridedown (g) 5.0 Max 50-ms Lat. (g) —4.1 Max Pitch (deg) 6
THIV (m/s) 6.7 ASI 0.6 Max 50-ms Vert. (g) -1.9 Max Yaw (deg) 194
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Figure 7.11. Summary of Results for MASH Test 3-11 on MGS Guardrail with Flare.
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Chapter 8. FINITE ELEMENT ANALYSIS

After the completion of the testing program, and considering the testing results, the
research team decided to utilize finite element (FE) computer modeling and simulations to
investigate the predictability of the MGS’s crashworthiness when implemented at different flare
rates and impacted at TL-3 impact conditions.

Researchers investigated two general situations in parallel: (a) the MGS implemented at
shallower flare rates than those already failed under the testing program, and (b) the MGS
modified/retrofitted and implemented at different flare rates. For both general cases, a predictive
analysis was conducted for impacts at MASH TL-3 conditions.

In the full-scale testing, MGS rail rupture under the higher impact severity and vehicle
interaction during impact was the leading cause for system crashworthiness failure. The biggest
challenge when evaluating the FE computer simulation impact results was to develop an
alternate method for predicting MGS W-beam rail rupture. While utilization of element erosion
was an option, this method was not prioritized due to lack of robustness under multiple
predictive modeling and impact condition changes. Conclusions were ultimately made with
consideration of the recorded vehicle interaction with the system, lateral deflection of the system
during impact, predicted rail stresses/strains, and recorded occupant risk values and vehicle
stability. Specifically, the lateral deflection of the system was considered an indication of
potential pocketing of the vehicle, which in turn could cause excessive loading on the W-beam
railing and ultimate failure.

8.1. FINITE ELEMENT MODELING AND ANALYSIS

This section presents the finite element analysis results. FE models for a vehicle and
system were developed and/or modified for a detailed crashworthiness analysis using LS-DYNA
to the considered TL-3 impact conditions.

8.1.1. Finite Element Model Validation

To validate the FE model, an FE dynamic impact simulation was conducted and
compared to a full-scale crash test (Test No. 609971-03-2). Based on the details of the tests as
described in Chapter 7, the FE model was developed and set up with the same conditions as the
test. As described previously, the W-beam ruptured during the crash test, but the FE model did
not include failure of the W-beam to maintain numerical stability. Therefore, in order to properly
compare and validate the FE model, the simulation results were compared with the test only
before the rail rupture.

An FE model of a 2018 RAM pickup truck was used to represent a MASH 2270P vehicle.
Figure 8.1 shows the FE RAM model developed by the Center for Collision Safety and Analysis
(CCSA) at George Mason University (4). The model was designed to have suspension failure
and tire deflation to represent actual damage on the vehicle.
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(a) Front View (b) Isometric View
Figure 8.1. RAM Model Used for FE Simulation.

The actual test parameters were used for the FE analysis. The actual impact speed and
angle were 60.3 mi/h and 24.5 degrees (to the roadway), resulting in a 29.7-degree orientation
angle to the MGS flare, and these values were used to set up the impact simulation. Figure 8.2
shows the impact simulation setup with the 11:1 flared MGS.

Figure 8.2. Simulation Setup under TL-3 Conditions.

Figure 8.3 shows the sequential photos taken from the full-scale test and simulation to
compare vehicular behavior. In the test, the W-beam rail ruptured at 0.2440 s after the vehicle
impacted the flared MGS. Figure 8.4 shows the detailed view right before and after the rail
rupture. Table 8.1 compares the vehicular behavior by showing the main event and the time of
event. Compared to the full-scale test, the FE model shows good agreement before the rail
ruptured.
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(a) Test

(b) Simulation
Figure 8.3. Sequential Overhead Frames of Pickup Truck under TL-3 Conditions.

0.24 sec 0.25 sec 0.26 sec

(a) Overhead View

(b) Rear View
Figure 8.4. Sequential Frames to Compare FE Simulation (Top) to Crash Testing (Bottom)
Immediately Leading to Rail Rupture Event.

Since the FE model was developed without W-beam rail failure, potential rail rupture was
investigated based on the rail strain. Figure 8.5 shows the ruptured rail after the test and the rail
strain after the impact simulation. Strain larger than 25 percent is shown in red, so the red
regions indicate potential rupture locations. In the impact simulation, the maximum strain was
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observed at the location similar to where the rail ruptured in the test. This result indicates that
although the FE model was not developed with a rail failure mode, the simulation result is
promising and may be assumed to be reliable to use for further investigation.

Table 8.1. Descriptive Comparison for Timestep.

Time of Event (s)
Event Test Simulation
Impacted the rail 0.0000 0.0000
First post deflection started 0.0030 0.0200
Vehicle redirected 0.0320 0.0550
Rail started to separate 0.2440 N/A
Rail separated completely 0.2630 N/A
Vehicle traveled parallel with barrier 0.2680 0.3050

Figure 8.5. Rail Rupture Experienced in Full-Scale Testing (Top) and Rail Strains
Recorded in FE Simulation (Bottom).

Table 8.2 lists the occupant risk factors for both the test and the simulation. The table
shows that the maximum occupant impact velocity was observed before rail rupture, while the
maximum ridedown acceleration was observed right after the rail started rupturing in the test and
the rail deflected most for both the test and the simulation.
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Table 8.2. Comparison of the Occupant Risk Factors (Test 609971-03-2 vs. FE Simulation).

Test 609971-03-2 Simulation
X 18.7 (0.1555 s) 7.4 (0.1630 s)
Occupant Impact Velocity (ft/s)
Y 13.9 (0.1555 s) 4.7 (0.1630 s)
X 4.8 (0.19-0.2 s) 8.5(0.18-0.19 s)
Ridedown Acceleration (g)
Y 5.0 (0.22-0.23 s) 9.0 (0.27-0.28 s)
Roll 8.9 4.76
Max. Angle (degrees) Pitch 5.6 1.06
Yaw 194.4 18.13
. . . C 52.9
Maximum Dynamic Lateral Rail Deflection (in.) (before rupture) 52.4

To investigate the behavior after 0.2440 s, the simulation result was also compared to
NCHRP 350 Test No. 2214MG-2 (5) conducted on the MGS (not flared) (see Figure 8.6).
Overall vehicle and system behavior followed the trend shown in the test. The maximum
dynamic deflection was 1,114 mm (43.9 inches) and 1,330 mm (52.4 inches), respectively, in the
test and the impact simulation. The maximum permanent deflection was 803 mm (31.6 inches)
and 955 mm (37.6 inches) in the test and the simulation, respectively. These results were
interpreted to indicate that the maximum dynamic rail deflection parameter to consider
appropriate for vehicle containment and redirection during the impact event were 52 inches and
close to 44 inches.

Figure 8.6. Sequential Frames Comparing FE Simulation on Flared MGS (Top) to
NCHREP 350 Test No. 2214MG-2 (Bottom) (5).

Based on the comparison, the FE model was considered and calibrated to a level that can
provide reliability for further flare rate investigation.

8.1.2. Design Options

This section provides the results recorded from FE simulations predicting impacts against
the MGS at various flare rates (shallower than 11:1, as implemented in the crash testing), as well
as against proposed retrofit MGS designs.
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82.1.1. Different Flare Rate Conditions

The following MGS flares shallower than the 11:1 rate were investigated without
retrofitting the existing MGS: 15:1, 18:1, and 21:1. Figure 8.7 shows the impact condition setup
for a pickup truck (2270P) model at each considered flare rate. The impact angle and speed were
set as 25 degrees and 62 mi/h, respectively. With different flare rates, the effective angles were
different.

(c) 21:1 flare rates (27.7 degrees)
Figure 8.7. Impact Conditions for Different MGS Flare Rates (Effective Angles).

Table 8.3 lists the occupant risk factors and the maximum lateral rail deflection results
from the simulated cases compared to the full-scale test results from the 11:1 flare rate case.
Specifically, the simulation impact against the MGS at a 15:1 flare rate shows a similar lateral
deflection behavior as the one recorded in the 11:1 full-scale test, when the rail rupture occurred
(52.8 inches for the 15:1 FE case vs. 52.9 inches in the 11:1 test case). When considering
shallower MGS flare rates, the maximum lateral rail deflections observed from FE simulations
were reduced to 49.2 inches and 48.4 inches for the 18:1 and 21:1 flare rates, respectively.
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Table 8.3. Simulation Results from FE Models of MGS with Different Flare Rates.

Flare Rate (Effective Angle) 11:1 (30.2°) 15:1 (28.8°) 18:1(28.4°) 21:1 (27.7°)
Vehicle Model S L - = \’ &
Pickup Truck Pickup Truck Pickup Truck Pickup Truck Small Car
Occupant X 18.7 23.4 23.6 24.0 20.7 42.0
Impact
Velocity (ft/s) | Y 13.9 15.4 14.8 13.1 14.8 14.4
Ridedown X 4.8 8.5 13.8 14.3 10.7 21.1
Occupant| Acceleration
Risk (2) Y 5.0 9.0 13.8 7.0 9.1 18.0
Factors
Roll 8.9 4.76 8.8 3.1 10.2 19.5
Max. Angle 1p;¢ch 5.6 1.06 9.2 5.9 3.1 5.9
(degrees)
Yaw 194.4 18.13 56.2 54.1 57.9 85.7
Maximum Dynamic Lateral | 52.9 (before rail
Rail Deflection (in.) rupture) 524 528 49.3 484 34.6




The system with a 21:1 flare rate was also investigated with the small passenger car
(1100C) FE model. The maximum ridedown acceleration recorded from the simulated case of
the small passenger car impacting the MGS at a 21:1 flare rate exceeded the MASH limit of
20.49 g. While there have been indications that the available small passenger car FE model
might overpredict occupant risk during an impact in other conducted research studies, it is
concerning to have such a high value. It is also important to note that suspension failure was not
applied for the investigation through this simulation. Application of suspension failure is
recommended for further investigation, although a validated suspension failure model is not yet
available and such investigation was beyond the scope of this research.

Based on overall simulation results, the MGS behavior did not seem to show much
difference in terms of dynamic lateral deflection and vehicle interaction when impacted at
different flare rates (between the 11:1 and 21:1 flare rates). It is especially concerning that the
lateral deflection was not further contained significantly when shallower flares were considered,
at least based on the FE results. This finding could indicate the potential for vehicle pocketing
and eventually rail rupture, as happened in the failed crash test.

While validating these results through full-scale testing is suggested to allow researchers
to have more data points to work with, particularly given the very limited flared MGS testing
conducted under MASH conditions, the researchers decided to investigate MGS retrofit options
to pair with the flare condition implementation.

8.2.1.2. Retrofitting Options

Figure 8.5 in the previous section illustrated a photo of the W-beam rail rupture
experienced during the full-scale testing of the 11:1 flared MGS. In the same figure, a frame
from the FE simulation shows the W-beam rail strains recorded during the simulated impact
event with the same impact conditions. The FE simulation indicated the presence of localized
higher strains, which seemed to be located at the bottom edge of the rail. This result could be an
indication of increased stress/strain due to blockout contact, although it is not clear whether that
could have created the rail rupture during the full-scale test.

Therefore, the first considered retrofit flared MGS option was to include “short”
blockouts to prevent rail high concentration stresses and potential tearing due to direct
contact/interaction between the blockout and the rail. Use of short blockouts that were 10 inches
high and 8 inches deep was successful in previous MGS design/testing, such as in the MGS with
half-post spacing (6). Therefore, it was decided to utilize the short blockout and pair it with half-
post spacing (37"2-inch post spacing) to investigate the crashworthiness of the flared MGS. This
combination of system design changes was chosen to limit the lateral deflection of the system
during impact and limit rail stress concentrations due to blockout interaction, with the ultimate
goal of reducing the probability of vehicle pocketing and rail rupture during the event.

Figure 8.8 presents the details of the short blockout system. The figure shows the post
spacing, blockout geometry, and rail connections used for Test No. 610211-6 (6), and the same
geometrical characteristics were adopted for the MGS flared system.
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(a) Details of half-post spacing and short blockout used for MASH Test No. 610211-6 (6)

(b) Half-post spacing and short blockout in FE model
Figure 8.8. Details of Half-Post Spacing and Short Blockout.

Simulations were conducted to predict the retrofit flared MGS behavior under impacts at
MASH TL-3 conditions. Table 8.4 summarizes the results from the simulations, reporting
occupant risk factors and maximum rail deflection for each simulated case. For the half-post
spacing system, a flare rate of 11:1 was adopted. As expected, the rail lateral deflection was
significantly reduced when compared to the one recorded with the system with regular post
spacing. Also as expected, however, occupant risks, maximum occupant impact velocity, and
ridedown acceleration were higher than those recorded with the regular post spacing due to the
increased system stiffness from the added posts.

The same system design was also investigated with a 15:1 flare rate, showing anticipated
improvement in terms of both rail deflection and occupant risks given the shallower flare rate. In
the 15:1 flare rate retrofit system with the small passenger car, however, the recorded ridedown
acceleration result was higher than the allowable MASH limit. Therefore, additional investigation
was conducted with a flare rate of 18:1 for the same system. Under passenger car impact, while
the occupant risk improved, the ridedown acceleration peaked to 20.3 g, which was still too close
to the MASH allowed limit of 20.49 g.
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Table 8.4. Simulation Results for Flared Half-Post Spacing MGS with Short Blockout.

Flare Rate 11:1 (30.2°) 15:1 (28.8°) 18:1 (28.4°)
Vehicle Model Pickup Truck Pickup Truck Small Car Small Car

Occupant Impact| X 29.9 22.3 47.2 394
Velocity (ft/s) Y 17.7 16.4 18.0 14.1
Occupant Ridedown X 17.1 11.0 23.8 20.3
Risk | Acceleration(g)| Y 12.4 10.3 11.3 16.1
Factors Max. Angle Roll 15.8 6.8 14.0 10.9
(degrees) Pitch 7.4 2.3 6.2 6.1
Yaw 58.0 40.7 33.6 41.3
Maximum Rail Deflection (in.) 33.5 33.1 23.8 24.2

As a next step to reduce the ridedown acceleration, a rubrail was added to a short
blockout (10-inch height) MGS with regular post spacing of 75 inches. A typical C6x8 steel
channel was used as a rubrail and installed to have a 12-inch distance from the top of the channel
to the ground. Figure 8.9 illustrates the elevation view of the short blockout MGS with a channel
rubrail.

Short Blockout (10 in.)

I 75 in. I

12 in.

1121in.

h\ 4

\ ¥
¥ Channel Rubrail {

Figure 8.9. Short Blockout Flared MGS Retrofitted with Channel Rubrail.

Based on the previous simulations, the flared MGS at 15:1 and 18:1 flares improved
vehicular behavior and structural behavior, as well as reduced the maximum rail deflection
compared to the 11:1 flared MGS. Therefore, the flare rates of 15:1 and 18:1 were adopted for
the retrofitted MGS. Once the simulation results indicated that a flared MGS retrofitted with a
rubrail was able to stably redirect the pickup truck model, small car simulations were performed.

Table 8.5 lists the occupant risk factors and the maximum dynamic W-beam rail
deflection. Overall, the flared MGS retrofitted with a channel rubrail was able to improve the
structural behavior. The maximum rail deflection was reduced, and occupant risk factors met
MASH evaluation criteria. However, a clear trend was not found when comparing the systems
with 15:1 and 18:1 flares. Therefore, performing parametric simulations to find the most critical
flare rates and impact point was needed.
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Table 8.5. Simulation Results for Short Blockout Flared MGS with Channel Rubrail.

Flare Rate 15:1 (28.8°) 18:1 (28.4°)
Vehicle Model Pickup Truck | Small Car | Pickup Truck | Small Car
Occupant Impact X 18.4 38.7 20.3 36.7
Velocity (ft/s) Y 16.1 22.3 16.1 23.0
Occupant Ridedown X 10.4 13.1 12.8 12.2
Risk Acceleration (g) Y 11.2 9.8 9.7 11.7
Factors Roll 15.8 9.5 4.4 6.2
Max. Angle Pitch 115 8.5 8.4 4.9
(degrees)
Yaw 37.7 48.2 34.7 50.9
Maximum Dynamic Lateral Rail Deflection (in.) 45.3 24.6 48.0 25.5

To investigate the CIP, the vehicular and structural behaviors of the system were
evaluated after impacting three different points: (a) 2 ft upstream from a post; (b) at the middle
of the W-beam (mid-span); and (c) at a post. Table 8.6 lists the occupant risk factors and
maximum dynamic rail deflection for the pickup truck impacting at each CIP. For the flared
MGS at a 15:1 rate, impacting 2 ft upstream from a post was most critical based on the overall
behavior of the system. For the system flared at an 18:1 rate, impacting a post was most critical
based on the overall behavior of the system. Figure 8.10 shows the CIP for the flared MGS
retrofitted with a channel rubrail. Figure 8.11 and Figure 8.12 show the sequential frames for the
most critical impact simulation for the pickup truck on the system at 15:1 and 18:1 flare rates,
respectively.

Table 8.6. CIP Investigation for the Pickup Truck (2270P).

Flare Rate 15:1 (28.8°) 18:1 (28.4°)
CIP 2 ft upstream | Mid- At post 2 ft upstream At post | Mid-span
from post span from post
Occupant Impact X 22.3 18.4 21.3 24.9 20.3 19.4
Velocity (ft/s) Y 14.4 16.1 15.4 14.8 16.1 14.8
Occupant Ridedown X 11.7 10.4 10.0 11.9 12.8 11.6
Risk | Acceleration (g) Y 10.4 11.2 8.9 7.9 9.7 8.8
Factors Max. Anel Roll 17.4 15.8 10.0 6.7 4.4 18.6
ax- Ange [ pitch 45 115 | 104 9.6 84 | 113
(degrees)

Yaw 37.1 37.7 51.8 33.4 34.7 30.6
Maximum Lateral Rail Deflection (in.) 49.1 45.3 49.6 44.1 48.0 47.4

(a) CIP for 15:1 flared MGS (b) CIP for 18:1 flared MGS

Figure 8.10. CIPs for Pickup Truck Impacting Flared MGS Retrofitted with
Channel Rubrail.

TR No. 619971-01 67 2023-06-01



0.70 s 0.80 s

Figure 8.11. Sequential Frames for Pickup Truck Impact at CIP on 15:1 Flared MGS
Retrofitted with Channel Rubrail.
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0.00 s 0.05 s

0.10 s 0.20 s

0.30 s 0.40 s

0.50s 0.60s

0.70 s 0.80 s

Figure 8.12. Sequential Frames for Pickup Truck Impact at CIP on 18:1 Flared MGS
Retrofitted with Channel Rubrail.
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Table 8.7 shows the occupant risk factors and maximum dynamic rail deflection for the
small passenger car impacting at each CIP. For the MGS flared at both 15:1 and 18:1 rates,
impacting at the middle of the W-beam (mid-span) was found to be the most critical case based
on the overall behavior of the system. For the system flared at the 18:1 rate, impacting a post also
resulted in high ridedown acceleration but produced less maximum W-beam rail deflection
compared to the case impacting at mid-span. Figure 8.13 shows the CIP for the flared MGS
retrofitted with a channel rubrail. Figure 8.14 and Figure 8.15 show the sequential frames for the
most critical impact simulation for the small passenger car on the flared MGS at the 15:1 and
18:1 rates, respectively.

Table 8.7. CIP Investigation for Small Car (1100C).

Flare Rate 15:1 (28.8°) 18:1 (28.4°)
2 ft 2 ft
CIp Atpost | downstream | Mid-span | upstream At post Mid-span
from post from post
Occupant Impact| X 38.7 26.9 32.8 36.7 24.6 31.5
Velocity (ft/s) Y 22.3 27.6 25.9 23.0 24.0 25.6
Occupant Ridedown X 13.1 12.4 19.6 12.2 19.5 19.6
Risk Acceleration (g) | Y 9.8 12.2 7.2 11.7 12.3 7.3
Factors Roll 9.5 11.5 8.3 6.2 8.9 8.1
Max. Angle  Ipin| 855 5.1 5.6 4.9 76 55
(degrees)
Yaw | 482 53.4 50.1 50.9 493 50.1
Maximum Rail Deflection (in.) 24.6 25.6 25.6 25.5 21.6 26.8
- = -
— lh_ = L"‘dé/j J‘ﬁ — ;( 1 —4{_ — lr— V — l@%’_ _Jl:
(a) CIP for 15:1 flared MGS (b) CIP for 18:1 flared MGS

Figure 8.13. CIPs for Small Car Impacting Flared MGS with Channel Rubrail.
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0.00 s 0.05s

0.10s 0.15s

0.20 s 0.25s

0.30s 0.35s

Figure 8.14. Sequential Frames for Small Passenger Car Impact at CIP on 15:1 Flared
MGS Retrofitted with Channel Rubrail.
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0.00 s 0.05s

0.10s 0.15s

0.25s

0.30s 0.35s

Figure 8.15. Sequential Frames for Small Passenger Car Impact at CIP on 18:1 Flared
MGS Retrofitted with Channel Rubrail.

For the pickup truck FE simulations on the flared MGS retrofitted with a channel rubrail,
the passenger-side front tire rode on the rubrail, and when the vehicle was exiting, the tire went
beyond the rubrail, as shown in Figure 8.16. During this event, a numerical issue was also found,
showing a part of the tire element tangled with an edge of the channel rubrail element. However,
since the issue was detected after maximum occupant risk factors (e.g., occupant impact velocity

and ridedown acceleration) and rail deflection were observed, the numerical issue may not affect
the simulation results.
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(a) Tire Overriding Channel Rubrail

(b) Tire Tangling
Figure 8.16. FE Pickup Truck Tire Model Behavior.

Since resolving the numerical issue became a concern due to project resource (time and
budget) constraints, another simulation for each vehicle type impacting at CIP was performed on
the 18:1 flared MGS retrofitted with a channel rubrail. In addition to modifying a contact
command between the rubrail and the tire to resolve the numerical issue, the channel rubrail was
raised by 3 inches to have a 12-inch distance from the center of the channel to the ground. By
raising the rubrail, the gap between the W-beam and channel was decreased, which should
reduce the possibility of tire tangling.

Figure 8.17 describes the difference between the initial retrofitted MGS model and the
modified retrofitted model. As aforementioned, the vertical location of the channel increased by
3 inches. Figure 8.18 and Figure 8.19 show the close-up view and sequential frames,
respectively, for the modified FE pickup truck simulation results to illustrate the improvements.
As seen in the figures, the tire overrode the channel less, and it did not tangle with any MGS FE
model element. Without tire FE element tangling, the vehicle exited and redirected more
smoothly.
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Figure 8.17. Modified Channel Rubrail Location.

(a) Tire Overriding Channel Rubrail

(b) Vehicle Exiting
Figure 8.18. Modified FE Simulation with 18:1 Flared MGS Retrofitted with Channel
Rubrail.
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0.00s 0.05s

0.10 s 0.20 s

0.30 s 0.40 s

0.50s 0.60s

Figure 8.19. Sequential Frames for Pickup Truck Impact at CIP on Modified 18:1 Flared
MGS Retrofitted with Channel Rubrail.

To evaluate the modified retrofitted MGS model, a small car impact simulation was also

performed under the same TL-3 conditions. Figure 8.20 shows the sequential frames with the
small car behavior after impacting the CIP of the modified retrofitted MGS.
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0.30s 0.35s

Figure 8.20. Sequential Frames for Small Car Impact at CIP on Modified 18:1 Flared MGS
Retrofitted with Channel Rubrail.
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Table 8.8 lists the occupant risk factors and maximum lateral dynamic W-beam rail
deflection to compare the simulation results of the different channel rubrail heights. For both the

pickup truck and small car, the retrofitted MGS with the channel rubrail located higher improved
the overall system behavior.

Table 8.8. Comparison of Simulation Results for 18:1 Flared MGS Retrofitted
with Channel Rubrail with 12-inch Center-to-Ground Distance.

Vehicle Model Pickup Truck Small Car
Rubrail Height (Channel Top to Ground) 12 in. 15 in. 12 in. 15 in.
Occupant Impact X 20.3 19.7 32.8 21.7
Velocity (ft/s) Y 16.1 16.7 25.9 24.9
Ridedown X 12.8 9.6 19.6 13.1
OccupantRisk | Acceleration (g) Y 9.7 8.4 72 12.0
Factors
Roll 4.4 8.4 8.3 8.0
Max. Angle Pitch 8.4 9.8 5.6 24
(degrees)
Yaw 34.7 34.4 50.1 49.2
Maximum Dynamic Lateral Rail Deflection (in.) 48.0 42.7 26.8 26.2

To investigate performance of the system in steeper flare rate, another simulation for each
vehicle type impacting at CIP was performed on the 15:1 flared MGS retrofitted with a channel
rubrail. Figure 8.21 shows sequential frames, for the modified FE pickup truck. As seen in the
figures, without tire FE element issue, the vehicle exited and redirected more smoothly.

With better performance with a pickup truck, a small car impact simulation was also
performed under the same TL-3 conditions. Figure 8.22 shows the sequential frames with the
small car behavior after impacting the CIP of the modified retrofitted MGS.
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0.50 s 0.60 s

Figure 8.21. Sequential Frames for Pickup Truck Impact at CIP on Modified 15:1 Flared
MGS Retrofitted with Channel Rubrail.
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0.30s 0.35s

Figure 8.22. Sequential Frames for Small Car Impact at CIP on Modified 15:1 Flared MGS
Retrofitted with Channel Rubrail.
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Table 8.10 lists the occupant risk factors and maximum lateral dynamic W-beam rail
deflection to compare the simulation results of the different channel rubrail heights. For both the
pickup truck and small car, the retrofitted MGS with the channel rubrail located higher improved
the overall system behavior.

Table 8.9. Comparison of Simulation Results for 15:1 Flared MGS Retrofitted
with Channel Rubrail with 12-inch Center-to-Ground Distance.

Vehicle Model Pickup Truck Small Car

Rubrail Height (Channel Top to Ground) 12 in. 15 in. 12 in. 15 in.
Occupant Impact X 22.3 19.0 32.8 32.5

Velocity (ft/s) Y 14.4 15.7 25.9 17.4

Ridedown X 11.7 8.1 19.6 11.4

Occupant Risk | Acceleration (g) Y 10.4 9.7 7.2 13.5

Factors
Roll 17.4 12.5 8.3 5.7
Max. Angle Pitch 45 11.1 5.6 5.9
(degrees)
Yaw 37.1 46.7 50.1 55.0
Maximum Dynamic Lateral Rail Deflection (in.) 49.1 45.5 25.6 24.1

8.2. SUMMARY OF FINITE ELEMENT ANALYSIS

In this chapter, finite element computer modeling and simulations were conducted to
investigate predictability of the MGS system crashworthiness when implemented at different
flare rates and impacted at TL-3 impact conditions. Two general situations were investigated in
parallel: (a) the MGS implemented at shallower flare rates than those already failed under the
testing program, and (b) the MGS modified/retrofitted and implemented at different flare rates.
For both general cases, a predictive analysis was conducted for impacts at MASH TL-3
conditions. Summaries of the performed FE simulation results are included in Table 8.10 and
Table 8.11.

The impact behavior of MGS flares with shallower rates than 11:1, including 15:1, 18:1,
and 21:1, were investigated and found to not significantly reduce lateral deflection or vehicle
interaction compared to an 11:1 flare rate. This could indicate a potential for vehicle pocketing
and rail rupture, as seen in a failed crash test.

To address the potential for vehicle pocketing and rail rupture, retrofit options for the
MGS system were considered. The first option was to use short blockouts with half-post spacing
(37 inches) to prevent rail high concentration stresses and tearing due to direct contact between
the blockout and rail. This retrofit design aimed to reduce lateral deflection and rail stress
concentrations during impact to lower the likelihood of vehicle pocketing and rail rupture.

The half-post spacing system with short blockouts was evaluated with flare rates of 11:1
and 15:1 using a pickup truck, but the 11:1 system had increased occupant risks and ridedown
acceleration. The 15:1 system showed improvement in both rail deflection and occupant risks.
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The system was also evaluated with a small passenger car, but the recorded ridedown
acceleration was too high, so a flare rate of 18:1 was evaluated, which showed improved
occupant risks but still had a peak ridedown acceleration close to the MASH limit..

The study added a rubrail to a short blockout MGS with regular post spacing of 75 inches
to reduce the ridedown acceleration. The rubrail was a typical C6x8 steel channel installed 12
inches from the ground. Flare rates of 15:1 and 18:1 were investigated, and results showed that
the retrofitted MGS with a rubrail was able to stably redirect the impacting pickup truck model,
but there were numerical issues with the passenger car. Simulations were performed on the 18:1
flare rate retrofitted MGS with raising the rubrail height by 3 inches to reduce the gap between
the W-beam and the rubrail. The increased rubrail height prevented the vehicle's tire from
overriding the rubrail, which helped to contain and redirect the vehicle. This indicates that the
retrofit was successful in reducing ridedown acceleration and improving crashworthiness.

The simulation was conducted on the retrofitted flared MGS system with 15:1 flare rate
using a rubrail centered at 12 inches from the ground. The overall system behavior was
improved, with maximum rail deflection for the pickup truck simulation being reduced to 45.5
inches, close to the recorded value in the pickup truck full-scale test of the non-flared MGS.
Additionally, the ridedown acceleration for the small car simulation was reduced to 11.4 g.

Recommendations for future research include validating the obtained FE analysis results
through full-scale testing to verify the crashworthiness of the 15:1 flared, regular post-spacing
MGS with inclusion of shorter blockouts and a C6x8 steel channel centered at 12 inches from the
ground.
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Table 8.10. Summary of FE Analysis for Pickup Truck.

Flare Rate (Effective Angle) 11:1 (30.2°) 15:1 (28.8°) 18:1(28.4°) (2271 :710)
Channel Rubrail Channel Rubrail
Design Option Test | MGS }éal;l;f“ MGS }éal:'cl;‘l’“ MGS MGS
pacing PACNE | 155 | 151n. 12 in. 15 in.
Occupant X 187 | 234 | 299 | 236 | 223 | 223 | 190 | 240 | 203 19.7 20.7
Impact
Velocity (ft/s)| Y 139 | 154 17.7 14.8 16.4 144 | 157 | 13.1 16.1 16.7 14.8
Ridedown | X 48 | 85 17.1 13.8 11.0 117 | 8.1 14.3 12.8 9.6 10.7
Occupant) Acceleration
Risk (@ Y 50 | 9.0 12.4 13.8 10.3 104 | 97 7.0 97 8.4 9.1
Factors
Roll | 89 | 476 15.8 8.8 6.8 174 | 125 31 4.4 8.4 10.2
Max. Angle | pooh | 56 | 106 | 74 9.2 23 45 | 111 | 59 8.4 9.8 3.1
(degrees)
Yaw | 1944 | 1813 | 580 | 562 | 407 | 371 | 467 | 541 34.7 34.4 57.9
Maximum Dynamic Lateral Rail ¢, g | 554 | 335 | so8 | 331 | 49.1 | 455 | 493 | 455 427 48.4
Deflection (in.)

2 Before rail rupture.




Table 8.11. Summary of FE Analysis for Small Car.

Flare Rate (Effective Angle) 15:1 (28.8°) 18:1 (28.4°) (22,; :710)
Design Option Half—?ost Cl.lannel Rubral.l Half-Post Ch.annel Rubra1.1 MGS
Spacing 12 in. 15 in. Spacing 12 in. 15 in.
Occupant X 47.2 32.8 32.5 394 31.5 21.7 42.0
Impact
Velocity (ft/s)| Y 18.0 25.9 17.4 14.1 25.6 24.9 14.4
Ridedown X 23.8 19.6 11.4 20.3 19.6 13.1 21.1
Occupant| Acceleration
Risk (@ Y 11.3 7.2 13.5 16.1 7.3 12.0 18.0
Factors
Roll 14.0 8.3 5.7 10.9 8.1 8.0 19.5
Max. Angle | poeon | 62 56 5.9 6.1 55 24 5.9
(degrees)
Yaw | 33.6 50.1 55.0 41.3 50.1 49.2 85.7
Maximum Dynamic Lateral
Rail Deflection (in.) 23.8 25.6 24.1 24.2 24.1 26.2 34.6
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Chapter 9. SUMMARY AND CONCLUSIONS

9.1. ASSESSMENT OF TEST RESULTS

A flared strong-post W-beam guardrail system allows for the potential to reduce guardrail
installation lengths, which, in turn, would result in decreased guardrail construction and
maintenance costs, as well as reduced impact frequency. Stolle et al. (3) conducted a research
and test study to investigate the potential to increase flare rates for an MGS according to NCHRP
Report 350 criteria. The researchers conducted computer simulations and full-scale crash testing
that showed that the MGS could meet NCHRP Report 350 impact criteria when installed at a 5:1
flare rate. Impact severities during testing were found to be greater than intended, yet the MGS
passed all NCHRP 350 requirements. The researchers recommended that whenever a guardrail is
outside of the shy line for adjacent traffic, and the roadside terrain is sufficiently flat, flare rates
should be increased to as high as 5:1 when using the MGS guardrail.

NCHRP Report 350 testing and evaluation criteria were superseded by MASH, which was
developed to incorporate significant changes and additions to procedures for safety-performance
evaluation as well as updates reflecting the changing character of the highway network and the
vehicles using it. For example, MASH increased the weight of the pickup truck design test
vehicle from 4,409 1b to 5,000 1b, changed the body style from a %4-ton standard cab to a }4-ton
four-door, and imposed a minimum height for the vertical CG of 28 inches. The increase in
vehicle mass represents an increase in impact severity of approximately 13 percent for Test 3-11
with the pickup truck design test vehicle compared to the impact conditions of NCHRP Report
350. The increased impact severity may therefore result in increased impact forces and larger
lateral barrier deflections compared to NCHRP Report 350.

The impact conditions for the small car test have also changed. The weight of the small
passenger design test vehicle increased from 1,800 Ib to 2,420 1b, and impact angle increased
from 20 degrees to 25 degrees with respect to the roadway. These changes represent an increase
in impact severity of 105 percent for Test 3-10 with the small car design test vehicle compared to
the impact conditions of NCHRP Report 350. This increase in impact severity might result in
increased vehicle deformation and could possibly aggravate vehicle stability. Specifically, when
a flare rate is included in the guardrail design, there is an increment of the effective impact angle
between the vehicle and the guardrail, which results in a considerably higher impact severity and
requires an increasing level of demand on the structural capacity of a barrier system. For
example, under MASH conditions, a 5:1 flare rate would increase the impact severity 196 percent
for Test 3-10.

MASH also adopted more quantitative and stringent evaluation criteria for occupant
compartment deformation than NCHRP Report 350. An increase in impact severity might result
in increased vehicle deformation and could possibly result in failure to meet the latest MASH
evaluation criteria. For example, NCHRP Report 350 established a 6-inch threshold for occupant
compartment deformation or intrusion. MASH limited the extent of roof crush to no more than
3.9 inches. In addition, MASH requires that the vehicle windshield not sustain a deformation
greater than 3 inches and have no holes or tears in the safety lining as a result of the test impact.
Although these evaluation criteria are applicable to all roadside safety device testing, they are
most relevant for sign support design and testing. In addition, little evaluation of sign supports
has been performed with larger vehicles such as the pickup. Systems that have been
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demonstrated to be crashworthy for passenger cars may not be geometrically compatible with
pickup trucks.

The purpose of this project was to conduct a testing program to assess the performance of
the MGS system when implemented with flare conditions according to the safety-performance
evaluation guidelines included in MASH, Second Edition. The crash tests were performed in
accordance with MASH TL-3. Two flare conditions were investigated: 7:1 with use of a
passenger car, and 11:1 with use of a pickup truck.

The MGS tested at the considered flare conditions did not meet the performance criteria
for MASH TL-3 guardrails. In the full-scale testing, MGS rail rupture under the higher impact
severity and vehicle interaction during impact was the leading reason for system crashworthiness
failure. Also, the first test that was conducted with the pickup truck on the 11:1 MGS flare
resulted in failure to contain the vehicle due to fracture of the wood-post DAT system used in the
test installation. The MGS 11:1 flare was then reinstalled and tested at the same conditions but
with the inclusion of a steel-post end terminal system (SoftStop®) to avoid rupture of the wood
posts. Although the end terminal did not result in post fracture, the test failed due to MGS rail
rupture during the vehicle impact event.

See Table 9.1 for a summary of each test based on the applicable safety evaluation
criteria.

Table 9.1. Summary of MASH Tests on MGS Guardrail with Flare.

Evaluation Brief Descrintion Test No. Test No. Test No.
Criteria® p 609971-01-1 609971-03-1 609971-03-2

Contain, Redirect, or

A Controlled Stop

Fail Fail Fail

No Penetration into
Occupant Compartment

F Roll and Pitch Limit Fail Fail S

H OIV Threshold S S S

I Ridedown Threshold S S S
Overall Fail Fail Fail

Note: S = Satisfactory.
2See Table 3.2 for details.

9.2. SUMMARY OF FINITE ELEMENT ANALYSIS RESEARCH

After the full-scale crash tests were completed and determined to be failed, an effort was
initiated through finite element modeling and simulations to investigate the crashworthiness of
the MGS system at shallower flare rates, and when considering prioritized MGS retrofit options,
still under high-speed impact conditions.
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The main challenge in evaluating the impact results of a computer simulation for a MGS
W-beam rail system was to find a way to predict rail rupture. Element erosion was not
considered due to its lack of robustness, so other factors were used, such as the vehicle's
interaction with the system, the lateral deflection of the system during impact, predicted rail
stresses/strains, and recorded occupant risk values and vehicle stability. The lateral deflection
was especially important because it could indicate potential pocketing of the vehicle, which
could cause excessive loading on the W-beam railing and ultimate failure.

The impact behavior of MGS flares with shallower rates was investigated and found to
not significantly reduce the lateral deflection during impact. Therefore, retrofit options were
considered, including the use of short blockouts and half-post spacing and adding a rubrail to
short blockout MGS with regular post spacing. The use of short blockouts and half-post spacing
improved occupant risk but still had a peak ridedown acceleration that was too close to the
MASH allowed limit. Adding a rubrail to a short blockout MGS with regular post spacing and a
15:1 flare rate was found to improve the overall system behavior, reducing the maximum rail
deflection and ridedown acceleration.

9.3. CONCLUSIONS

This research has conducted full scale tests and FE analysis on the flared MGS guardrail
in accordance with MASH Test Level 3. Based on the research presented herein, the following
conclusions are drawn:

1. To prevent failure to contain the vehicle due to fracture of the wood-post DAT
system, a steel-post end terminal system (SoftStop®) is recommended for future
tests to avoid rupture of the wood posts.

2. None of the three tests conducted on the MGS guardrail with a flare rate of 11:1
met the MASH requirements for semi-rigid longitudinal barriers.

3. Standard MGS guardrail with a flare rate of between 11:1 and 21:1 is not
expected to meet MASH TL 3 requirements.

4. The 15:1 flared regular post-spacing MGS with inclusion of shorter blockouts and
a C6x8 steel channel centered at 12 inches from the ground is recommended for
future research include validating the obtained FE analysis results through full-
scale testing to verify the crashworthiness.
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APPENDIX A. DETAILS OF MGS GUARDRAIL WITH FLARE

A.d.  6099971-01-1 DRAWINGS
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NOTES: 1. ALL FILLETS SHALL HAVE A MINIMUM RADIUS OF 1/18 [2].
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CLIPPED [ f o= & [ (_Q“ \ =
HED —— 32 e | .+J e
OPTIONAL | | = Vb -
\\ \ 9 NN !
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OR
L 1=7/186 [37]
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FRED4 18 [457] 4 [102]
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5/8-11 [M16x2]
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SPECTIFICATIONS
The geometry and material specifications for this oval shoulder button-headed bolt and hex nut are
found in AASHTO M 180. The bolt shall have 5/8-11 [M16x2] threads as defined in ANSIB1.1
[ANSI B1.13M] for Class 2A [6g] tolerances. Bolt material shall conform to ASTM A307 Grade A
[ASTMF 362M Class 4.6], with a tensile strength of 60 ksi [400 MPa] and yield strength of 36 ksi
[240 MPa]. Matenal for comrosion-resistant bolts shall conform to ASTM A325 Type 3 [ASTMF
568M Class 8.8.3], with tensile strength of 120 ksi [830 MPa] and yield strength of 92 ksi [660 MPa].
This bolt material has comosion resistance comparable to ASTM A588 steels. Metnic zinc-coated
bolt heads shall be marked as specified in ASTM F 568 Section 9 with the symbol “4.6.7

Nuts shall have ANSIBI1.1 Class 2B [ANSI B1.13M Class 6h] 5/8-11 [M16x2?] threads. The
geometry of the nuts, with the exception of the recess shown i the drawing, shall conform to ANSI
B1822 [ANSIB182.4.1M Style 1] for zinc-coated hex mats (shown in drawing) and ANSIE18.22
[ANSIB18.2 4 6M] for heavy hex comosion-resistant muts (not shown in drawing). Matenal for
zinc-coated nuts shall conform to the requirements of AASHTO M 201 (ASTM A 363) Grade A
[AASHTO M 291M (ASTM A 363M) Class 3], and material for comrosion-resistant nuts shall
conform to the requirements of AASHTO M 201 (ASTM A 563) Grade C3 [AASHTO M 2901M
(ASTM A 563M) Class 853]).

When zinc-coated bolts and nuts are required, the coating shall conform fo either AASHTO M 232
(ASTM A 133/A 1530 for Class C or AASHTO M 298 (ASTM B 693) for Class 30. Zinc-coated
nuts shall be tapped over-size as specified in AASHTO M 291 (ASTM A 563) [AASHTO M 201M
(ASTM A 363M)], except that a diametrical allowance of 0.020 mch [0.510 mm] shall be used
mstead of 0.016 inches [0.420 mm].

Stress Area of Min. Bolt

Designator  Threaded Bolt Shank Tensile Strength
(in? [mm’]) (kaps [KN])
FBE01-05 0.226 [157.0] 13.6 [62.8]

Dimensional tolerances not shown or implied are intended to be those consistent with the proper
functionming of the part, including its appearance and accepted mamufacturng practices.

INTENDED USE

These bolts and nuts are used in numerous guardrail and median barmer designs.

GUARDRAIL BOLT AND RECESSED NUT

FBB01-05
SHEET NO. DATE
2of2 22018

TR No. 619971-01 97 2023-06-01



&
[150]
& 3/
[150] - aEf
|
o] il | .
R el 2
i TIE m
®|— ~T J‘?%‘
hy C"% ¥ |
~[= 3/4 [1B]  4—-1/2 +
[115]
PLAN (a) PLAN (b)
3/4 [20] D HOLE
|2 /
=B = d
/4 [20]
3/4 [20] D HOLE PR \
\g) (b)
SIDE FRONT
994
W—BEAM TIMBER BLOCKOUT
PDBOTa—b
SHEET NO. DATE
1 of 2 | 6/30/2005
TR No. 619971-01 98 2023-06-01



SPECIFICATIONS

Blockouts shall be made of timber with a stress grade of at least 1160 psi [8 MPa). Grading shall be
in accordance with the mles of the West Coast Lumber Inspection Burean, Southem Pine Inspection
Bureau, or other appropriate timber association. Timber for blockouts shall be either rough-sawn
(unplaned) or 545 (surfaced four sides) with nomunal dimensions indicated. The vanation in size of
bleckouts in the direction parallel to the axis of the bolt holes shall not be more than = %4 inch [6
mm]. Only one type of surface finish shall be used for posts and blockouts In any one contimous
length of guardrail.

All timber shall receive a preservation treatment in accordance with AASHTO M 133 after all end
cuts are made and holes are dnlled.

Dimensional tolerances not shown or implied are intended to be those consistent with the proper
functioning of the part. mcluding its appearance and accepted manufacturing practices.

INTENDED USE
Blockout PDBO1a is used with wood post PDEQL or PDEO2 in the SGE.04b strong-post W-beam
guardrail and the SGMO4b median barrier. Blockout PDBO1b is routed to be used with steel post
PWEQ or PWEQ2 in the SGR04c guardrail and the SGM04a median barrier.

W-BEAM TIMBER BLOCKOUT

PDBO01a-b

SHEET NO. DATE
2of2 T06/2005
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SPECTFICATIONS
W-beam and thrie-beam guardrail posts shall be manufactured using AASHTO M 270 /M 270M
(ASTM A 700/ A T09M) Grade 36 [250] steel unless corrosion-resistant steel is required, in which
case the post shall be manufactured from AASHTO M 270 /M 2700 (ASTM A 709 / A TOOM)
Grade 50W [343W] steel. The dimensions of the cross-section shall conform to a Wax9
[W150x13.5] section as defined in AASHTO M 160 /M 160M (ASTM A 6/ A 6M). [W150x12.6]
wide flange posts are an acceptable altemnative that 15 considered equivalent fo the [W150x13.5].

After the section 15 cut and all holes are drilled or punched, the component should be zine-coated
according to AASHTO M 111 (ASTM A 123) unless corrosion-resistant steel is used When
corrosion-Tesistant steel 1s used, the portion of the post to be embedded in soil shall be zine-coated
according to AASHTO M 111 (ASTM A 123) and the portion above the soil shall not be zine-coated,
painted or otherwise treated.

) Area I, I 5 .
Designator ;21105 m?]  in* [10° mm®]  in* [10° om"] v [10° mm?] i [11:?9 mm’]
PWEO1-04 263[1.7]  1643[6.84] 219[091]  557[91.2]  111[18.]

Dimensional tolerances not shown or implied are intended to be those consistent with the proper
functioning of the part, including its appearance and accepted manufacturing practices.

INTENDED USE
Posts PIWEQ] and PWEQ2 are used with the SGR.04a and SGR.04c guardrails and the SGM04a
median barier. Blockouts like PWBO01 (steel) or PDBO1 (wood) are attached to each post.

Post PWED3 13 used with the SGE0% guardrail and the SGM0% median barmer. Wooed or plastic
blockouts like the PWB(2 are attached to each post with FBB03 bolts and FWC16a washers under
the mats.

Post PWEOD4 15 used with the SGR0%% guardrail and the SGM09% median barner. A modified steel
blockout PWBO3 is attached to each post with at least two 1.5-inch [40 mm] long FBX16a bolts and

muats.
WIDE-FLANGE GUARDEAIL POST
PWEO01-04
SHEET HO. DATE
2eof2 TIO62005
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6099971-03-1 DRAWINGS

A.2.

. o
Test Installation - .
— ran—
- _
5002 Ll
75" Typ all Post m_u.u.nmml.l.l._. 0-172
= ——l A A A A A A A
r|-..._|._.xuﬂl - Typ each end
Post Numbers
30 28 24 i 22 20 18 1[5 4 12 10 ] 3] 4 2
i t—y
1 L o A
B
Elevation View
4-zpace W-beam Guardra Y
#.,. —Timber Blockout, for W-section Post
1-1/4" Guardrail Belt—_ % |
i l
10" Guardrail Bolt
3
lr....r.
72" Wide-Fla Guardrail P .
e Flange Guardrail Post 1a. Backfil Post holes with Type A grade 2 crushed
limestone road base, compacted to MASH standard.
40 1b. Recessed Guardrail Mut on all Guardrail Balts.
Section A-A = ?ﬁhﬁ&a o osdside m_ﬂwﬁ and
Seale 1-20 RS WSICa W..nl:u: WISIOm -
Typ @ Posts 2 - 28 A |stitite Proving Ground
Project #308871-3 Flared W-beam Guardrail 2012-07-03
Drawn by GEZ | Scale 1:250 Sheet 1 of 1 Test Installation
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Timber Blockout for W-section Post

1-344° _.l -

Elevation View

1a. Timber blockouts are treated with a pressrvative in
accordance with AASHTO M 133 after all cuttimg and drilling.

= 6" (nominal) =

T L

i, i o o
" 104
Ny
- - R
+ oy o
- 5 I |
w._m_\ﬂ\ 4-1/2" |..._
Section A-A
- Texas A&M Roadside Safety and
Train. riation Physical Security Division -
A [stiiio Sroung Gras
Timber Blockout, for W-section Post 2012-07-03
Drawn by GES Secale 1:3 Shest 1 of 1
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- 25 W -
DaMa —l||..-m 8-11 Thraads —=
/) Y
| RS
', a . .
_ 7I32" — ] — 25" Guardrail Bolt
See 1o
516" -_.._ =
e g -
— @ars j—— 4" - 5/28-11 Threads —=
: PR —
\ i
18" Guardrail Bolt
i [ 10 L
| r—y ’ A0/16 e 4" - 5/8-11 Threads -
e
¥
(D) + VR
| | -
Ny )y ; |
| — 10" Guardrail Bolt
B 1518 — .
Section A-A
Seale 1:1 = - 114 -— 2" -
Ses fo
f . __‘.\,
|
i - g -
5i2-11 Threads—'  1-1/4" Guardrail Bolt £511 Threade—' 2" Guardrail Bolt
- Texas A& Roadside Safety and
1a. Material is ASTM A307. \. __,___.H.nd__.ﬂ__w_nm_:u.,__h: S g om0
1b. All bolt sizes not used in all projects. See system drawing. Guardrail Bolt 2012-06-27
1c. Head and shoulder dimensions typical all sizes. ardrafl 5o S
Drawn by GES Seale 1:2 Sheet 1 of 1
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| 13-6- 12"

. ) 1F-4-102"
13- 14"

R 12-8'
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2-1/4"

1-21032" y
12aMa" 1

0" 4

Elevation View _

304" x 2-1/2" Shot
Typx 5

29032 x 1-1/8" Slot
Typ x B each end

R15/18"

.___.__w__u

L R15/M18"
/1a" -

o 3- 136" ————=

12-1M4"

Section View

Texas A&M Roadside Safety and
A Transporiation Physical Security Division -
A |nstitite Proving Ground
4-space W-beam Guardrail 2018-06-28
Drawn by GES Secale 1:20 Sheet 1 of 1
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Recessed Guardrail Nut
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72" Wide Flange Guardrail Post
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72" Wide-Flange Guardrail Post 2012-07-01
Drawn by GES Secale 1:10 Sheet 1 of 1
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6099971-03-2 DRAWINGS

A3.

Test Installation

_ Length of Meed
. 1000
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tt——S0ftStop® Terminal—"
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25:1 Offset |

1-1M4" Guardrail Bolt™,

H

(x B @ each Rail Joint)

4-zpace W-beam Guardrail

40

Timber Blockout, for W-section Post

107 Guardrail Bolt

| T Ry S A —

.

“—T72" Wide-Flange Guardrail Post

Section A-A
Scale 1 : 20
Typical at Posts 9 - 24

Elevation View

1a. Backfill Post holes with Type A grade 2 crushed limestone
road base, compacted to MASH standard.

1b. Recessad Guardrail Mut on all Guardrail Bolts.

1ec. See following sheets for Terminal and Component details.

= Texas A&M Roadside Safety and
\I Transportation  Physical Security Division -

I Institute Proving Ground
Project #800971-4 Flared W-beam Guardrail 20M8-11-14
Drawn by GES | Scale 1:300 Sheet 1 of 1 Test Installation

109 2023-06-01

TR No. 619971-01



NOTE

RETALL ScfSiop® PARALLEL T ROADWAY.

WK OFFSET IS RECAIRED B DESIGH ENGIMNILR,
SEE SofSep® (& COMPOSITE BLOCKS] MARLAL FOR
FECURTMERTS

r BIASH TESTLEMEL 3{TL-2) LENGTH OF SofSup® TERMNAL (304 1T7]

LEMGTH OF 7n—.h.w
|

iagag
1 B
| A i3

JELMUARL KT o4z

& ROUND WASHER WADE
B HER NUT
U5 G, AL

il = GRBOLT

TA1 TS HDX BOLT AL

T G BOLT AZDT
I b i e

S HW'Y I R ASES D

- i RETERIRCE LMD N
) PRALLEL TO GRADE OO | 5 |Seruce WER BOLT R
& | ] 1 T HEE NLIT A O
Ll = AT | 4 |5 WRSHER M08
i

x|
HEEEE

=T -2 =T

§
i

o] ST AP FEK DOLT ASGS
[ * RCLRD WRSHLR: Fa8
=] e K25 HEXBLLT GRD S

IDESEE | 1 S KNS WEXBOLT GRDS
DISSH | 3 |SPST-ARCHON BHGLE
DISEE | 1 |SSTFLATE WASAER

P ET-HEEPLR PLATE

DO MOT ATTACH
RAILAT POST 12 a\

A

_/\f l
&~ KT SHALL BE N
SECURELY TIGHTENED TIELDNMG MOLES
AFTER FINAL ASSEMELY, ./f .\\\ AFPRIGWATELY
BT HOT DEFORMING THE = CEMTERID AT

FELFER PLATE (5207 GROUKD LINE

DETAL 2

2023-06-01

110

I L
T GRADING SHOULD DE ACCOMPLISHED I ACCORDARCE VATH
CFYING AGENCT GUIDILINES ARD THE AASFTO ROADSOL

2 DO MOTATTACH THE SoftSiop® DIRECTLY TO A RIGHD BARMILE,
4 UMOER 8O CRCLUMSTARCES SHALL THE GUARDRAL WITHIN THE SoltSloz®

oF THE Rl L3 (TL-% .—!.4;
A ITISAC ABLE TO RS TALL THE SclSep® MPADT HEAD PARALLEL TO THE T - " P SO0E4E |
GRADE LIKE O WiTH 56 UPWARD TILT. SIT. SofSmps ASSEMBLY MARUAL FOR WP I N N .ﬂnﬁnbd__w.l.ﬂ .

SPECIIC DETALS

o L ||-A- -

if

(A

SECTION GG

[

A

SoSicp® TERMIKAL T
MASH TESTLEVE

e o o e o e

FLAN, ELEWATION B SECTION

BLOCKS}

-y |

T o ot

TR No. 619971-01



Test Installation rt——S0ftStop® Terminal——
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{x 8 @ each Rail Joint)
r— Timber Blockout, for W-section Post

4-zpace W-beam Guardrail—,

I
I
/: 10" Guardrail Bolt
I
I
I

-
I
I
= 1a. Backfill Post holes with Type A grade 2 crushed limestone
e . read base, compacted to MASH standard.
~— 72" Wide-Flange Guardrail Pos . .
| 72" Wide-Flange Guardrail Post 1b. Recessed Guardrail Nut on all Guardrail Bolts.
b _ 1c. See following sheets for Terminal and Component details.
I
_ & Texas ASM Roadsides Safety and
Section A-A Transportation ~ Physical Security Division -
_ Scale 1: 20 Al nstitute Proving Ground
_ Typical at Posts 9 - 24 Project #508871-4 Flared W-beam Guardrail 2018-11-14
Drawn by GES | Scale 1:300 Sheet 1 of 1 Test Installation
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Timber Blockout for \W-section Post
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Elevation View

1a. Timber blockouts are treated with a preservative in
accordance with AASHTO M 133 after all cutting and drilling.
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Timber Blockout, for W-section Post 2018-07-03
Drawn by GES Scale 1:3 Sheet 1 of 1
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Drawn by GES Scale 1:10 Sheet 1 of 1
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25" Guardrail Bolt
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Section A-A
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1a. Material is ASTM A307. \I ﬁﬁ%ﬁ&&b: ﬁ:mm_n_w_._um_mmcmnhcmrc_m_oz -
1b. All bolt sizes not used in all projects. See system drawing. Guardrail Balt 2010.08.27
1c. Head and shoulder dimensions typical all sizes.
Drawn by GES Scale 1:2 Sheet 1 of 1
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Recessed Guardrail Nut

-4
1 ._H B"
Iy 5/8-11 Threads Section A-A
= Texas A&M Roadside Safety and
A Transportation Physical Security Division -
Al ;stitute Proving Ground
1a. Material is ASTM A 563 Grade A Recessed Guardrail Nut 2018-08-27
Drawn by GES Seale 2:1 Sheet1of 1
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Certified Analysis 8 >
& (2]
Trinity Highway Products LLC
2548 N.E. 28th St. Order Number: 1309704 Prod Ln Grp: 3-Guardrail (Dom)
Ft Worth (THP), TX 76111 Phn:(817) 665-1499 Customer PO: 609971 - ALASKA Asof: 5/8/19
Customer; SAMPLES, TESTING MATERIALS BOL Number: 76112 Ship Date:
2525 STEMMONS FRWY Document #: 1
Shipped To: TX
Project: ALASKA DOT PROJECT #609971
Qty Part# Description Spec CL TY Heat Code/ Heat Yield TS Elg C Mn P S Si Cu Cb Cr VnACW
40 116 12/12'6/3'1.5/S 2 F11819
M-180 A 2 1191763 60,900 82,100 26.0 0210 0.750 0.008 0.002 0.030 0.090 0.004 0.040 0.002 4
M-180 A 2 1191764 53,000 80,800 200 0220 0.810 0.009 0.002 0.030 0.100 0.004 0.050 0.003 4
M-180 A 2 1191766 53,800 78,100 30.0 0210 0.770 0.009 0.002 0.030 0.090 0.000 0.040 0.002 4
M-180 A 2 1292230 62,600 84,100 22.0 0220 0.760 0.007 0.002 0.020 0.090 0.000 0.040 0.002 4
M-180 B 2 235485 58,920 78,610 256 0.190 0.730 0.010 0.005 0.010 0.110 0.000 0.060 0.001 4
85 533G 6'0 POST/8.5/DDR A-36 55060347 60,200 76,500 275 0.130 0.860 0.014 0.017 0.190 0.310 0.009 0.140 0.001 4
12 724G 6'0 TUBE SL/.125X8X6 A-500 A92132 55,160 74,134 27.0 0200 0.470 0.010 0.003 0.040 0.080 0.000 0.050 0.001 4
6 850G 12/BUFFER/ROLLED M-180 A 2 31847970 48,400 62,300 35.0 0.060 0.450 0.015 0.001 0.030 0.090 0.001 0.070 0.002 4
6 3000G CBL 3/4X6'6/DBL HW 132915
405 3340G 5/8" GR HEXNUT HW 19-42-014
320 3360G 5/8"X1.25" GR BOLT HW 20190107811
85 3500G 5/8"X10" GR BOLT A307 HW 31732-B
85 4076B WD BLK RTD 6X8X14 HW 174
12 4140B WD 4'0.25 POST 5.5X7.5 HW 197
12 19481G  C3X5#X6'-8" RUBRAIL A-36 3086788 56,100 76,200 31.0 0.170 0.650 0.014 0.033 0210 0.360 0.015 0.090 0.000 4
6 20207G 12/9'4.5/8-HOLE ANCH/S RHC 2 L14818 4
M-180 A 2 232196 61,710 79,460 287 0.180 0.720 0.012 0.005 0.020 0.120 0.000 0.070 0.002 4

1of3
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Trinity Highway Products LLC

Certified Analysis

Prog,
ﬂ%&/‘_w‘u Q%QV

2548 N.E. 28th St. Order Number: 1309704 Prod Ln Grp: 3-Guardrail (Dom)
Ft Worth (THP), TX 76111 Phn:(817) 665-1499 4 Customer PO: 609971 - ALASKA Asof 5/8/19
Customer: SAMPLES, TESTING MATERIALS BOL Number: 76112 Ship Date:
2525 STEMMONS FRWY Document #: 1
Shipped To: TX
o R
Project: ALASKA DOT PROJECT #609971
Qty Part# Description Spec CL TY Heat Code/ Heat Yield TS Elg C Mn P S Si Cu Cb Cr Vo ACW
M-180 A 2 233123 63,570 82,430 22.7 0.190 0.720 0.013 0.004 0.020 0.110 0.000 0.070 0.000 4
M-180 A 2 233124 62,720 82,150 245 0.190 0.720 0.0110.003 0.010 0.130 0.001 0.060 0.000 4
M-180 A 2 233125 63,900 83,490 214 0200 0.730 0.0180.004 0.020 0.110 0.000 0.090 0.001 4
M-180 A 2 A90778 65,800 86,800 207 0210 0.680 0.0120.003 0.030 0.120 0.000 0.060 0.001 4
M-180 A 2 A90779 55,100 78,200 206 0.190 0.660 0.0100.002 0.020 0.120 0.000 0.070 0.001 4
M-180 A 2 C88581 59,000 79,100 163 0210 0.690 0.009 0.002 0.030 0.110 0.000 0.060 cb\g 4
M-180 A 2 C88582 63,500 82,200 236 0200 0.710 0.011 0.001 0.040 0.090 0.000 0.060 0.001 4
6 36120A  DAT-31-TX-HDW-CAN A-36 4174233 48,700 68,700 34,0 0200 0.400 0.011 0.010 0.010 0.040 0.001 0.050 0.001 4
36120A “A-500 AB09937 61,500 67,000 31.0 0.060 0.330 0.011 0.003 0.020 0.090 0.003 0.050 0.001 4
36120A HW P38498 R70030-02
36120A HW 19-42-014
36120A HW 20190107811
36120A HW 848773-8
36120A - HW 31732-B
36120A HW P38729 R71181-01
36120A HW P38562 R70589-01
36120A HW 31654
36120A HW 31433

2 of 3
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Certified Analysis %Fﬁ

Trinity Highway Products LLC ‘ ‘

2548 N.E. 28th St. Order Number: 1309704 Prod Ln Grp: 3-Guardrail (Dom)
Ft Worth (THP), TX 76111 Phn:(817) 665-1499 Customer PO: 609971 - ALASKA Asof: 5/8/19
Customer: SAMPLES, TESTING MATERIALS BOL Number: 76112 Ship Date:

2525 STEMMONS FRWY , Document #: 1

Shipped To: TX

Project: ALASKA DOT PROJECT #609971

Qty Part# Description Spec CL TY Heat Code/ Heat Yield TS Elg C Mn P S Si Cu Cb Cr Vn ACW
36120A A-36 1058859 56,400 76,100 25.0 0.140 0.710 0.012 0.019 0.190 0370 0.015 0.180 0.003 4
36120A A-36 83187C 51,500 75,000 31.0 0200 1.000 0.014 0.003 0.013 0.040 0.003 0.060 0.000 4 i

Upon delivery, all materials subject to Trinity Highway Products , LLC Storage Stain Policy QMS-LG-002.

ALL STEFL USED WAS MELTED AND MANUFACTURED IN USA AND COMPLIES WITH THE BUY AMERICA ACT, 23 CFR 635.410.

ALL GUARDRAIL MEETS AASHTO M-180, ALL STRUCTURAL STEEL MEETS ASTM A36 UNLESS OTHERWISE STATED.

ALL COATINGS PROCESSES OF THE STEEL OR IRON ARE PERFORMED IN USA AND COMPLIES WITH THE "BUY AMERICA ACT", 23 CFR 635.410.
ALL GALVANIZED MATERIAL CONFORMS WITH ASTM A-123 (USDOMESTIC SHIPMENTS)

ALL GALVANIZED MATERIAL CONFORMS WITH ASTM A-123 &ISO 1461 (INTERNATIONAL SHIPMENTS)

FINISHED GOOD PART NUMBERS ENDING IN SUFFIX B,P, OR S, ARE UNCOATED

BOLTS COMPLY WITH ASTM A-307 SPECIFICATIONS AND ARE GALVANIZED IN ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED.
NUTS COMPLY WITH ASTM A-563 SPECIFICATIONS AND ARE GALVANIZED IN ACCORDANCE WITH ASTM A-153, UNLESS OTHERWISE STATED.
WASHERS COMPLY WITH ASTM F-436 SPECIFICATION AND/OR F-844 AND ARE GALVANIZED IN ACCORDANCE WITH ASTMF-2329, UNLESS

OTHERWISE STATED. ;
/4" DIA CABLE 6X19 ZINC COATED SWAGED END AISI C-1035 STEEL ANNEALED STUD 1" DIA ASTM 449 AASHTO M30, TYPE I BREAKING

STRENGTH - 46000 LB
State of Texas, County of Tarrant. Sworn and subscribed before me this 8th day of May, 2019 .
Trinity ay Produl

- % Pm\ Certified By: é !
Mm j Quality Assurance \ il

3 of 3

JOMARY LUGINSLAND
Notary Public, State of Texas
Comm. Expires 05-28-2023
Notary |D 128624666

Notary Public:
Commission Expires: /

A4S D\
g

7
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Table B.1. Test Day Static Soil Strength Documentation for Test No. 609971-01-1.

Fill Material Description (ASTM D2487) and sieve analysis

Limestone Road Base

Date 4-22-2019
TTI Proving Ground

Test Facility and Site Location 3100 SH 47
Bryan, TX 77807

In Situ Soil Description (ASTM D2487) Sandy gravel with silty fines
AASHTO M147 Grade B Crushed

Description of Fill Placement Procedure

6-inch lifts tamped with a
pneumatic compactor for 40 s

Comparison of Static Load Test Results and Required Minimum:
Load Versus Displacement at 25-inch Height

14000

10300
Actual

12000

10000

8000

Load (Ib)

6000 3940

Min.
4000

2000

11300
Actual

10

5500
Min.

Displacement (inch)

11600
Actual

Min.

15

6540

O Actual Load vs. Displacement from Static Load Test B Minimum Static Load

Figure B.1. Test Day Static Soil Strength Documentation for Test No. 609971-01-1.
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Table B.2. Test Day Static Soil Strength Documentation for Test No. 609971-03-1.

Date 7-22-2019
TTI Proving Ground
Test Facility and Site Location 3100 SH 47
Bryan, TX 77807
In Situ Soil Description (ASTM D2487) Sandy gravel with silty fines

Fill Material Description (ASTM D2487) and sieve analysis

AASHTO M147 Type A Grade 2
Crushed Limestone Road Base

Description of Fill Placement Procedure

6-inch lifts tamped with a
pneumatic compactor for 40 s

Load (Ib)

12000

10000

8000

6000

4000

2000

Comparison of Static Load Test Results and Required Minimum:

9122
Actual

3940
Min.

9913
Actual

Displacement (inch)

10

5500
Min.

Load Versus Displacement at 25-inch Height

10154
Actual

Min.

15

6540

O Actual Load vs. Displacement from Static Load Test B Minimum Static Load

Figure B.2. Test Day Static Soil Strength Documentation for Test No. 609971-03-1.
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Table B.3. Test Day Static Soil Strength Documentation for Test No. 609971-03-2.

Date 3-18-2020

TTI Proving Ground
Test Facility and Site Location 3100 SH 47

Bryan, TX 77807

In Situ Soil Description (ASTM D2487)

Sandy gravel with silty fines

Fill Material Description (ASTM D2487) and sieve analysis

AASHTO M147 Type A Grade 2
Crushed Limestone Road Base

Description of Fill Placement Procedure

6-inch lifts tamped with a
pneumatic compactor for 40 s

Load (Ib)

12000

10000

8000

6000

4000

2000

Comparison of Static Load Test Results and Required Minimum:
Load Versus Displacement at 25-inch Height

10757
10000 Actual
Actual

5500

Min.
3940

Min.

5 10

Displacement (inch)

10656
Actual

15

6540
Min.

O Actual Load vs. Displacement from Static Load Test

B Minimum Static Load

Figure B.3. Test Day Static Soil Strength Documentation for Test No. 609971-03-2.
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APPENDIX C. MASHTEST 3-10 (CRASH TEST NO. 609971-01-1)

C.1. VEHICLE PROPERTIES AND INFORMATION

Date: _2p1o-pa-18 TestMo.. _80po71-01-1 WVIN No.. _knaDE123886404840
Year: 2008 Make: Kia Model: Rio
Tire Inflation Pressure: 37 px) Odometer: {spo7z Tire Size.  {g5/E5R14

Describe any damage to the vehicle prior to test:  Mone

#* Denotes accelerometer location. 1 i I.':"f | =1 =
NOTES: None | | o .
[
] b i —
Engine Type:  4CyL T ] — N
Engine CID: 1.6L

Transmission Type:

] _
v Auto or L] Manual -
Y] FwD [ rRWD [] 4wD P L& —
Optional Equipment: i T . i
— . - g ]
MWone 0T 5 ) f v
S0 i I
r i e I rTYrry
Dummy Data: ) § .
Type: F0th Percentile Male ™ "_: " = .
Mass: 165 Ib [ ola D—n
Seat Position:  |mpact Side I, ; -
Geometry: inches i
A BA.38 F 3300 K 1235 P 412 U 1475
B s1.50 G L 2525 Q 2250 W 2050
C 18575 H 3561 M s7.75 R 15.50 W a5&0
D z400 I 775 N s7.70 3 525 X 1pz2.00
E oa7s J 2150 O z7.00 T B8.20
Wheel Center Ht Front 11.00 Wheel Center Ht Rear 11.00 W-H p.00
RAMGE LIMIT: &= &S =1 inches; C = E5 £8Inches; E =98 +5 Inches; F = 35 =4 Inches; H = 35 =4 Inches; O (Botiom of Hood Lip) = 24 =4 Inches
TOP OF RADIATOR EURPFORT = <M.V Inohes; (M2 = 55 £32 Indhes; W-H « 2 Inches or use= FSEH Faragraph A4 3.2
GVWR Ratings: Maszss: b Curb Test Inerfial Gross Static
Frent 41713 Mircm 1588 1560 1645
Back 1874 Mrear 854 880 oD
Total 3638 Mot 2443 2440 2805

Alosabie TIM = 242015 £55 I | Alowabie G3M = 2585 b+ 5510
Mass Distribution:

[i] LF: 7s&0 RF: 780 LR: 480 RR: 420

Figure C.1. Vehicle Properties for Test No. 609971-01-1.
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Year: 2008 Make: Kia Model: Rio
VEHICLE CRUSH MEASUREMENT SHEET!
Complete When Applicable
End Damage Side Damage
Undeformed end width Bowing: Bl X1
Corner shifi: Al B2 X2
A2
End shuft at frame (CDC) Bowing constant
(check one]) X1+X2
= 4 mches 2
= 4 mches

Mote: Measure C to Ce from Driver to Passenger Side in Front or Rear Impacts — Eear to Front in Side Impacts.

Direct Damage
ific
fmé!;rt Plane* of Width** hfag et Field G G G G Cs Co =D
Number C-Meanurements (CDC) Crnazh Le*
1 AT FT BUMPER ]
2 SAME g

Ieasurements recordad

iI!I.-I:hlE or [ |mm

ITahle taken from Mational Accident Sampling System (MASS).

*Identify the plane at which the C-measurements are taken (e.z., at bumper, above bumper, at sill, zbowve =1ll, at
belthne, ete ) or label adjustments (e.g, free space).

Free space value is defined as the distance between the baseline and the original body contour taken at the mdividual
C locations. This may include the following: bumper lead, bumper taper, side profrusion, side taper, etc.
Fecord the value for each C-measurement and maxmuwm crash.

**Measure and document oo the vehicle diagram the beginmng or end of the drect damage width and field L (e.z.,
side damage with respect to undamaged axle).

***hfeasure and document on the vehicle diagram the location of the maximum crush.

Mote: Use as many hnes/columns as necessary to describe each damage profile.

Figure C.2. Exterior Crush Measurements for Test No. 609971-01-1.
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C.2. SEQUENTIAL PHOTOGRAPHS

(g) 0.600 s (h) 0.700 s
Figure C.3. Sequential Photographs for Test No. 609971-01-1 (Overhead Views).
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(a) 0.000 s (b) 0.100 s

(c) 0.200 s (d)0.300 s

(e) 0.400 s () 0.500 s

L3
¥

(g) 0.600 s (h) 0.700 s
Figure C.4. Sequential Photographs for Test No. 609971-01-1 (Frontal Views).
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(2) 0.000 s (b) 0.100 s

(e) 0.400 s (1) 0.500 s

(g) 0.600 s (h) 0.700 s
Figure C.5. Sequential Photographs for Test No. 609971-01-1 (Rear Views).
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CJ3.

400

VEHICLE ANGULAR DISPLACEMENTS

Roll, Pitch and Yaw Angles

300

200

100

Angles (degrees)

\J
-100: T T T T T T T
0 05 10 15
Time (sec)
— Roll — Pittch — Yaw

Axes are vehicle-fixed.
Sequence for
determining orientation:

1. Yaw.

2. Pitch.

3. Roll.

Test Number: 609971-01-1

Test Standard Test Number: MASH Test 3-10
Test Article: MGS Guardrail with Flare

Test Vehicle: 2008 Kia Rio

Inertial Mass: 2440 |b

Gross Mass: 2605 Ib

Impact Speed: 61.8 mph

Impact Angle: 24.8 degrees

Figure C.6. Vehicle Angular Displacements for Test No. 609971-01-1.
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C4.

Longitudinal Acceleration (G)

Lateral Acceleration (G)

VEHICLE ACCELERATIONS

X Acceleration at CG

05 1.0 15
Time (sec)

‘— Time of OIV(0.1296 s) — SAEClass 60 Filter — 50-msec average ‘

Figure C.7. Vehicle Longitudinal Accelerometer Trace for Test No. 609971-01-1
(Accelerometer Located at Center of Gravity).

Y Acceleration at CG

ol A
_° WWWW AU s I i

0 05 10 15 20
Time (sec)
‘ — Time of OIV(0.1296 s) — SAECIass 60 Filter — 50-msec average ‘

Figure C.8. Vehicle Lateral Accelerometer Trace for Test No. 609971-01-1
(Accelerometer Located at Center of Gravity).
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Z Acceleration at CG

o %M#W&hwwﬁmw =S

Vertical Acceleration (G)

05 10 15
Time (sec)

| — SAEClass 60 Filter — 50-msec average |

Figure C.9. Vehicle Vertical Accelerometer Trace for Test No. 609971-01-1
(Accelerometer Located at Center of Gravity).
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APPENDIX D.

D.1. VEHICLE PROPERTIES AND INFORMATION
Date: 2018-07-22 Test No.- G09sT1-03-M
Year: 2013 Make: RAM
Tire Size: 2650 R 17
Tread Type: Highway

Mote any damage to the vehicle prior to test:

* Denotes accelerometer location.

NOTES: None

Engine Type:  ¥-8

Engine CID: 4 7 liter

Transmisgsion Type:

] Auto or | Manual
[ rwD 7] RWD [] 4wD

Optional Eguipment:

Mone 3 _ B
i "
Dummy Data: -y
Type: Mo dumnny -
Maszs: 0 b
Seat Position: MA E
T
Geometry: inches o - -
A 78.50 F 40.00 K 20.00 F 3.00 u 2675
B T4.00 G 28.25 L 30.00 Q 30.50 W 3025
C 227 50 H 59.60 M 68.50 R 18.00 w 59,60
] 44 00 I 1175 M 68.00 = 13.00 ¥ 79.00
E 140 50 J 27.00 O 46.00 T T7.00
Whesl Cent Whesl Well Baotiom Fi
Height Front 14.75 Clearance (Front) 6.00 HeigT: "ot 12.50
Whe=l Center Wheal Well Bottom Frame
Height Rear 14.75 Clearance (Rear) 925 Height - Rear 2250
RANGE LIMIT: A=TS £2 Imches; C=237 £13 Inches; S=1£48 212 Imches; F=33 23 mches;, G == 28 inches; H = 63 4 Inches; O=23 =4 Inches; [MNE2=6T =1.5 Inches
GVWR Ratings: Mass: Ib Curb Test Inertial Grozs Static
Front 3700 Miront 2068 2006 2006
Back 3000 Mrear 2084 2141 2141
Total g700 Mroem 5052 5047 AD4T
[Alowabie Rangs for T and GEM = SO00 Ib =110 k)
Mass Distribution:
[+] LF: 1465 RF: 1441 LR: 1097 RR: 1044

Tire Inflation Pressure:

Mone

MASHTEST 3-11 (CRASH TEST NO. 609971-03-1)

VINNo-  1CBRRBGT2DS623414

Model: 1500

35 psi

Odometer: 126643

THEEL
TREE

Niowl—

—TRST THERTLAL 2. M

Figure D.1. Vehicle Properties for Test No. 609971-03-1.
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Date: 2019-0722  Test No.: 609971-03-01  vIN No.- 1C6RRBGT2DS693414

Year: 2013 Make: RAM Model: 1500

VEHICLE CRUSH MEASUREMENT SHEET!

Complete When Applicable
End Damage Side Damage

Undeformed end width Bowmng: B1 X1

Corner shift: Al B2 = X2
A2

End shift at frame (CDC) Bowing constant
(check one) Y1+ X2
<4 inches T N

= 4 inches

Note: Measure C; to Cs from Driver to Passenger Side in Front or Rear Impacts — Rear to Front in Side Impacts.

Direct Damage

Specific ¥
Impact Plane* of Width** MaxH#* Field c © G Ca s Ce D
Number C-Measurements (CDC) Crush 1+

1 AT FT BUMPER 16 11

2 SAME 16 10

Measurements recorded

Dinches or |:|mm

1Table taken from National Accident Sampling System (NASS).

*Tdentify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at
beltline, etc.) or label adjustments (e.g., free space).

Free space value 1s defined as the distance between the baseline and the original body contour taken at the individual
C locations. This may include the following: bumper lead, bumper taper, side protrusion, side taper, etc.
Record the value for each C-measurement and maximum crush.

*\easure and document on the vehicle diagram the beginning or end of the direct damage width and field L (e.g.,
side damage with respect to undamaged axle).

wekMleasure and document on the vehicle diagram the location of the maximum crush.

Note: Use as many lines/columns as necessary to describe each damage profile.

Figure D.2. Exterior Crush Measurements for Test No. 609971-03-1.
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Date: 2019-07-22  Test No.- 609971-03-01 N No.- 1C6RREGT2DS693414

Year: 2013 Make: RAM Model: 1500
OCCUPANT COMPARTMENT
- =il / DEFORMATION IVIEASUREIVI_ENT
r Before After Differ.
\ (inches)

o B2 | E3 E4 A1 65.00 65.00 0.00
E A2 63.00 63.00 0.00
i SRV | A3 65.50 65.50 0.00
B1 45.00 45.00 0.00
B2 38.00 38.00 0.00
B3 45.00 45.00 0.00
B4 39.50 39.50 0.00
B5 43.00 43.00 0.00
B6 39.50 39.50 0.00
| C1 26.00 26.00 0.00
c2 0.00 0.00 0.00
C3 26.00 26.00 0.00
D1 11.00 11.00 0.00
D2 0.00 0.00 0.00
I D3 11.50 11.50 0.00
. E1 58.50 58.50 0.00
= ‘ = E2 63.50 63.50 0.00
— -4 — E3 63.50 63.50 0.00
l E4 63.50 63.50 0.00
— U — F 59.00 59.00 0.00
59.00 59.00 0.00
H 37.50 37.50 0.00
*Lateral area across the cab from driver’s side | 37.50 37.50 0.00
kickpanel to passenger's side kickpanel. e 55,00 55 00 0.00

Figure D.3. Occupant Compartment Measurements for Test No. 609971-03-1.
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D.2. SEQUENTIAL PHOTOGRAPHS

(g) 0.600 s (h) 0.700 s
Figure D.4. Sequential Photographs for Test No. 609971-03-1 (Overhead Views).
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(g) 0.600 s (h) 0.700 s
Figure D.5. Sequential Photographs for Test No. 609971-03-1 (Frontal Views).
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(g) 0.600 s (h) 0.700 s
Figure D.6. Sequential Photographs for Test No. 609971-03-1 (Rear Views).
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D.3. VEHICLE ANGULAR DISPLACEMENTS

Roll, Pitch and Yaw Angles

150

100

50

Angles (degrees)
o

-50

\

0 0.5 1.0 1.5 2.0
Time (sec)

— Roll — Pitch — Yaw

Test Number: 609971-03-1
Test Standard Test Number: MASH Test 3-11
Axes are vehicle-fixed. Test Article: MGS Guardrail with Flare

Sequence for Test Vehicle: 2013 RAM 1500
determining orientation: Inertial Mass: 5047 Ib

1. Yaw. Gross Mass: 5047 Ib

2. Pitch. Impact Speed: 62.6 mi/s

3. Roll. Impact Angle: 25.7°

Figure D.7. Vehicle Angular Displacements for Test No. 609971-03-1.
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D.4. VEHICLE ACCELERATIONS

X Acceleration at CG

&)

Mh , ﬂﬁ VN hady a [yt S\l TR |

: i
¥y
T

0 0.5 1.0 1.5 2.0
Time (sec)

Longitudinal Acceleration (G)
a o

‘— Time of OIV (0.1458 s)— SAE Class 60 Filter —— 50-msec average ‘

Figure D.8. Vehicle Longitudinal Accelerometer Trace for Test No. 609971-03-1
(Accelerometer Located at Center of Gravity).
0 J\ [ A (i ﬁM

AN S

|

Y Acceleration at CG

[4)]

Lateral Acceleration (G)
(6]

-10

0 0.5 1.0 1.5 2.0
Time (sec)

‘ — Time of OIV (0.1458 s)— SAE Class 60 Filter —— 50-msec average ‘

Figure D.9. Vehicle Lateral Accelerometer Trace for Test No. 609971-03-1
(Accelerometer Located at Center of Gravity).
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Z Acceleration at CG

-
(=]

a

Vertical Acceleration (G)

a

A L
10

0 0.5 1.0 1.5 2.0
Time (sec)

‘ — SAE Class 60 Filter—— 50-msec average ‘

Figure D.10. Vehicle Vertical Accelerometer Trace for Test No. 609971-03-1
(Accelerometer Located at Center of Gravity).
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APPENDIX E.

MASHTEST 3-11 (CRASH TEST NO. 609971-03-2)

E.1. VEHICLE PROPERTIES AND INFORMATION
Date: 2020-318 Test Mo.- a0a%71-03-2 WVIN No.- 1C6RREGT2ES286071
Year: 2014 Make: RAM Model:
Tire Size: 265ffOR 17 Tire Inflation Pressure: 35 psi
Tread Type: Highway Odometer; 156533
Mote any damage to the vehicle prior to test: None
® Denotes accelerometer location. | S T ;lj
NOTES: MNone Fy—F —

Engine Type: -8

Engine CID: ETL

Transmission Type:

AWM : II * - : = I
AR K | \{J Ill W
' g THEEL
e Y

|I = i' I- T TREE

—TEST MERTLAL 2. M

] Auto  or [] Manual -0 .
[ FwD 7] RWD [] 4wD Rt ===
E e 11— | 11
Optional Equipment: — {I_.a--’ L — S il ]
N':T'E _'.."'-__\--. | | - 3' = 'Ill = " .
[} J i I_\__—'-I:'.._H'l.‘ ! T : & IJI ‘-_‘I-Ix j
Dummy Data: N T [{ -|“ T A R
Type: HOMNE 1 [ -
Mass: Ib - T o Lg
Seat Position: E
kil
Geometry: inches o -
A 78.50 F 40.00 K 20.00 =] 3.00 26.75
B 74.00 G 29 L 30.00 Q 30.50 30.25
C 227 &0 H 5054 M 68.50 R 18.00 505
D 44 00 I 11.75 M 68.00 5 13.00 79
E 140 50 J 27.00 0 46.00 T 77.00
Whesl| Cent Whes| Well Bottom Fi
Height Front 14.75 Clearance (Front) 6.00 Hei,;m " Front 12.50
Wheel Center Whesl Well Botiom Frame
Height Rear 14.75 Clearance (Rear) 9.25 Height - Rear 22.50

RAMGE LIMIT: A=72 £3 Imches; C=237 13 inches; E=1£8 212 Inches; F=39 23 inches; O = > 28 Inches; H = 53 24 Inches; O=23 =) Inches; (M+NE2=6T7 =1.5 Inches

GVWR Ratings:

Front 3700
Back 3900
Total G700

Mass Distribution:
[} LF:

Mass: Ib Curb Test Inertial Gross Static
Mirent 2E85 2392
Mozar 2161 2127
Mrreai 5146 So19 0
[Alosnbie RangsTor T and GEM = 5000 b= 19003
1450 RF: 1442 LR 1073 RR: 1054

Figure E.1. Vehicle Properties for Test No. 609971-03-2.
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Date: 2020318 TestNo- 609971-03-2

VIN No.: 1C6RREGTZES286071

Year: 2014 Make: RAM

Model:

VEHICLE CRUSH MEASUREMENT SHEET!

Complete When Applicable

End Damage Side Damage

Undeformed end width Bowmgz: Bl X1

Comer shift- Al B2 X2
A2

End shaft at frame (CDC) Bowing constant
(check one) X1+ X2
= 4 mches 2

= 4 mches

Mote: Measure C) fo Cs from Dniver to Passenger Side 1n Front or Eear Impacts — Bear to Front m Side Impacts.

] Direct Damage
lu;srgcaﬁr Plane* of Width** Ifagt#* Field G C: G G Cs Co D
Mumber C-Meanrements [CDC) Cruazh L

1 AT FT BUMPER 18 10

Z SAME 18 10

Measurements recorded

[]inches or [ ]mm

ITable taken from Mational Accident Sampling System (MASS).

*Identify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, zbove =all at

belthne, ete) or label adjustments (e.g., free space).

Free space value is defined as the distance betwreen the baseline and the criginal body contour taken at the individual
C locations. This may include the following: bumper lead, bumper taper, side profrusion, side taper, efc.

Facord the value for each C-measurement and maximum crush.

**hleasure and document on the vehicle diagram the beginmng or end of the drect damage width and field L (e g,

side damage with respect to undamaged axla).
**#)feazure and document on the vehicle diagram the location of the maxmmm crush.

Mote: Use as many hnes/colomns as necessary to desenibe each damage profile.

Figure E.2. Exterior Crush Measurements for Test No. 609971-03-2.
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Date: 2020318 Test No.- 609971-032  \/N No.- 1CBRREGT2ES286071

Year: 2014 Make: RAM Model:
OCCUPANT COMPARTMENT
DEFORMATION MEASUREMENT
S Before  After  Differ.
(inches)

E2 | E3 E4 A1 65.00 65.00 0.00
A2 63.00 63 0.00

i | A3 65.50 65.50 0.00
B1 45.00 45.00 0.00

B2 38.00 38.00 0.00

B3 45.00 45.00 0.00

B4 39.50 39.50 0.00

B5 43.00 43.00 0.00

|
M B6 39.50 39.50 0.00
& N e C1 26.00 26.00 0.00
Co 0.00 0.00 0.00

C3 26.00 26.00 0.00
D1 11.00 11.00 0.00

D2 0.00 0.00 0.00

[ D3 11.50 11.50 0.00

52 E1 58 50 58 50 000

B4 | 36 E2 63.50 63.50 0.00

—El-4— E3 63.50 63.50 0.00

l E4 63.50 63.50 0.00

— U — E 59.00 59.00 0.00

G 59.00 59.00 0.00

H 37.50 37.90 0.00

*Lateral area across the cab from driver's side I 37.50 37.50 0.00
Kickpanel to passenger's side Kickpanel. e 5500 55 00 0.00

Figure E.3. Occupant Compartment Measurements for Test No. 609971-03-2.

TR No. 619971-01 148 2023-06-01



E.2. SEQUENTIAL PHOTOGRAPHS

(c) 0.200 s (d)0.300 s

(€) 0.400 s () 0.500 s

(g) 0.600 s (h) 0.700 s
Figure E.4. Sequential Photographs for Test No. 609971-03-2 (Overhead Views).
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(c) 0.200 s (d)0.300 s

(¢) 0.400 s () 0.500 s

(g) 0.600 s (h) 0.700 s
Figure E.5. Sequential Photographs for Test No. 609971-03-2 (Rear Views).
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E.3. VEHICLE ANGULAR DISPLACEMENTS

Roll, Pitch and Yaw Angles

50

m
[}]
%’, 50
(9]
z
w \
[}]
> -100
c
<
150
2005 0.5 1.0 1.5 2.0

Time (sec)

— Roll — Pitch — Yaw

Test Number: 609971-03-2

Test Standard Test Number: MASH Test 3-11
Test Article: MGS Guardrail with Flare

Test Vehicle: 2014 RAM 1500

Inertial Mass: 5019

Gross Mass: 5019

Axes are vehicle-fixed.
Sequence for
determining orientation:

1. Yaw.
2. Pitch. Impact Speed: 60.3
3. Roll Impact Angle: 24.5

Figure E.6. Vehicle Angular Displacements for Test No. 609971-03-2.
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E.4. VEHICLE ACCELERATIONS

X Acceleration at CG

Longitudinal Acceleration (G)

0 0.5 1.0 1.5 2.0
Time (sec)

| — Time of OIV (0.1555 s)— SAE Class 60 Filter — 50-msec average |

Figure E.7. Vehicle Longitudinal Accelerometer Trace for Test No. 609971-03-2
(Accelerometer Located at Center of Gravity).

Y Acceleration at CG

dgj’
==
-
};_

N -

[ W
UL T

“ H‘N ’ w V U
AL

Lateral Acceleration (G)

0 0.5 1.0 1.5 2.0
Time (sec)

|— Time of OIV (0.1555 s)— SAE Class 60 Filter — 50-msec average |

Figure E.8. Vehicle Lateral Accelerometer Trace for Test No. 609971-03-2
(Accelerometer Located at Center of Gravity).
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Z Acceleration at CG

o

M 1 JW ﬂ

N

IR P A S

Ay

Vertical Acceleration (G)
o

| 1y /)/\\
M{ qu ww W W WP P
! i U
0 0.5 1.0 1.5 2.0
Time (sec)
‘ — SAE Class 60 Filter— 50-msec average ‘
Figure E.9. Vehicle Vertical Accelerometer Trace for Test No. 609971-03-2
(Accelerometer Located at Center of Gravity).
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