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1 INTRODUCTION
1.1 Problem Statement

The current policy for roadside hardware installed on federal aid projects requires
upgrading non-conforming systems to MASH acceptance level for full system replacements,
certain structural rehabilitations such as deck replacements, or repairing a critically damaged
bridge rail system.[4ASHTO16] The Maine Department of Transportation (MaineDOT) and
other New England DOTs have a need to evaluate and, if necessary, improve their existing steel
post-and-beam bridge rail designs and corresponding approach guardrail transition (AGT)
designs to meet the new crash testing standards of MASH.

The predominate bridge rail and approach guardrail transition (AGT) systems used in
Maine, as well as the other New England states, include details for 2-bar, 3-bar and 4-bar designs
which were developed and tested under the auspices of the New England Transportation
Consortium (NETC) under AASHTO Guide Selection for Bridge Rails Performance Level 2
(GSBR PL2) and/or NCHRP Report 350 (R350) test procedures. Per the joint agreement of
AASHTO and FHWA, each state will need to specify MASH compliant bridge rails for new and
full replacements on the National Highway System (NHS) with contract lettings after December
31,2019. As such, it is of interest to the New England DOT’s to determine if these existing
NETC bridge rail systems meet the strength and safety criteria of MASH, which involve higher
impact severities for each test case.

1.2 Objectives

The objectives of this project were to: (1) review existing NETC bridge rail and AGT
designs and assess performance aspects to determine preliminary MASH
compliance/equivalency, (2) review current standard details and specifications for NETC style
bridge rails and transitions used by MaineDOT, NHDOT, RIDOT and VTrans to identify
differences in material specifications and dimensional details, and (3) evaluate the crash
performance of the NETC bridge rail and approach guardrail transition (AGT) designs using
finite element analysis (FEA) computer simulation. The impact conditions and assessment
procedures for the FEA conforms to the specifications in MASH for TL3 or TL4 (as appropriate)
and included evaluations of structural capacity of the railing, risk of occupant injury, and vehicle
stability during impact and redirection. The systems included in the evaluation are listed below
along with the target test level for each system:

e Bridge Rail Systems:

o NETC curb-mounted 2-bar Rail (TL3)

o NETC curb-mounted 3-bar Rail (TL4) (4-bar curb mounted NETC rail would be
considered equivalent to this type)

o NETC sidewalk-mounted 4-bar Rail (TL4)



e Bridge Rail Transitions:
o NETC Style 2-bar Rail to Thrie Beam (TL3) (NHDOT steel rail transition)
o NETC Style 3-bar Rail to Thrie Beam (TL4) (NHDOT steel rail transition)
o Concrete Transition Barrier to Thrie Beam (TL4) (MaineDOT standard detail)

These basic designs are used by several New England states with slight variations in
design details, such as spacing between tube rails and curb height. The standard bridge rail
drawings for Maine, New Hampshire, Vermont and Rhode Island are provided in Appendices A,
B, C, and D, respectively.

2 RESEARCH APPROACH AND SCOPE OF THE STUDY

A critical review of current standard details and specifications for NETC style bridge rails
and transitions used by MaineDOT, NHDOT, RIDOT and VTrans was conducted to identify
differences in material specifications and dimensional details. An initial performance assessment
was made for each bridge rail design based on strength calculations and rail geometrics
calculations for MASH loading conditions according to procedures in Section 13 of the
AASHTO LRFD Bridge Design Specifications with updated MASH criteria as presented in
NCHRP 20-07 Task 395.[4ASHTO12; Dobrovolnyl7] Preliminary recommendations were
made for NETC bridge rail and AGT design details for further crash performance evaluations in
this study. The recommendations were based on the least conservative design details that have
an acceptable crash testing record. In this way the more conservative designs would be assumed
to have adequate strength.

The crash evaluations were conducted using finite element analysis (FEA) to assess
crashworthiness under MASH conditions. Detailed FEA models of select bridge rails and
transition systems were developed, and the FEA software LS-DYNA was used to simulate
existing full-scale crash tests to assess the validity of the models. [LSDYNA15] Model validity
was assessed through comparison of simulated results with the full-scale test results using the
procedures outlined in NCHRP Web-Document 179. [Rayl 1] The validated models were then
used as a baseline for the MASH evaluations of the systems. Revisions to the baseline system
designs were incorporated into the baseline model according to the approved recommendations
by the project technical oversite committee (TAC) prior to the MASH evaluations.

The evaluations used critical impact points that lead to the greatest potential for structural
failure or occupant harm and were determined based on FEA results as well as previous testing.
The section of the AGT which transitions from the w-beam guardrail to the thrie-beam system
has been evaluated via full-scale testing in previous studies and was therefore not included in this
study (e.g., see Winkelbaueri4).

The results of the analyses in this project cannot guarantee MASH compliance — only full-
scale testing can do that; but the simulations results should provide reliable predictions for the
outcome of such tests.


http://www.trb.org/Main/Blurbs/166054.aspx

3 LITERATURE REVIEW

A review of published literature and ongoing research was conducted to investigate
performance aspects of select bridge rail systems used among the New England States, as well
as, other designs that have demonstrated MASH compliance/equivalency. A critical review of
current standard details and specifications for NETC style bridge rails and transitions used by
MaineDOT, NHDOT, RIDOT and VTrans was also performed to identify differences in material
and dimensional details compared to each other as well as to the tested designs. Strength
calculations, per Section 13 of the AASHTO LRFD Bridge Design Specifications, were
performed to determine the strength and capacity of the current bridge railing designs.
[AASHTO12]

Preliminary recommendations for dimensional and material specifications are provided
based on the review to better ensure consistency for NETC style designs, considering
constructability and performance.

3.1 Summary of Current NETC Bridge Rail Designs

The current NETC bridge designs are shown in Figures 1 and 2. In general, these designs
include a W6x25 steel post that is welded to a 10x14x1-inch steel baseplate and mounted onto
the top of a concrete curb or sidewalk using four (4) 1-inch diameter threaded rods 12 inches
long. The posts are spaced at 8 feet on centers. The longitudinal rails are composed of HSS
8x4x5/16-inch and HSS 4x4x1/4-inch sections, as shown in Figure 1. The rails are fastened to
the post using %-inch diameter round-head bolts inserted through the face of the rail bar.
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Figure 1. NETC bridge rail designs.
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Figure 2. NETC 4-bar curb-mounted bridge rail design.

The 2-bar and 4-bar NETC bridge rail designs shown in Figure 1 were successfully tested
under GSBR PL2 and R350 TL4 guidelines. [Mak98; Kimball99] The eligibility letter for these
two systems is B-50 which can be obtained from the FHWA website!. The NETC curb-mounted
3-bar design has not been full-scale crash tested but was deemed NCHRP Report 350 TL4
complaint based on the NETC 4-bar test results, acknowledging that the 9-inch reinforced curb
serves as a replacement for the lower rail of the system. The eligibility letter for the 3-bar design
is B-242 which can also be obtained from the FHWA website.? To our knowledge, there is no
eligibility letter for the curb-mounted 4-bar design, as this system has not been full-scale tested.
Additional drawing details are provided in the Appendices and in the crash test reports. [Mak98;
Kimbal99]

3.2  Summary of Current NETC Transition Designs

When two barrier systems of different stiffness are connected, such as connecting a semi-
rigid guardrail to a rigid bridge rail, it is necessary to ensure a gradual transition across the
connection points. Any abrupt change in stiffness of the barrier can lead to pocketing, snagging
and/or penetration of the barrier during impact. Thus, a transition guardrail section is necessary
to develop a gradual stiffness transition between the two barrier systems.

The approach guardrail transitions (AGT) that were evaluated in this study are shown in
Figures 3 and 4. In general, these designs include a w-beam rail attached to a symmetrical thrie-
beam transition rail, which is attached to a nested thrie-beam rail, which is then attached to either
a tube rail section (e.g., for the 2-bar and 3-bar bridge rail designs) or to a concrete buttress (e.g.,
for the 4-bar bridge rail design). These guardrails are supported by W6x8.5 steel posts and
blockouts. The posts are typically 7°, 8 or 8’-8” long and are mounted at decreasing post spacing

! https://safety.fhwa.dot.gov/roadway_dept/countermeasures/reduce_crash_severity/barriers/pdf/b-50.pdf

2 https://safety.fhwa.dot.gov/roadway_dept/countermeasures/reduce crash_severity/barriers/pdf/b242.pdf
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as the system starts at the w-beam guardrail (e.g., 6’-3” spacing) and approaches the rigid bridge
rail (e.g., 18.75-inch spacing). Additional drawing details are provided in the Appendices.
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The NETC 2-bar to thrie-beam AGT was successfully full-scale crash tested to R350 TL3
by the Texas Transportation Institute (TTI) in 2005. [Alberson06] The NETC 3-bar AGT and
NETC 4-bar AGT with transition from thrie-beam to tube rail have not been crash tested but
received R350 TL3 approval from the FHWA based on the NETC 2-bar test (see problem
statement of [Mak98] and Eligibility Letter 146). To our knowledge, the MaineDOT concrete-
to-thrie-beam AGT has not been tested; however, based on results of similar systems, it was
expected that the system would require some geometrical changes to the concrete buttress design
to prevent vehicle impacting and snagging on the end of the buttress. Additional discussion is
provided later in the critical review.

3.3 Previous Full-Scale Testing of NETC Hardware

The following is a summary of the NETC hardware designs that have been successfully
crash tested under previous test procedures (e.g., GSBR PL2, R350). These include the curb-
mounted NETC 2-bar bridge rail, the sidewalk-mounted NETC 4-bar bridge rail, and the
NHDOT AGT for the 2-bar bridge rail. To our knowledge, neither the 3-bar bridge rail nor the
AGTs for the 3-bar and 4-bar bridge rail systems have been full-scale crash tested. The test for
the NHDOT transition to the 3-bar system was “waived” by the FHWA based on the full-scale
test results for the AGT 2-bar system.

3.3.1 NETC 2-Bar Bridge Rail

The NETC 2-bar bridge rail system was tested according to the crash test specifications
of 1989 AASHTO Guide Specifications for Bridge Railings (GSBR) for performance level 2
(PL2) and R350 TL4. [Mak98] The tests were conducted at the Texas Transportation Institute
(TTI). The NETC 2-bar bridge rail, shown in Figure 1, is a R350 TL4 34-inch tall curb-mounted
bridge rail composed of two longitudinal tubular rails. The test article included a 100-foot long
section of the bridge rail mounted on a simulated bridge deck. The top rail was fabricated from
TS 8x4x5/16-inch structural tubing; the lower rail was fabricated from TS 4x4x0.25-inch
structural tubing. Each rail was fastened to a W6x25 steel post using two (2) ¥-inch diameter
round-head bolts. The posts were spaced at 8-ft center-to-center. The posts were welded to a
10x14x1-inch baseplate. The baseplate was mounted to the top of a 9-inch tall steel reinforced
concrete curb using four 1-inch diameter double-threaded studs. The threaded rods were 9
inches long and were fastened to a 9-3/8 x 13 x 1/8-inch anchor plate embedded in the curb. The
curb section was 9 inches tall and 21 inches wide, including a 5-inch wide facing cast in a
separate pour on the front of the curb to simulate a granite curb extension. The distance from the
face of the curb to the face of the bridge rail was 6 inches.

Test 471470-18 corresponded to the impact conditions of PL2 and involved a 1986 Yugo
GV with gross static mass of 1,970 Ib, including a 170-Ib dummy impacting the bridge rail at
62.7 mph and 20.6 degrees. Test 471470-19 corresponded to the impact conditions of PL2 and
involved a 1984 Ford F250 with gross static mass of 5,568 1b impacting the bridge rail at 57.3
mph and 20.6 degrees. Test 471470-29 corresponded to the impact conditions of Report 350
Test 4-12 and involved a 1980 GMC 6000 single unit truck ballasted to 17,621-lb, impacting the
bridge rail system at 50.7 mph and angle of 15.5 degrees.

The bridge rail system successfully passed all required structural adequacy and occupant
safety criteria for AASHTO PL2 and R350 Test 4-12. Table 1 shows a summary of test results
for the NETC 2-bar bridge rail system. Additional details of the tests and results can be found in
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the test report. [Mak98] The eligibility letter for this system is B-50 which can be found on the
FHWA website.

Table 1. Summary of test results for NETC 2-bar bridge rail design. [Mak98]

471470-18 NETC-2 NETC-3

Test Designation PL2-car PL2-Pickup R350 Test 4-12
Test Vehicle 1986 Yugo GV 1984 Ford F25 198 GMC 6000
Gross Vehicle Weight (Ib) 1,970 5,568 17,621
Impact Speed (mph) 62.7 57.3 50.8
Impact Angle (deg) 20.6 20.6 15.5
Exit Speed (mph) 55.1 48.6 -
Exit Angle (deg) 2.2 2.2 2
Occupant Impact Velocity

Longitudinal (ft/s) 16.9 12.2 7.5

Lateral (ft/s) 27.5 21.5 12
Ridedown Accel

Longitudinal (g's) 1.6 2.5 4

Lateral (g's) 6.8 12.2 3.2
Maximum 50 msec Avg Accel

Longitudinal (g's) 6.1 3.4 1.8

Lateral (g's) 15.2 10.3 2.6
Max Deflection (in) 0.25 0.25 -
Vehicle Trajectory

Maximum YawAngle (deg) 15 25 16

Maximum Roll Angle (deg) 15 26 19

Maximum Pitch Angle (deg) 32 5 6
NCHRP Report 350 Evaluation

Structural Adequacy Pass Pass Pass

Ocupant Risk Pass Pass Pass

Vehicle Trajectory Pass Pass Pass

3.3.2 NETC 4-Bar Bridge Rail

The NETC 4-bar bridge rail, shown in Figure 1, is an R350 TL4 42-inch tall bridge rail
(not including the height of the 9-inch sidewalk) with four longitudinal tubular rails. The top rail,
the third rail from the top, and the bottom rail are fabricated from TSS 4 x 4 x Y4-inch structural
tubing; the second rail from the top is fabricated from TS 8 x 4 x 5/16-inch structural tubing.
The rails are attached to W6x25 steel posts using ¥4-inch diameter studs with steel washers and
locknuts. The posts are spaced at 8-ft center-to-center. The posts are welded to a 10x14x1-inch
steel baseplate. The baseplate is fastened to the top of a 9-inch tall steel reinforced concrete
sidewalk using four 1-inch diameter anchor bolts.

Each tubular rail section is 23.9 feet long and spans three posts. The rail tubes are joined
to the neighboring rails using a 20-inch long tubular sleeve inserted 9-5/8 inches into the ends of
the adjoining rails. The adjoining main rails are separated by a %-inch gap and the sleeve is
fastened to each main rail tube using two 5/8-inch diameter cap screws. The sleeve tube is
fabricated from 3/8-inch steel plate welded along the edges as indicated in Table 2. The
clearance of the splice tube inside the main rail tube is 1/16-inch on all sides. Refer to the
drawings in the crash test report for additional construction details. [Kimbal99]
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Figure 5. NETC 4-bar (SBB44b) Bridge Rail. [Kimball99]

Table 2. Splice tube dimensions for the NETC 4-bar bridge rail in Test NETC 1 - NETC 3.

TS8x4 TS 4x4
Top & Bottom Plates 257 x 3/87 x 207 2-5/87x 3/8” x 20”
Side Plates 6% x 3/8” x 20” 2-7/8”x 3/8” x 20”

The material for the rail bars is ASTM A500 Grade B or ASTM A501 steel. The material
for the rail posts is ASTM A709 Grade 50. The material for all other shapes and plates are
ASTM A709 Grade 36. Anchor studs, washers and exposed nuts conform to ASTM A449, which
has a minimum yield of 92 ksi, ultimate strength of 120 ksi, and 14 percent elongation. All other
bolts and nuts conform to ASTM A307 with minimum yield of 36 ksi, minimum tensile strength
of 60 ksi and 18 percent elongation.

The NETC 4-bar bridge rail system was tested according to the crash test specifications
of NCHRP Report 350 for Test Level 4. The test article was a 108-foot long section of the bridge
rail mounted on a concrete sidewalk. The sidewalk was 8 inches tall at the traffic face and
sloped up to 9 inches tall at the point where the bridge rail was mounted. The distance from the
face of the curb to the face of the bridge rail was 5 feet.

The tests were conducted at the Southwest Research Institute (SwRI). Test NETC-1
corresponded to the impact conditions of Report 350 Test 4-10 and involved a 1991 Ford Festiva
with gross static mass of 1,989 Ib, including a 165-1b dummy impacting the bridge rail at 62.14
mph and 20 degrees. Test NETC-2 corresponded to the impact conditions of Report 350 Test 4-
11 and involved a 1991 Ford F-250 with gross static mass of 4,484 lb impacting the bridge rail at
62.14 mph and 25 degrees. Test NETC-3 corresponded to the impact conditions of Report 350
Test 4-12 and involved a 1993 International 4600 LP single unit truck ballasted to 17,875-1b,
impacting the bridge rail system at 49.8 mph and angle of 15 degrees.

The bridge rail system successfully passed all required structural adequacy and occupant
safety criteria of NCHRP Report 350. Test NETC-3 (i.e., Test 4-12) resulted in an exit trajectory
of the vehicle that would indicate intrusion into adjacent lanes; however, this was a preferred, not
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required, criterion. Table 3 shows a summary of test results for the NETC 4-bar bridge rail
system. The maximum dynamic deflection of the bridge rail was zero inches for NETC-1 and
was 1.0 inch for both test NETC-2 and NETC-3. Additional details of the tests and results can be
found in the test report. [Kimball99] The eligibility letter for this system is also B-50 which can
be obtained from the FHWA website.

Table 3. Summary of test results for NETC 4-bar bridge rail design. [Kimball99]

NETC-1 NETC-2 NETC-3

Report 350 Test No. Test 4-10 Test 4-11 Test 4-12
Test Vehicle 1991 Ford Destiva 1991 Ford F-250 1993 International 4600 LP
Gross Vehicle Weight (lb) 1823 4484 17,875
Impact Speed (mph) 62.1 62.1 49.7
Impact Angle (deg) 20 25 15
Exit Speed (mph) 11.4 10.6 35.8
Exit Angle (deg) 6.6 8.2 4.1
Occupant Impact Velocity

Longitudinal (ft/s) * 13.1 5.41

Lateral (ft/s) * * 9.48
Ridedown Accel

Longitudinal (g's) * 2.55 8.95

Lateral (g's) * * 14.3
Maximum 50 msec Avg Accel

Longitudinal (g's) - - 2.7

Lateral (g's) - - 5.8
Max Deflection (in) 0 1 1
Vehicle Trajectory

Maximum YawAngle (deg) 34 * *

Maximum Roll Angle (deg) 10 20 20

Maximum Pitch Angle (deg) 5 15 5
NCHRP Report 350 Evaluation

Structural Adequacy Pass Pass Pass

Ocupant Risk * Pass Pass

Vehicle Trajectory Pass Pass Pass

* No occupant risk data - lateral accelerometer malfunctioned during test.

3.3.3 NHDOT 2-Bar Rail to Thrie-Beam AGT

The NHDOT 2-bar rail to thrie-beam AGT, shown in Figure 6, is an R350 TL3 system.
The total length of the transition section was 29 feet from the end of the standard w-beam
guardrail to the beginning of the bridge rail. The upstream end of the transition system consisted
of a 12-gauge w-beam rail connected to a 10-gauge symmetric w-beam-to-thrie-beam transition
rail supported by three 6x8 wood posts that were 7 feet long and spaced 37.5 inches on centers
(e.g., half post-spacing). The symmetric transition rail was then connected to two nested 12-
gauge thrie-beam rails supported by four 6x8 inch wood posts that were 7 feet long. The first
post was spaced at 37.5 inches and the next six (6) posts were spaced at 18.5 inches on centers
(quarter post-spacing). The height of the thrie-beam section was 32 inches. The downstream
end of the nested thrie-beams was connected to the two-tube transition rail by means of a 10-
gauge thrie-beam terminal connector. The two tube transition rails used in the transition section
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are the same tubular elements used in the bridge rail. The top rail was a TS 8x4x5/16 and the
lower rail was a TS 4x4x1/4. The tube rails were supported on four (4) W6x25 steel posts 8 feet
long and spaced at 26 inches on centers. The ends of the rail tubes were connected to the bridge
rail through a splice connection. The height of the top rail tube at the connection point to the
thrie-beam was 32 inches. The rail element slanted upward slightly such that the downstream
end was at the same height of the bridge rail (i.e., 34 inches). The tube rails were connected to
the W6x25 steel posts with two 6-inch long, 3/4-inch diameter round-headed bolts. A 7-inch tall
simulated granite curb was installed throughout the transition and extend 6 inches in front of the
rail tubes and 2-1/4 inches in front of the thrie-beam.

Figure 6. NHDOT 2-Bar rail to thrie-beam AGT. [Alberson06]

The NHDOT 2-bar rail to thrie-beam AGT was tested according to the crash test
specifications of NCHRP Report 350 Test 3-21. The test was conducted at the Texas
Transportation Institute (TTI). Test 401181-1 involved a 4,706-1b Chevrolet 2500 impacting the
system at 64.37 inches downstream of the first bridge rail post at 63.6 mph (102.3 km/hr) and
24.9 degrees. The bridge rail system successfully passed all required structural adequacy and
occupant safety criteria for R350 TL3. Table 4 shows a summary of test results for the AGT to 2-
bar bridge rail system. Additional details of the tests and results can be found in the test report.
[Alberson06]

3.3.4 NHDOT 3-Bar Rail to Thrie-Beam AGT

A photo of this system was not available for this report; however, the drawings can be
found in Appendix B. The upstream section of the NHDOT 3-bar AGT design from the w-beam
guardrail to the end of the thrie-beam terminal connector is identical to the 2-bar AGT design
described in the preceding section. The primary difference in these two systems is the number of
rails in the tube-rail section. For the 3-bar AGT, the three tube transition rails used in the
transition section are the same tubular elements used in the bridge rail. The top and lower rails
are a TS 4x4x1/4 and the middle rail is a TS 8x4x5/16. The tube rails were supported on four (4)
W6x25 steel posts 8°-8 long and spaced at 26 inches on centers. The ends of the rail tubes are
connected to the bridge rail through a splice connection. The height of the top rail tube at the
connection point to the thrie-beam was 34 inches. The top and middle rail elements slanted
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upward such that the downstream end was at the same height of the bridge rail (i.e., 44 inches for
the top rail). The tube rails were connected to the W6x25 steel posts with two 6-inch long, 3/4-
inch diameter round-headed bolts. A 7-inch tall simulated granite curb was installed throughout
the transition and extend in front of the rail tubes by 6 inches and the thrie-beam by 2-1/4 inches.

Table 4. Summary of test results for NHDOT 2-Bar Rail to Thrie-Beam AGT. [Alberson06]

401181-1

Test Designation Test 3-21
Test Vehicle 2000 Chevrolet 2500
Gross Vehicle Weight (lb) 4,706
Impact Speed (mph) 63.6
Impact Angle (deg) 24.9
Exit Speed (mph) 52.9
Exit Angle (deg) 11.7
Occupant Impact Velocity

Longitudinal (ft/s) 17.1

Lateral (ft/s) 24.6
Ridedown Accel

Longitudinal (g's) 8.3

Lateral (g's) 10
Maximum 50 msec Avg Accel

Longitudinal (g's) 8.1

Lateral (g's) 13.5
Max Deflection (in) 7.87
Vehicle Trajectory

Maximum YawAngle (deg) 56

Maximum Roll Angle (deg) 14

Maximum Pitch Angle (deg) 19
NCHRP Report 350 Evaluation

Structural Adequacy Pass

Ocupant Risk Pass

Vehicle Trajectory Pass

This system is considered R350 TL3 compliant, although it has not been full-scale tested.
Full-scale testing of this system was not required by FHWA based on review of the drawings and
results of the NETC 2-bar rail to thrie-beam tests. [Alberson06]

3.4 MASH Equivalency Assessment

In a recent study performed by the Texas Transportation Institute (TTI) under NCHRP
Project 20-07 (Task 395) an assessment of several types and styles of existing bridge rails was
conducted to determine if they met suggested MASH performance criteria. [Dolobrovolnyl7] If
a system was deemed equivalent to a specific MASH test level then it could be ‘grandfathered’ to
MASH without further testing. The equivalency assessments considered vehicle stability, strength

of the railing, and geometry of the railing. According to the assessment, a design was deemed
MASH equivalent:

o [Ifrail height is sufficient for the MASH test level (see Table 5);

e If'the system has sufficient strength capacity to withstand MASH loads based on
strength calculations from Section 13 of the AASHTO LRFD Bridge Design
Specifications (see Table 5);
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e If potential for vehicle snag on the bridge rail posts is less than critical values
based on: (1) “ratio of rail contact width to height” vs “post setback distance” and
(2) “vertical clear opening” vs “post setback distance” also contained in the
AASHTO LRFD Bridge Design Specifications (see Figure 7).

Table 5. Critical rail height and design lateral impact loads for MASH bridge railing.

[Dolobrovolnyl17)
Design Impact | Height of Design
MASH Test Rail Height Force Impact Force
Level (in) (kip) (in)
TL-3 229 71 19
36 68 25
TL-4 > 36 80 30
42 160 35
TL-5 >42 262 43
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Figure 7. AASHTO Section 13 Figures A13.1.1-2 and A13.1.1-3 including NETC bridge rail.
[AASHTO12]

The MASH minimum rail height requirement for stability were determined from a
combination of full-scale testing and FEA. For MASH TL3, the minimum height was determined
using finite element analysis (FEA). The FEA model was validated by comparing the analysis
results to a full-scale crash test conducted on a 32-inch tall vertical concrete barrier under MASH
Test 3-11 conditions (i.e., 5000-1b pickup impacting at 62 mph and 25 degrees). The validated
model was then used to assess vehicle stability for MASH Test 3-11 on 27-inch, 28-inch, and 29-
inch tall vertical concrete barriers. The pickup was determined to be unstable for the 27- and 28-
inch barriers but was stable for the 29-inch tall barrier case. [Dolbrovolnyl7]

For MASH TLA4, the minimum height was determined to be 36 inches using FEA and was
then verified via full-scale testing on a 36-inch tall single-slope barrier. [Sheikhl1] Previous full-
scale testing showed that the 22,000-1b single unit truck rolled over the top of the 32-inch tall
barrier under MASH Test 4-12 conditions (i.e., 55 mph and 15 degrees) [Bullard08; Polivka06].

3.4.1 Rail Geometric Evaluations

The geometric relationships for bridge railings are contained in Figures A13.1.1-2 and
A13.1.1-3 of Section 13 of the AASHTO LRFD Bridge Design Specifications, and reproduced
here in Figure 7 above. [A4ASHTO12] These relationships were developed based on a review of
NCHRP Report 230 crash test data to relate impact performance to the geometric characteristics
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of bridge railing systems. The rail geometric criteria correlate the potential for the wheel, bumper
or hood snagging against a bridge rail post to high vehicle decelerations and occupant
compartment intrusions. These relationships have not yet been confirmed for NCHRP Report
350 or MASH test cases but are still commonly applied to bridge rail design.

Table 6 and Figure 8 show a summary of the rail-geometric calculations for the NETC and
New England bridge rail designs with the highest priority systems highlighted. Example
calculations are shown in Figure 9. For a post setback distance of 4 inches, the 2-bar system
meets the recommended geometric criteria when the curb height is 9 inches (e.g., NETC and
ME); however, there is not sufficient contact width relative to the height of the rail when a 7-inch
curb is used (e.g., VT and RI). The 3-bar system also meets the recommended criteria when a 9-
inch curb is used (e.g., ME) but not for the 7-inch curb (e.g., NH). The 4-bar systems, however,
do not meet recommended criteria for contact width / barrier height.

Table 6. Rail geometrics calculations for NETC bridge rails.

Post Max. Vertical| Contact Ratio
Bridge Rail Design Setback | Rail Height Opening Width Contact/
(Mount) State (in) (in) (in) (in) Height Result
NETC 4 34 7.0 21 0.62 S
2-Bar (curb) ME 4 34 7.0 21 0.62 S
*VT 4 34 9.0 19 0.56 M
*RI 4 34 9.0 19 0.56 M
3-Bar (curb) ME 4 42 6.0 25 0.60 S
*NH 4 44 9.0 23 0.52 M
NETC 4 42 6.0 20 0.48 M
4-Bar (sidewalk) ME 4 42 6.0 20 0.48 M
NH 4 42 5.5 20 0.48 M
RI 4 42 5.5 20 0.48 M
4-Bar (curb) ME 4 54 7.0 29 0.54 M
VT 4 55 7.0 29 0.53 M

* VT, NH, and Rl use 7-inch curbs for the 2- Bar and 3-Bar systems. The max opening is between the lower rail and top of curb.
S: Satisfactory
M: Marginal
N.S.: Not Satisfactory

Maximum Vertical Opening Ratio of Contact Width / Barrier Height
070 > Preferred
I e /
\ 060 - oo
100 < Preferred
0.50
8.0
0.40
6.0 030
40 020
20 0.10
0.0 0.00
NETC ME *VT *RI ME *NH NETC ME NH R ME VT NETC ME *VT *RI  ME *NH NETC ME NH R ME VT
2-Bar (curb) 3-Bar (curb) 4-Bar (sidewalk) 4-Bar (curb) 2-Bar (curb) 3-Bar (curb) 4-Bar (sidewalk) 4-Bar (curb)
(a) (b)

Figure 8. Rail geometrics summary for NETC style barriers by State (blue denotes priority
designs).
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Figure 9. Example calculations for the rail geometric criteria based on a post setback distance of 4
inches.

3.4.2  Rail Strength Evaluations (Bridge Rails)

The design forces for bridge railing is provided in Table A13.2-1 of the AASHTO LRFD
Bridge Design Specifications, which is shown here in Table 7. Under MASH impact conditions,
the impact severity increased significantly compared to its predecessors for Test Level 3 (e.g.,
13.6 percent) and Test Level 4 (e.g., 56.8 percent). Accordingly, the design forces for bridge
railing have also been increased for MASH designs. In a research project sponsored by TxDOT,
TTI used finite element analysis to calculate lateral impact force characteristics, including
magnitude and loading height, for MASH TL4 impact conditions for rigid single slope barriers
with various heights. [Sheikhl1] As part of the NCHRP 20-07(395) project, FEA was used in a
similar manner to calculate lateral impact load characteristics for NCHRP Report 350 and MASH
TL3 impact conditions for a rigid vertical parapet. [Dolobrolvony17] The resulting TL3 and TL4
design loads are shown in Table 8.

Table 7. Design forces for NCHRP Report 350 traffic railings [AASHTO12]

Railing Test Levels
Design Forces and Designations TL-1 TL-2 TL-3 TL-4 TL-5 TL-6
F; Transverse (kips) 13.5 27.0 54.0 54.0 124.0 175.0
F; Longitudinal (kips) 4.5 9.0 18.0 18.0 41.0 58.0
F, Vertical (kips) Down 4.5 4.5 4.5 18.0 80.0 80.0
L;and I (ft) 4.0 4.0 4.0 3.5 8.0 8.0
L, (ft) 18.0 18.0 18.0 18.0 40.0 40.0
H, (min) (in.) 18.0 20.0 24.0 32.0 42.0 56.0
Minimum A Height of Rail (in.) 27.0 27.0 27.0 32.0 42.0 90.0
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Table 8: Design forces and load height for MASH TL3 with comparison to NCHRP Report 350.

[Dolbrovolnyl17]
Test Level 3 Test Level 4
Report 350" |Report 350?| MASH® | Report 350" | MASH®
Design Forces and Barrier Height (in) Barrier Height (in)

Designations all all all all 36 39 42 Tall
F: Transverse (kip) 54 61 71 54 67.2 72.3 79.1 93.3
F. Longitudinal (kip) 18 18 21.6 23.6 26.8 27.5
F, Vertical (kip) 4.5 18 37.8 32.7 22 N/A
L, and L, (ft) 4 3.5 4 5 5 14
He (in) 24 18 19.5 32 25.1 28.7 30.2 45.5
W [AASHTO12]
@ [Dolbrolvony17]
®) [Sheikh11]

N/A Not applicable

The design load for MASH TL3 increased to 71 kips applied at 19.5 inches above the
reference surface (e.g., top of pavement for curb- and deck-mounted systems, or top of sidewalk
for sidewalk-mounted systems). The design loads for MASH TL4 also increased and are now a
function of rail height, since taller barriers engage more of the cargo bed and reduce roll angle of
the vehicle, both of which increase the lateral forces on the barrier.

The design loads used in the 20-07(395) project are shown in Table 9, which were based
on those presented in Table 8; the values in Table 9 were adopted for this study. The NETC 2-
bar design is being evaluated as a MASH TL3 barrier with a design load of 71 kips applied at 19
inches, since it does not meet minimum height requirement for MASH TL4. The NETC 3-bar
and 4-bar designs are 42 inches tall and are being assessed as MASH TL4 barriers, so the lateral
design load is 80 kips applied at 30 inches above the reference surface for those cases.

Table 9. Design loads for MASH barriers used in NCHRP 20-07(395) project. [Dolbrovonyl7]

Design Impact
Rail Height Force He
MASH Test Level (in) (kip) (in)
TL-3 >29 71 19
36 68 25
TL-4
>36 80 30
42 160 35
TL-5
>42 262 43

3.4.2.1 Materials

The material types and strengths for the primary components of the NETC bridge rail
designs used in the New England states are listed in Table 10. In all cases the railing material
was AASHTO A500 Grade B with minimum yield strength of 46 ksi. Based on discussions
between Maine DOT and HSS suppliers, A500 is supplied under dual specification for Grade B
and C. Grade C has minimum yield strength of 50 ksi and this value was used in the strength
calculations for each of the systems except for the NETC baseline design, since that system was
tested using Grade B. The post and baseplate material were generally ASTM Grade 50 or
AASHTO M270 Grade 50 with minimum yield strength of 50 ksi, except for the baseplate in the
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tested NETC system which was Grade 36. The concrete strength was 4 ksi or 5 ksi depending on

State, and the anchor bolts were either ASTM A449 or AASHTO M314 Grade 105, with

minimum tensile strengths of 120 ksi and 125 ksi, respectively.

Table 10. Materials for NETC bridge rail designs.

Description Variable |Units NETC NHDOT MaineDOT RIDOT
Rail Material Type A500 GrB A500 Gr B/C A500 Gr B/C A500 Gr B/C
ai
Yield Strength|  Fytube ksi 46 50 50 50
Post Material Type A709 Gr50 A572 Gr50 M270 Gr 50 M270 Gr 50
0s
Yield Strength|  Fypost ksi 50 50 50 50
Material Type A709 Gr36 A572 Gr50 M270 Gr 50 M270 Gr 50
Base Plate
Yield Strength| F ksi 36 50 50 50
Material Type A449 A449 M314 Gr105 A449
Anchor Bolts
Tensile Strength|  Fypoie ksi 120 120 125 120
Concrete ucs e psi 4000.00 4000.00 5000.00 5000.00

3.4.2.2 Strength Calculations Equations

A strength analysis for the 2-bar, 3-bar and 4-bar NETC designs was performed
according to the procedures contained in Section 13 of the AASHTO LRFD Bridge Design
Specifications based on plastic strength analysis methods. [AASHTO12] For post-and-beam
railings, the critical rail nominal resistance, R, is taken as the lowest value determined from the
following equation (e.g., A13.3.2-3 in [AASHTO12)):

16M, + (N — 1)(N + 1)B,L ) ) )
"= (failure modes involving even number of spans)

2NL — L,
16M, + N?P,L . . .
"= “ONL—L (failure modes involving odd number of spans)
- Lt

Where,
M), = Inelastic resistance of all rails contributing to plastic hinge (kip-ft) (i.e., . Fy;Z;)
Fyi = Yield strength of each rail element (ksf)
Zi = Plastic section modulus for each rail element (ft°)
P, = Lateral resistance of a single post (kip)
L = Post spacing (ft)
N = Number of spans included in failure hinge evaluations
L: = length of distributed load on rail

It is assumed that the critical resistive force, R, corresponds to a resultant resistive force of the
rail elements applied a height, ¥, above the bridge deck, where Y~ is computed as:

Y=_(i=1)"N&E [M_Pihi])/M.P
Where
Mp; = Inelastic resistance of each rail element

hi = height to center of each rail element relative to reference base
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The lateral resistance of the post is a function of the post material and geometry, as well
as the mounting connections of the post to the curb/deck. Thus, the critical value for post
strength, Pp, is defined as the minimum of:

e Pps: Plastic strength of the post.

e Pp2: Anchor bolt strength (tension and shear).

e Pp3: Weld strength.

e P4 Pry-out of front anchor bolts from concrete (concrete shear cone).
e Pps: Push-out block shear of concrete (lateral shear).

e Py Vertical punching shear of concrete from post baseplate.

Calculations for each of these cases are presented in the following sections.

Pp1 — Plastic Strength of Post

The plastic strength of the post is calculated as:

p Zpost * Fy Zpost * Fy

1 = =
P Y — hcurb - tbp hp

Where
Zpost = plastic section modulus for post
F) =yield strength of post
Y = equivalent load height above reference surface (e.g., deck or sidewalk)
heurs = curb height
trp = thickness of baseplate

hp = height from top of baseplate to ¥

Ppr2 — Based on Anchor Bolt Strength

The peak tensile forces of the anchor bolts arise from the bending moment at the base on
the post from the lateral impact force on the railing. It is assumed that as the post is pushed back
it will tend to rotate about the back edge of the baseplate, which will result in a combination of
tensile and shear forces in all mounting bolts. The nominal tensile strength of an anchor bolt,
¢Fut, is computed as:

OFue = deFApore
Where
¢t = strength reduction factor for tension load (1.0)
Fu = ultimate strength of bolt (ksi)
Avolt = stress area of bolt in the thread region (in?)

The stress area is calculated as:
A_bolt = 0.785(D — 0.9743/n)"2
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Where
D = bolt diameter (in)
n = number of threads per inch (e.g., n = 8 for 1” diameter UNC bolt)

The resultant plastic moment resistance for the anchor bolt system is:

Mp; = FyueWhoiesNpolts
Where
Wholts = resultant moment arm for bolt group from back edge of baseplate
Nbits = number of anchor bolts in the bolt group

The effective strength of the post relative to the anchor bolts is then:

Mp,
Ppy = —

hy

Pp3 — Based on Weld Strength:

For all NETC designs, the post is welded to the baseplate using a sea/ weld or an all-
around weld at the post flanges and web, as illustrated in Figure 10. The weld strength
calculations are based elastic strength of the weld and only consider the welds on the tension
flange of the post. In this respect, the calculations are considered to be conservative.

Seal Weld AN

flange edges / 7. |/
A,
Ye \
Li /
L 1

Figure 10. Weld specifications for post-to-baseplate in NETC railing designs.
The design strength, ¢pR,,, of the weld is computed as:
®Rn = Pwera(0.6Fpxx)(1 + 0.5sin (9)1'5)Aeff

Where

dweld = strength reduction factor for the weld (0.75)

Fexx =nominal weld strength (70 ksi)

0 = angle of loading with respect to the longitudinal axis of the weld (90 degrees)

Aepr= effective area of the weld
The effective area of the weld is computed as:

Aeff = twbposth
18



Where
tw = weld throat size = 0.707*weld size
bpost = width of post flange
Nyw=number of welds = 2 (one on each side of flange)

The effective moment strength at the base of the post due to tensile loading on the welds is
calculated as:

Where
dw = distance from center of weld group on flange to back flange of post
dpost = depth of post (flange to flange)
tr= thickness of flange

The effective strength of the post relative to the welds at the baseplate is then:

Mweld
h

Pp3 =
P

Ppa, Pps, and Pps — Based on Concrete Failure

There are basically three concrete failure modes for bridge rails mounted to concrete
curbs and decks: (1) pry-out shear cone failure due to tensile load on front anchors, (2) push-out
shear failure due to shear load from the anchor bolts, and (3) punching shear failure due to the
baseplate rotating and punching through the concrete deck at the backside of the deck. The later
failure mode is typically only common for thinner decks where the post is mounted very close to
the back edge of the deck. Examples of these failure modes are shown in Figures 11 and 12.
Figure 11 includes two post-test photos from NCHRP Report 350 Test 3-11 on the TxDOT T77
bridge rail. [Bullard(2] The primary failure mode of the concrete for that test was pry-out shear
failure; however, the concrete curb showed notable cracks from all three damage modes, as
annotated on the photos. Figure 12 shows post-test photos from NCHRP Report 350 Test 3-11
on the TxDOT T101 bridge rail, which clearly illustrates the results from punching shear when
the post is set at the edge of a thin bridge deck. [Blighl]
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Figure 11. Concrete damage modes experienced in NCHRP Report 350 Test 3-11 on the TxDOT
T77 bridge rail.

Figure 12. Punching shear damage mode experienced in NCHRP Report 350 Test 3-11on the
TxDOT T101 bridge rail.

Pry-Out Failure Calculations

The theoretical shear cone failure area, Ay, for tensile loading, Tc, on anchor bolts in
concrete is shown in Figure 13, where L. is the depth of the anchor bolt, m is the distance from
the center of the anchor bolt to the curb edge, db is the longitudinal spacing between front anchor
bolts, and 0 is the shear angle taken as 45 degrees. Since there is an anchor plate at the bottom of
the anchor bolts, the shear surface extending between the anchor bolts was approximated by a
rectangular plane starting at the bolt positions on the anchor plate and extending upward at angle
0 of 45 degrees toward the concrete surfaces (i.e., toward both the front and back of the curb).

The pull-out shear cone strength, Tc, of the anchor is computed as:
Tc= [4¢] tV(fcM)xAp

where
¢: = Tensile stress reduction factor (0.85 when anchor head is beyond far face
reinforcement)

f¢ = Unconfined compressive strength of concrete.
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Figure 13. Theoretical failure planes for pry-out shear cone failure in concrete.

The effective moment resistance, Mre, at the base of the post due to pry-out force of the concrete
anchor, as illustrated in Figure 14, is calculated as:

My, =T, * drp¢

Where dr. is the distance from the tensile anchor to the point of compression on the baseplate,
which is taken here as the lateral distance between anchor bolts, as shown in Figure 14a. This
distance is often set as the distance from the front bolt to the back flange of the post but may
extend to the back edge of the baseplate, if the baseplate has sufficiently greater stiffness than the
post. Note, however, that for the NETC designs the anchor bolts are essentially aligned with the
post flanges, as shown in Figure 14b.

14 % 10" x 1°=2"

BASE PLATE
>

M = e “is
Tc . n
o~
| g —
5 [~ W6 x 25
o ! i
v 1" @ HOLES
d ! ! (TYP)
Tc 1357 | 1 g3 | 113"
T 1
10"
TC TC

NETC Post Base Plate

(a) (b)

Figure 14. (a) Assumed load/reaction points for the anchor bolt pry-out resistance calculations and
(b) dimensions of the NETC baseplate.
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The effective strength of the post relative to the pry-out resistance of the anchor bolts is then:
M Tc
h

Ppy =
Y]

Push-Out Shear Failure Calculations

The theoretical failure area, Ap, for push-out shear, Re, of the concrete due to shear
loading on the anchor bolts is illustrated in Figure 15. It is assummed that the shear failure
cracks start at the top of the concrete surface at each of the the front anchor bolts. These cracks
extend at a 45 degree angle, 0, laterally across the top of the curb and downward toward the
bottom of the curb/deck forming three failure plannes. The two failure surface extending
outward from the baseplate are denoted in Figure 15 as Failure Plane A. The shear planes
between the two anchors under the baseplate will overlap and, for simplitiy, a rectangular shear
plane is approximated as a rectangular surface starting at the line between the two bolts at the
surface and extending at 45 degrees downward and toward the back of the curb/deck surface.
This shear plane is denoted in Figure 15 as Failure Plane B. Plane A in is shown as a trapazoid
in Figure 15, since the failure plane reached the “cold joint” between the curb and deck in this
example. However, if the curb were deep enough the failure plane would eventually reach the
back face of the curb and form a triangular shape (refer to edge dz in the bottom-left image in
Figure 15).

y

Figure 15. Approximated failure planes for push-out shear failure in concrete.

To compute the shear areas for Planes A and B, the only information required is the
horizontal distance, a, from the front anchor bolts to the backedge of the curb, the vertical
distance, b, from the top of the curb to either the cold joint or the bottom of the deck (which ever
comes first), and the longitudinal distance, d4, between anchor bolts.

The push-out block shear resistance of the concrete due to shear on the anchor bolts is
computed as:
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P_P5 = 2V(f_cN' ) * (2A + B)

Shear Plane A

Ifb>a=» set b=a

Bolt Location
a

b = Snaso)
d, =dg = b
2775 T 5in(45°)
dy
d3 = (1 - a) dl
d; +d;
Shear Plane B A=——0b)
Bolt Locations
d, d, = distance between anchor bolts
d,
B = dz * d4

Figure 16. Calculation for Shear Planes A and B for Push-Out Shear Failure.
Punching Shear Failure Calculations

The punching shear is calculated by first calculating the nominal shear resistance
provided by tensile stresses in the concrete in ksi (ve).

’ 55
v, =|0.0633+ 0'1[326" } f!

Where:
,B c= Wb/ db

Wi = Width of baseplate (in.)

dv = Distance from the outer edge of the baseplate to the innermost row of bolts (in.)

f¢ = 28-day compressive strength of concrete.

Next, the nominal shear resistance of the section being considered in kips (Vn) is
calculated.

v o=v, {H; +h+2[ E+B.0 ]};
2 2,
Where:
h = Depth of slab (in.)

E = Distance from edge of slab to centroid of compressive stress resultant in post (in.)
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B = Distance between centroids of tensile and compressive stress resultants in post (in.)

h/2 Wp h/E-‘
T e
h/2 C=A-F

u | h/2 FY h/2
: .
Rl : B/2 |
'3'3 ] 1 // \\ T
L / N
! /1 t = # o h /

1 | i s ~ 1

/ LASSUMED LOADED AREA
CRITICAL SHEAR PERIMETER

Figure 17. Punching shear failure mode (Figure A13.4.3.2-1 in 2012 LRFD)

The factored shear resistance in kips (Vr) is then calculated as:
%= oV,
Where:
¢ = Resistance factor = 1.0

The effective moment resistance, Mpc, at the base of the post due to punching shear of the
concrete deck, as illustrated in Figure 18, is calculated as:

Mp. =V, *B
o
A >
e g
Mpc -
~— W6 x 25
1t I 1" @ HOLES
(TYF)
«—— B — 13,
i
v
107

NETC Post Base Plate
(a) (b)

Figure 18. (a) Assumed load/reaction points for the punching shear resistance calculations and (b)
dimensions of the NETC baseplate.
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The effective strength of the post relative to the punching resistance of the concrete deck is then:

Ppg =
p

3.4.2.3 Effective Strength of Bridge Railing for MASH Conditions

The critical resistive force, R, of the bridge railing system for MASH design loads is
computed from the following equation. The value of R should be greater than or equal to the
MASH design load applied at H. as provided in Table 9.

R' *Y
R =

> Design Load
e

A summary of rail strength calculations based on each State’s design details for the 2-bar,
3-bar, and 4-bar NETC designs are shown in Tables 11 - Table 14. The strength calculations for
the 2-bar designs were based on MASH TL3 loading conditions, as shown in Table 11. In all
cases, the post strength was governed by the pry-out resistance of the concrete due to tensile load
on the anchor bolts. The calculated strength for MASH TL3 conditions was 109 kips, which was
well above the minimum criterion of 71 kips.

The strength calculations for the 3-bar designs were based on MASH TL4 loading
conditions, as shown in Table 12. Only New Hampshire and Maine standards include drawing
specifications for the NETC 3-bar design. In both cases, the calculated strengths met MASH TL4
criterion of 80 kips. The critical post strength for both designs was governed by concrete pry-out
resistance due to anchor bolt tensile force, followed by plastic strength of the post. The primary
differences in these two systems were, for New Hampshire and Maine, respectively, system
height (44” vs. 42”), curb height (7 vs. 9”), and curb projection (integral vs. alternate). The
MaineDOT drawing standards specify that the alternate curb projection detail is intended for use
with granite bridge curb. If the MaineDOT design included an integral curb projection, the
resulting strength of the system would increase approximately 9 percent (i.e., 83 kips to 90 kips).

The strength calculations for the sidewalk-mounted 4-bar bridge railing were based on
MASH TLA4 loading conditions, as shown in Table 13. New Hampshire, Maine and Rhode Island
include this system in their standards. The Maine and Rhode Island designs just met the MASH
TL4 criterion of 80 kips, while the baseline NETC and Hew Hampshire designs did not meet
TL4 criteria. The critical post strength for the New Hampshire design was governed by concrete
pry-out resistance, followed closely by the plastic strength of the post. For the Maine and Rhode
Island designs, the critical post strength was governed by the plastic strength of the post,
followed closely by anchor pryout strength. The primary difference in these designs is that New
Hampshire specifies 4000 psi concrete, while Maine and Rhode Island specify 5000 psi concrete.
For the 4-bar design to meet MASH TL4 conditions, the minimum strength for the post would
need to be 40 kips. This could be achieved by using a W8x24 post, a minimum concrete strength
of 5000 psi, and an embedment of 10.2 inches for the anchor plate (e.g., = 2 inches deeper than
current designs).

The strength calculations for the curb-mounted 4-bar bridge railing were based on MASH
TL4 loading conditions, as shown in Table 14. Only Maine and Vermont include this system in
their standards. In both cases the strength calculations meet MASH TL4 criterion of 80 kips,
with system strengths of 96 kips. The critical post strength for both designs was governed by
concrete pry-out resistance. The primary differences in these designs are, for Maine and
Vermont, respectively, concrete strength (minimum 5000 psi vs. 4000 psi) and curb projection (0
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inches vs. 5 inches). The curb projection in the VTrans design counters the lower concrete
strength, resulting in essentially equivalent pry-out strength as the MaineDOT design.

It is also worth noting that these calculations were based on a design load height, He, of 30
inches according to Table 9. In the 4-bar curb-mounted cases, the rail height is 54 and 55 inches
for Maine and Vermont designs, respectively, which would classify the system as “tall” in Table
8. Table 8 suggests a design load height of 45.5 inches for tall bridge railing, in which case both
curb-mounted 4-bar designs would fail MASH strength requirements, with a calculated strength
of approximately 91 kips vs. 93 kips design strength.

Table 11. Strength calculations for 2-Bar bridge rail based on MASH TL3 load conditions.

2-Bar Bridge Rail
Description Variable | Units NETC NHDOT and Vitrans Maine DOT RIDOT
Rail Material Type| A500 GrB A500 Gr B/C A500 Gr B/C A500 Gr B/C
Yield Strength|  Fyrupe |ksi 46 50 50 50
Material Type A572 Gr50 A572 Gr50 M270 Gr 50 A572 Gr50
ﬁ Post Yield Strength|  Fypost |ksi 50 50 50 50
8 Material Type| M270 Gr36 A572 Gr50 M270 Gr 50 M270 Gr36
S | BasePlate Yield Strength| Fybasepite |Ksi 36 50 50 50
Material Type A449 A449 M314 Gr105 A449
Anchor Bolts
Tensile Strength|  Fypore  |ksi 120 120 125 120
Concrete Unconfined Compressive Strength i psi 4000.00 4000.00 5000.00 5000.00
Shape 4x8x5/16 4x8x5/16 4x8x5/16 4x8x5/16
Rail 1 Height in 30.00 30.00 30.00 30.00
(top) Plastic Section Modulus| ~ Z;  |in® 10.50 10.50 10.50 10.50
Plastic Moment| ~ Mp;  |kip-ft 40.25 43.75 43.75 43.75
Shape| 4x4x1/4 4x4x1/4 4x4x1/4 Ax4x1/4
Rail 2 Height| in 18.00 18.00 18.00 18.00
(bottom) Plastic Section Modulus 7, in® 4.97 4.97 4.97 497
Plastic Moment| Mp,  |kip-ft 19.05 20.71 20.71 20.71
é Shape W6x25 W6x25 W6x25 W6x25
g Post Plastic Section Modulus|  Zpost in® 18.90 18.90 18.90 18.90
E- Plastic Moment| Mppoq |kip-ft 78.75 78.75 78.75 78.75
8 Post Spacing ft 8 8 8 8
Base Plate Thickness of in 1.00 1.00 1.00 1.00
WeldSize|  tyeq  |in 0.44 0.44 0.44 0.44
Weld Number of Weld Sides per Flange Ny, 2.00 2.00 2.00 2.00
Weld Strength|  Frexe  |ksi 70.00 70.00 70.00 70.00
Diameter of Bolts|  dpos  |in 1.00 1.00 1.00 1.00
Anchor Bolts Number of Bolts| ~ Npges 4 4 4 4
Center of Bolts to Back Edge of Wiois |in 4.69 5.00 5.00 5.00
Curb Curb Height| 9.00 7.00 9.00 7.00
[ Test Level TL3 TL3 TL3 TL3
i Transverse Design Forcel ~ Fr  |kips 71.00 71.00 71.00 71.00
E Longitdinal Design Force| F kips 18.00 18.00 18.00 18.00
‘5‘-: Vertical Design Force F, kips 4.50 4.50 4.50 4.50
'E Length of Equivalent Distributed Transverse Load L ft 4.00 4.00 4.00 4.00
= Height of Equivalent Distributed Transverse Load H, in 19.00 19.00 19.00 19.00
a Vehicle Type 2270P 2270P 2270P 2270P
E Weight| W kips 5.00 5.00 5.00 5.00
g Wheel Base B ft 6.50 6.50 6.50 6.50
Center of Gravity)| G in 27.00 27.00 27.00 27.00
Critical Plastic Moment of Rail| M,  [kip-ft 59.30 64.46 64.46 64.46
Height of Resltant Force| ~ Yp,,  |in 26.14 26.14 26.14 26.14
£ z y y y y
@ -.?D Post Strength Based on Plastic Strength of Post| ~ P,;  [kips 58.53 52.08 58.53 52.08
g § E Post Strength Based on Anchor Bolt Tension| Py, [kips 63.32 60.06 70.31 60.06
2 :g 3 Post Strength based on Weld Strength| P |kips 65.22 58.20 65.22 58.03
é— § § Post Strength based on Pryout Shear Cone Pos kips 47.68 46.21 44.36 38.18
S g Post Strength based on Pushout Shear| Py |kips 46.69 50.09 52.20 56.00
a Post Strength based on Punching Shear| Pos kips 131.52 117.87 137.04 131.92
Critical Plastic Strength of Post P, |kips 46.69 46.21 44.36 38.18
8 Rail Strength based on failure of 1 rail span | R'y.gpa, |kips 79.07 85.94 85.94 85.94
- é -é Rail Strength based on failure of 2 rail spans| R',.span  [Kips r 87.25 r 89.65 r 87.53 M 80.47
Eo 3 g Rail Strength based on failure of 3 rail spans| R's.span  [Kips L 89.48 L 90.65 L 87.96 L 78.98
g 5 E Rail Strength based on failure of 4 rail spans| R's.span |ips 115.42 115.77 111.82 98.64
.!éo § E Rail Strength based on failure of 5 rail spans| R's.span |ips 130.44 130.31 125.64 110.03
E w Rail Strength based on failure of 6 rail spans| R's.span [KiPS 156.47 155.87 150.08 130.74
_5:9 Crtitical Bridge Rail Strength aty,,, : R' kips 79.07 85.94 85.94 78.98
@ Critical Bridge Rail Strengthat H, : R kips 108.80 118.26 118.26 108.68
Strength A 1ent for MASH TL-3 oK OK oK oK

Critial strength values highlighted in red font
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Table 12. Strength calculations for 3-bar bridge rail based on MASH TL4 load conditions.

.. 3-Bar Bridge Rail
Description Variable |Units| NHDOT 3 Bar Curb Mounted | MaineDOT 3 Bar Curb Mounted
Rail Material Type A500 Gr B/C A500 Gr B/C
Yield Strength|  Fytupe  |ksi 46 46
Material Type A572 Gr50 M270 Gr 50
@ Post
= Vield Strength|  Fypost |ksi 50 50
2 Material Type A572 Gr50 M270 Gr 50
© Base Plate
= Yield Strength| Fybaseplate |Ksi 50 50
Material Type A449 M314 Gr105
Anchor Bolts
Tensile Strength|  Fybort |ksi 120 125
Concrete Unconfined Compressive Strength f'e psi 4000.00 5000.00
Shape 4x4x1/4 4x4x1/4
Rail 1 Height in 42.00 40.00
(top) Plastic Section Modulus Zy in® 4.97 4.97
Plastic Moment|  Mp;  |kip-ft 19.05 19.05
Shape 4x8x5/16 4x8x5/16
. Height in 30.00 28.00
il 2 Plastic Section Modulus e in® 10.50 10.50
Plastic Moment Mp, kip-ft 40.25 40.25
0 Shape 4x4x1/4 4x4x1/4
2 Rail 3 Height in 18.00 16.50
% (bottom) Plastic Section Modulus Z3 in® 4.97 4.97
E Plastic Moment Mes kip-ft 19.05 19.05
t Shape W6x25 W6x25
g - Plastic Section Modulus|  Zpost ~ [in° 18.90 18.90
g Plastic Moment| Mppost  |Kip-ft 78.75 78.75
o Post Spacing ft 8 8
Base Plate Thickness of Baseplate tgp in 1.00 1.00
Weld Size|  tyeqg [|in 0.44 0.44
Weld Number of Weld Sides per Flange N, 2.00 2.00
Weld Strength|  Fyee  |ksi 70.00 70.00
Diameter of Bolts|  dpoies  |in 1.00 1.00
Anchor Bolts Number of Bolts|  Npojs 4 4
Center of Bolts to Back Edge of Baseplate| Wyps  |in 5.00 5.00
Curb Curb Height in 7.00 9.00
0 Test Level TL4 TL4
% Transverse Design Force Fr kips 80.00 80.00
E Longitdinal Design Force F kips 27.00 27.00
g Vertical Design Force [, kips 22.00 22.00
_%n Length of Equivalent Distributed Transverse Load L ft 5.00 5.00
= Height of Equivalent Distributed Transverse Load He in 30.00 30.00
° Vehicle Type SUT SUT
E’ Weight| W kips 22.00 22.00
g Wheel Base B ft 7.50 7.50
Center of Gravity| G in 63.00 63.00
Plastic Strength of Rail Plastic Strength of Rail
Critical Plastic Moment of Rail M, kip-ft 78.35 78.35
< Height of Resltant Force| Yy, [in 30.00 28.12
& z Summary Summary
% ﬁ’ Post Strength Based on Plastic Strength of Post Po1 kips 42.95 52.15
‘é E § Post Strength Based on Anchor Bolt Tension Po2 kips 49.54 62.64
§. ~m5 cé_ Post Strength based on Weld Strength Po3 kips 47.86 58.11
g ; ] Post Strength based on Pryout Shear Cone Pos kips 38.46 39.77
© E Post Strength based on Pushout Shear|  Pys  |kips 50.09 52.20
3 Post Strength based on Punching Shear Pos kips 98.11 122.87
Critical Plastic Strength of Post P,  |kips 38.46 39.77
L8 Rail Strength based on failure of 1 rail span | R';s55n |Kips 113.97 113.97
- é § Rail Strength based on failure of 2 rail spans| R'y.pan |Kips 92.02 r 93.57
‘én ° g Rail Strength based on failure of 3 rail spans| R'3.pan  |Kips 86.40 L 88.35
g g ‘_j Rail Strength based on failure of 4 rail spans| R's.span |kips 104.70 107.54
_tén § é Rail Strength based on failure of 5 rail spans| R's.span |ips 115.18 118.54
E « Rail Strength based on failure of 6 rail spans| R'g.span | kips 135.51 139.65
E" Crtitical Bridge Rail Strength at y,,, R' kips 86.40 88.35
@ Critical Bridge Rail Strength atH, : R kips 86.40 82.82
Strength Assessment for MASH TL-4 OK oK
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Table 13. Strength calculations for sidewalk-mounted 4-bar bridge rail based on MASH TL4 load

conditions
4-Bar Bridge Rail
Description Variable |Units NETC NHDOT MaineDOT RIDOT
Rail Material Type A500 GrB A500 Gr B/C A500 Gr B/C A500 Gr B/C
Yield Strength|  Fytube ksi 46 50 50 50
" Post Material Type A709 Gr50 A572 Gr50 M270 Gr 50 M270 Gr 50
© Yield Strength|  Fypost ksi 50 50 50 50
E Material Type A709 Gr36 A572 Gr50 M270 Gr 50 M270 Gr 50
© Base Plate
= Yield Strength| Fybaseplate | ksi 36 50 50 50
Material Type A449 A449 M314 Gr105 Ad49
Anchor Bolts
Tensile Strength|  Fyboit ksi 120 120 125 120
Concrete ucs e psi 4000.00 4000.00 5000.00 5000.00
Shape 4x4x1/4 4x4x1/4 4x4x1/4 4x4x1/4
Rail 1 Height] in 39.50 40.00 40.00 40.00
(top) Plastic Section Modulus| 2y [in’ 4.97 497 4.97 497
Plastic Moment|  Mp;  |kip-ft 19.05 20.71 20.71 20.71
Shape 4x8x5/16 4x8x5/16 4x8x5/16 4x8x5/16
X Height in 27.50 28.50 28.00 28.50
Rail2 Plastic Section Modulus|  Z i 1050 1050 1050 1050
Plastic Moment|  Mp  |kip-ft 40.25 43.75 43.75 43.75
Shape 4x4x1/4 4x4x1/4 4x4x1/4 4x4x1/4
X Height, in 16.50 17.00 16.50 17.00
» Rail3 Plastic Section Modulus Z3 in® 4.97 4.97 4.97 497
‘;,":, Plastic Moment|  Mp3  [kip-ft 19.05 20.71 20.71 20.71
E Shape| 4x4x1/4 4x4x1/4 4x4x1/4 Ax4x1/4
E Rail 4 Height in 7.00 7.50 7.00 7.50
2 (bottom) Plastic Section Modulus| ~ Z  |in’ 4.97 4.97 4.97 4.97
g Plastic Moment|  Mps  [kip-ft 19.05 20.71 20.71 20.71
E‘ Shape W6x25 W6x25 W6x25 W6x25
S Post Plastic Section Modulus|  Zpost ~ [in’ 18.90 18.90 18.90 18.90
Plastic Moment| Mppost |kip-ft 78.75 78.75 78.75 78.75
Post Spacing ft 8 8 8 8
Base Plate Thickness of Baseplate| tep in 1.00 1.00 1.00 1.00
WeldSize|  tyeq |in 0.44 0.44 0.44 0.44
Weld Number of Weld Sides per Flange N, 2.00 2.00 2.00 2.00
Weld Strength|  Frex  [ksi 70.00 70.00 70.00 70.00
Diameter of Bolts|  dyons  |in 1.00 1.00 1.00 1.00
Anchor Bolts Number of Bolts|  Npojts 4.00 4.00 4.00 5.00
Center of Bolts to Back Edge of Baseplate| Wpos  |in 5.00 5.00 5.00 6.00
Curb Curb Height in 0.00 0.00 0.00 0.00
[ Test Level TL4 TL4 TL4
% Transverse Design Force Fr kips 80.00 80.00 80.00 80.00
E Longitdinal Design Force| F kips 27.00 27.00 27.00 27.00
E Vertical Design Force Fy kips 22.00 22.00 22.00 22.00
'éﬂ Length of Equivalent Distributed Transverse Load L ft 5.00 5.00 5.00 5.00
e Height of Equivalent Distributed Transverse Load He in 30.00 30.00 30.00 30.00
o Vehicle Type| SUT SuUT SuT SUT
E Weight w kips 22.00 22.00 22.00 22.00
g Wheel Base B ft 7.50 7.50 7.50 7.50
Center of Gravity G in 63.00 63.00 63.00 63.00
Critical Plastic Moment of Rail| M,  [kip-ft 97.41 105.88 105.88 105.88
Height of Resltant Force| Y, |in 23.69 24.39 23.99 24.39
i z ) S y Summary Su y Summary
§ g’ Post Strength Based on Plastic Strength of Post Poy kips 41.66 40.40 41.10 40.40
§ @ g Post Strength Based on Anchor Bolt Tension| Py,  |kips 48.04 46.59 49.38 69.88
§ :’_‘: s Post Strength based on Weld Strength| P,y |kips 46.42 45.01 45.76 44.98
é. ; g Post Strength based on Pryout Shear Cone Pps  |kips 37.35 36.28 41.24 40.55
] g Post Strength based on Pushout Shear|  Ps  |kips 42.93 50.09 52.20 56.00
3 Post Strength based on Punching Shear Pos kips 79.96 92.51 97.94 156.96
Critical Plastic Strength of Post Py kips 37.35 36.28 41.10 40.40
8 Rail Strength based on failure of 1 rail span | R'y.spn  |Kips 141.68 154.00 154.00 154.00
- § -Eg Rail Strength based on failure of 2 rail spans| R'y.span  |Kips 101.99 105.74 111.46 r 110.62
‘u;n e g Rail Strength based on failure of 3 rail spans| R'3,  |Kips 91.84 93.39 100.57 L 99.52
g g E“ Rail Strength based on failure of 4 rail spans| R's.span  |KiPS 107.45 107.42 117.89 116.35
;_:n § E Rail Strength based on failure of 5 rail spans| R's.span  |Kips 116.40 115.46 127.81 126.00
E n Rail Strength based on failure of 6 rail spans| R's.span |KipPs 135.34 133.43 148.70 146.47
% Crtitical Bridge Rail Strength aty,,, : R' kips 91.84 93.39 100.57 99.52
@ Critical Bridge Rail Strengthat H, : R kips 72.51 75.93 80.43 80.92
Strength A nent for MASH TL-4 FAIL FAIL oK oK

Critial strength values highlighted in red font
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Table 14. Strength calculations for curb-mounted 4-bar bridge rail based on MASH TL4 load

conditions
4-Bar Bridge Rail
Curb. i
Description Variable | Units MaineDOT Vtrans
Rail Material Type A500 Gr B/C A500 Gr B/C
Yield Strength|  Fytube ksi 50 50
Material Type M270 Gr 50 A572 Gr50
.'_; Post Yield Strength|  Fypost ksi 50 50
E Material Type M270 Gr 50 A572 Gr50
1} Base Plate
s Yield Strength| Fybaseplate | ksi 50 50
Material Type M314 Gr105 A449
Anchor Bolts
Tensile Strength|  Fypoit ksi 125 120
Concrete ucs f'e psi 5000.00 4000.00
Shape 4x4x1/4 4x4x1/4
Rail 1 Height in 52.00 53.00
(top) Plastic Section Modulus Z; in® 4.97 4.97
Plastic Moment|  Mp;  |kip-ft 20.71 20.71
Shape 4x4x1/4 4x4x1/4
Height in 41.00 42.00
Rail 2 -
Plastic Section Modulus Z, in 4.97 4.97
Plastic Moment|  Mp,  |kip-ft 20.71 20.71
Shape 4x8x5/16 4x8x5/16
Height in 29.00 29.00
Rail 3 . . 3
- Plastic Section Modulus Z3 in 10.50 10.50
;:3 Plastic Moment|  Mp3  |kip-ft 43.75 43.75
g Shape Ax4x1/4 Ax4x1/4
5 Rail 4 Height in 17.50 17.00
c (bottom) Plastic Section Modulus Z in® 4.97 4.97
% Plastic Moment|  Mps  |kip-ft 20.71 20.71
3 Shape W6x25 W6x25
S Post Plastic Section Modulus|  Zpost ~ |in’ 18.90 18.90
Plastic Moment| Mppost  |kip-ft 78.75 78.75
Post Spacing ft 8 8
Base Plate Thickness of Baseplate tap in 1.00 1.00
Weld Size|  tyeqg [in 0.44 0.44
Weld Number of Weld Sides per Flange Ny, 2.00 2.00
Weld Strength|  Fyex  |ksi 70.00 70.00
Diameter of Bolts|  dpops  |in 1.00 1.00
Anchor Bolts Number of Bolts|  Npopts 4.00 4.00
Center of Bolts to Back Edge of Baseplate| Wpos  |in 5.00 5.00
Curb Curb Height in 9.00 9.00
» Test Level TL4 TL4
% Transverse Design Force Fr kips 80.00 80.00
§ Longitdinal Design Force F kips 27.00 27.00
é‘: Vertical Design Force F, kips 22.00 22.00
'g Length of Equivalent Distributed Transverse Load L ft 5.00 5.00
a Height of Equivalent Distributed Transverse Load He in 30.00 30.00
° Vehicle Type SuT SuT
E Weight w kips 22.00 22.00
S Wheel Base B ft 7.50 7.50
Center of Gravity G in 63.00 63.00
Critical Plastic Moment of Rail| M,  |kip-ft 105.88 105.88
Height of Resltant Force Yoar in 33.60 33.89
-‘a z Summary Summary
§ -;50 Post Strength Based on Plastic Strength of Post Po1 kips 40.05 39.56
c‘h‘: § g Post Strength Based on Anchor Bolt Tension P2 kips 48.11 45.62
§ % s Post Strength based on Weld Strength| P,y |Kips 44.62 44.21
é. ; § Post Strength based on Pryout Shear Cone Poa kips 30.94 30.90
S E Post Strength based on Pushout Shear|  P,s  [kips 59.40 50.09
a Post Strength based on Punching Shear Pos kips 112.81 90.66
Critical Plastic Strength of Post Po kips 30.94 30.90
8 Rail Strength based on failure of 1 rail span | R'yspan  [Kips 154.00 154.00
- § g Rail Strength based on failure of 2 rail spans| R';pan  [Kips 99.41 99.36
‘-;n 2 g Rail Strength based on failure of 3 rail spans| R';.spa,  |kips 85.45 85.38
§ g T\E Rail Strength based on failure of 4 rail spans| R's.spa, |kips 95.84 95.74
téo § § Rail Strength based on failure of 5 rail spans| R's.span  [Kips 101.80 101.68
ZT, «n Rail Strength based on failure of 6 rail spans| R'c.span |Kips 116.55 116.40
.5:" Crtitical Bridge Rail Strength at y,, R' kips 85.45 85.38
= Critical Bridge Rail Strength at H, : R kips 95.69 96.45
Strength Assessment for MASH TL-4 OK OK

Critial strength values highlighted in red font
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3.4.3 Summary of Strength Assessments for Baseline NETC Designs

Table 15 shows a summary of the overall assessment results for the baseline NETC
systems (i.e., lowest strength design). Based on the assessment, it was determined that both the
NETC 2-bar and the Maine 3-bar systems would likely meet MASH TL3. The NETC 3-bar
system will likely meet MASH TL4 requirements; however, only the Maine Design with the 9-
inch curb meets the rail geometrics requirements. The sidewalk-mounted 4-bar system designs
showed mixed results. All sidewalk-mounted 4-bar designs were considered marginal regarding
rail-geometrics criteria; however, the Maine and Rhode Island designs (with 5,000 psi concrete)
met strength requirements, while the New Hampshire design (with 4,000 psi concrete) did not.
The curb-mounted 4-bar design was considered “marginal” based on potential for vehicle
snagging on posts (e.g., the 4-inch setback distance is too low); however, the system was shown
to have adequate strength, when considering a design load height of 30 inches. Note that
previous study by TTI researchers [Sheikhl1] indicated that a design load of 93 kips and load
height of 45.5 inches should be used for tall systems, as indicated in Table 8, in which case the
system would not meet strength requirements.

Table 15. Summary of MASH equivalency assessment for the NETC bridge rail designs.

NETC 2-Bar (TL3) NETC 3-Bar (TL4) NETC 4-Bar (TL4) Curb-Mounted 4-Bar (TL4)
Rail Rail Rail Rail Rail Rail Rail Rail
Height | Geometrics | Strength | Height | Geometrics | Strength | Height | Geometrics | Strength | Height | Geometrics | Strength
Required 29 (see Table 5) 71k 36in (see Table 5) 80 k 36in (see Table 5) 80 k 36in (see Table 5) 80k
Actual 34 109 k 42 in 83-86 k 42in 76-81 k* 54 in 96 k*
Assessment s s g® s S s s M NS /S s M s

NS - Not Satisfactory

M - Marginal

S - Satisfactory

s Satisfactory Rating for TL-3 Only
s@. Satisfactory when 9" curb is used
* - Differs from 20-07(395) report

3.5 Ciritical Review of Current Standard Details for NETC Style Bridge Rails

The following sections provide a comparison of system details based on each State’s
specifications, along with the research team’s recommendations. Overall, the systems are quite
similar. When selecting recommended values for further evaluation using FEA crash simulation
of MASH testing, the least conservative value that has an acceptable crash testing record was
selected. If the crash simulations show that the least conservative designs meet MASH criteria,
then the more conservative designs could be assumed to meet those criteria as well.

3.5.1 Rail Bars

Most of the features of the bridge rail bars and positions are consistent between designs as
can be seen from Table 16 through Table 19, for the 2-bar, 3-bar, 4-bar and 4-bar curb mounted
designs, respectively. Although A500 is commonly specified as dual grade B/C and has
minimum yield strength of 50 ksi, the material specification for the rail bars in all designs is
ASTM A500 Gr. B which has a minimum yield strength of 46 ksi. The shape and size of all
small rail bars is HSS 4”x4”x1/4” while it is HSS 8”x4”x5/16” for all large bars.
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3.5.1.1 2-Bar System

There are five NETC Style 2-bar bridge rail designs in use in New England states. The
five designs come from the NETC, MaineDOT, NHDOT, RIDOT and VTrans. The size of all
bars and their order is the same between designs. The top rail height and bottom rail height
(from the vehicle running surface) is the same between designs at 2°-10” and 18” respectively.
The only difference between designs is the curb height; the MaineDOT and NETC designs use a
curb height of 9” while a curb height of 7” is used for all other designs, as shown in Table 16.

3.5.1.2 3-Bar System

There are two NETC Style 3-bar bridge rail designs in use in New England states. The
two designs come from MaineDOT and NHDOT. The size of all bars and their order is the same
for both designs. The height of each rail bar and the curb height vary slightly between the two
designs as can be seen in Table 17.

3.5.1.3 4-Bar System

There are four NETC Style 4-bar sidewalk mounted bridge rail designs in use in New
England states. The four designs come from the NETC, MaineDOT, NHDOT and RIDOT. As
with the 3-bar system, the size of all bars and their order is the same for each design, while the
height of each rail bar and the curb height vary slightly between designs as shown in Table 18.

3.5.1.4 4-Bar Curb Mounted System

There are two NETC Style 4-bar curb mounted bridge rail designs in use in New England
states. The two designs come from MaineDOT and VTrans. The size of all bars, their order and
the large rail height is the same between both designs. The top rail height varies slightly between
the designs as can be seen in Table 19. While the drawings for both 4-bar curb mounted designs
call for 9-inch tall curbs, a curb height of 7 inches is recommended for the crash evaluations to
be consistent with the other systems (2-bar and 3-bar curb mounted).

Table 16. Comparison of bridge rail features for NETC 2-bar bridge rails.

Order of Bars

Design Material Size {from top) Top Rail Height Bottom Rail Height Curb Height
Recommendations RET1E) AE Grade B M ATxatx é" 8xd, 4xd 2'-10" 18" 7
(46 ksi) HSS 8" x 4" x ="

MNETC b hJ b b & 9"

MaineDOT » . . s b £
NHDOT - h e e
RIDOT b o e b

VTrans ks he i R i e

* Same os recommended
N.5.: Not Specified
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Table 17. Comparison of bridge rail features for NETC 3-bar bridge rails.

Design Material size Order of Bars Top Rail Height  Middle Rail Height Bottom Rail Height

Curb Height
(from top) (to top) (to center) (to center) 6
ASTM AS00 Grade pog 47y 47y 1o
Recommendations B R 2 , x4, 8xd, axd 378" 30" 18" i
(46 ksi] HS5 8" x4 X
MaineDOT & * * 36" 28" 162" 9"
NHDDT * * * * * * *

* Some os recommended
N.5.: Not Specified

Table 18. Comparison of bridge rail features for NETC 4-bar sidewalk mounted bridge rails.

i P Siee Order of Bars Top Rail Height Large Rail Height Mid-Btm Rail Height Bottom Rail Height

(from top) (to top) (to center) (to center) (to center)
1,
HSS 4“ x 4" x-"
Recommendations g EE 2 4x4, Bx4, 4x4, 4xd 3'-6" 28" 162" 7
(46 ksi) "y 47 ¥ z
HS5 8" x 4" x =
NETC * * E + « - .
MaineDOT * & = * + * -
NHDOT * * * * 282" 17" 72
RIDOT = 2 = * 28~ T 72"

* Same as recommended
N.5.: Not Specified

Table 19. Comparison of bridge rail features for NETC 4-bar curb mounted bridge rails.

pe Material Size Order of Bars  Top Rail Height Top-Mid Height  Large Rail Height  Bottom Rail Height

(from top) (to top) (to center) (to center) (to center) Curb Height
aw n J'll
Recommendations ASTM ASD0 Gradeiss 4*x 4" x g || ErptEhE: (G35 (Grds 22 Curb: 20" Curb: 8" 77
(46 ksi) HSS 8" x 4" x =" 4xd Pavement: 46" Pavement: 41" Pavement: 25" Pavement: 17"
16
Curb: 82"
MaineDOT * * = * * * 2 g
Pavement: 17-"
VTrans P o £ Curh: 3'-8' Curb: 33 o . g

Pavement: 4-7 = Pavement: 42"
* Same as recommended
N.5.: Not Specified

3.5.2 Bridge Rail Post

Three different material types are specified in the designs for posts. All specified materials
have the same yield strength of 50 ksi. NETC specifies ASTM A709 Gr. 50, MaineDOT
specifies AASHTO M270 Gr. 50 while NHDOT, VTrans and RIDOT spec ASTM 572 Gr. 50.
The material specifications for all post materials are shown in Table 20. The specific detail for
the 2-bar, 3-bar and 4-bar designs are shown in Table 21 through Table 24, respectively. All

designs specify W6x25 for the post shape, 8’-0” maximum spacing, 1—76-inch flange fillet welds,

and %—inch web fillet welds. When evaluating the designs, the posts will be aligned normal to

grade, thus “normal to grade” will be the recommended practice for vertical alignment.
However, it is understood that for some applications (e.g., mountainous regions) there may be
limits to when posts should be set vertically, rather than normal to the grade. As in the NHDOT
and RIDOT designs, a minimum of 3 posts per rail bar length is recommended. The MaineDOT
and VTrans designs both specify that a minimum of two, but preferably four posts, be used per

rail bar. The minimum offset to an expansion joint varies slightly between designs but these
values are similar.
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Table 20. Material strength properties for post materials

. Yield Ultimate Elongation at
Material . .
(ksi) (ksi) Break
ASTM A709 Gr. 50 50 65.4 18%
AASHTO M270 Gr. 50 50 65.4 18%
ASTM 572 Gr. 50 50 65.3 18%

Table 21. Comparison of bridge rail post features for NETC2-bar bridge rails.

Max # of Posts  Min. Offset to Flange to Base Web to Base

L= il ) P e Eet Spacing per Rail Bar Expansion Splice Plate Weld Plate Weld
Recommendations AASHTO M270 Wex25 Normal to Grade =~ 8-D" 3 2'-0" ﬁ” All Around %" All Around
Grade 50 Fillet weld Fillet Weld
NETC N.5. ® N.5. * N.5. * N.5. N.5.
MaineDOT * = = = Min. 2 -4 * * *

MNormal to Grade
NHDOT ASTM 572 = except on 5% = * 1'-6" (+ 3") * *
Grade 50
grade set vertical
Normal to Grade

RIDOT * = except on 1.5% ® * 20" (£ 37) = *
grade set vertical
VTrans a;;?j;; = = * Min. 2 -4 1'-6" (3" * *

* Some as recommended
N.5.c Not Specified

Table 22. Comparison of bridge rail post features for NETC 3-bar bridge rails.

Max  #of Posts Min. Offset to Flange to Base Web to Base

Design SETE Size St ORI Spacing per Rail Bar Expansion Splice Plate weld Plate weld
7 3
. —" All Around =" All Around
Recommendations AASHTO M270 Wex25 Mormal to Grade = 8'-0" 3 20" 16 16
Grade 50 Fillet Weld  Fillet Weld
MaineDOT * * = * Min. 2 - 4 * * *
ASTM A572 . * except on 5%

+ + LEh (4 qn + +
NHDOT Grade 50 grade set vertical oI

* Same as recommended
N.5.: Not Specified
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Table 23. Comparison of bridge rail post features for NETC 4-bar sidewalk mounted bridge rails.

Max  #ofPosts Min. Offset to Flange to Base Web to Base

e Sat ot SIEE METAREnOE Spacing per Rail Bar Expansion Splice  Plate Weld Plate Weld

Sn

AASHTO M270 ﬁ” All Around = All Around

Recommendations Wex25 Mormal to Grade  8-0" 3 2’g"
Grade 50 Fillet Weld  Fillet Weld
NETC '&21-2'?1:;39 s .4 . Min. 2 o ‘ *
MaineDOT £ * i * Min. 2-4 * % i
ASTM A572 . * except on 5% . .
I_ n + n x ®
MHDOE Grade 50 grade, set vertical S
ASTM AST2 * except on 1.5%
RIDOT = * * N.5. * *
Grade 50 grade, set vertical

* Same as recommended
N.5.: Not Specified

Table 24. Comparison of post features for NETC 4-bar curb mounted bridge rails.

Max  #of Posts Min. Offset to Flange to Base Web to Base

Design it Size i [T Spacing per Rail Bar Expansion Splice  Plate Weld Plate weld
7 5
—" Al A d =" All A d
Recommendations CUBIT D P Wex25 Normal to Grade = 8'-0" 3 s 16 roung roun
Grade 50 Fillet Weld  Fillet Weld
MaineDOT * * * = Min. 2-4 * * *
ASTM A572 . . . . . . .
VTrans Grade 50 Min. 2-4

* Some as recommended
M.5.: Not Specified

3.5.3 Rail-to-Post Attachment

Two methods of rail-to-post attachment exist among the NETC style bridge rail designs, the
welded stud design and the bolted connection. Based on discussions with personnel from the
New England states it is believed that the most common (i.e. only) method used in the field is the
bolted connection method. NHDOT and RIDOT provide details for using threaded studs welded
to the bar. Based on feedback from the project technical advisory committee, the welded stud
method will not be pursued in the crash evaluation study of this project. The bolt specifications
vary between designs. Table 25 displays the minimum strength values for each bolt material
specified, as well as the effective strength, calculated from the tensile stress area for each
diameter bolt. There are differences between the designs for the size of the holes in both the rail
member and the post; however, these differences are consistent for each state across all its
designs. For the crash evaluations, the largest hole diameter (or slot) was selected. If the slotted
design passes the evaluation, then it will be assumed that the tighter hole tolerances will also
pass evaluation. Specific details for each design are shown in Table 26 through Table 29.
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Table 25. Strength values for different bolts specifications for rail-to-post attachment.

Minimum Strength Requirement | Effective Strength for @
Bolt Spec Tensile Yield Tensile Yield
(ksi) (ksi) (kips) (kips)
z" 0 A325 120 92 40.080 30.728
30 307" 58 36 19.372 12.024
Z" 0 A325 120 92 27.120 20.792
%" @ A449* 120 92 40.080 30.728
3"
2 O AASHTO 120 92 40080 | 30.728
M164 (Typel)?
T As of August 2007, replaced by F1554 Gr. 36
I Virtually identical in chemistry and strength to ASTM A325
§ This standard is identical to ASTM A325

Table 26. Comparison of rail-to-post attachment features for NETC 2-bar bridge rails.

Design

Recommendations

NETC

MaineDOT

NHDOT

RIDOT

VTrans

* Some as recommended

MN.5.: Not Specified
— Not applicable

Welded Stud (Detail A)

Specified Number of
Method Bolts Hole in Post . Stud‘
Dimension
Bolted 2/Rail - -
® ® i T
= = e o
Bolted or i 1 i" x1 E" Zuy g 3
Welded Stud slotted haole 4 4
Bolted or K 1 é" x1 %" 1, £
Welded Stud slotted haole 4 4
® ®
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Bolted (Detail B)

Bolt

Hole in Rail Hole in Post : 4
Specifications

1y

glayq2n
B

Zn 2 6" x 2" A325
= slotted hole =
M.S M.S5. *
. . 6"x2" A307
Bolt @+ —" Bolt@+—" o
16 16 5")(;"!'-\325
* Ed &
* * * or A449
6" x 2" A449
L ] o
Boltﬁ‘i+ﬁ BoltE.Hm F



Table 27. Comparison of rail-to-post attachment features for NETC 3-bar bridge rails.

o specified Numberof Welded Stud (Detail A) Bolted (Detail B)
- bt Hole in Post ; Stud‘ Hole in Rail Hole in Post .BD" :
Dimension Specifications
1 1II x 1 3Il
] - ?Il w2 = ar zII
Recommendations Bolted 2/Rail - - = g 8 6" x =" A325
= slotted hole =
. L 6"x2" A307
MaineDOT = = - - Bolt @+ —" Bolt@+—" -2
L . 6":-:3—";1325
1, 3_"
NHDOT Bolted or . 127 x12 sy . + *
Welded Stud slotted hole 4 4

* Some os recommended
N.5.: Not Specified
— Mot applicable

Table 28. Comparison of rail-to-post attachment features for NETC 4-bar sidewalk mounted bridge

rails.
. Welded Stud (Detail A Bolted (Detail B
Design Specified Number of Ekied Stuc (Betal A aked )
. Stud . . . - "
ole in . 3 ole in Rai ole in Pos olt Specifications
o i Bolts  1ole In Post Dimension  HoleinRail  HoleinPost  Bolt specificat
7 g inyq e ]
Recommendations Bolted 2/Rail - - By ] 8 6" x " A325
2 slotted hole ]
Zu g
METC Welded * 1@ 4 - - -
A307
6" x 2" A307
MaineDOT : + = = Bolt @ + —" Bolt @ + ~" 4
e e 6" x E” A325
1, .3, CHE
NHDOT Bolted or . Imiials s . . .
Welded Stud slotted hole A304
Sk Fnian
RIDOT Bolted or . 1"x1o = iR = 5 -
Welded Stud slotted hole A304

* Some as recommended
M.5.- Not Specified
— Not aopplicable

Table 29. Comparison of rail-to-post attachment features for NETC 4-bar curb mounted bridge

rails.
: Welded Stud (Detail A Bolted (Detail B
Devien Specified Number of ( ) ( )
: Stud 5 : H = H
M= ol Bethe Hole in Post Dimel:lsion Hole in Rail Hole in Post Bolt Specifications
Recommendations Bolted 2/Rail - -- Bolt @ + é” Bolt @ + i" 6" x 3/4" A325
3
6" x =" A307
MaineDOT + = = = Bolt @ + = * 2
c= 6" x ;" A325
" a_ll
VTrans s & - - o & Lty

AASHTO M164M (Type I)

* Some as recommended
N.5.- Nat Specified
— Not applicable
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3.5.4 Baseplate and Anchor Bolts

Material selection for the baseplate matches the material selections for the post for each
design. Baseplate dimensions are consistent across all designs with the exception of RIDOT 4-
bar Sidewalk mounted design, described below. While most of the designs, including the
recommended design, specify ASTM A449 anchor bolts, MaineDOT specifies AASHTO M314
Gr. 105 bolts. The strength features of these materials are displayed in Table 30. Embedment of
the anchor plate also varies between designs. This value also likely varies to some degree in the
field. All designs called for 3” of exposed rod above the concrete. Since all designs specify 12”
bolts and 3” of exposed rod above the concrete, that leaves 9” of bolt below the concrete. With a
maximum of 2.5 of threaded rod below the deck the anchor plate would logically be installed at
an embedment depth of between 7 and approximately 8" (accounting for a jamb nut above and
standard 1” nut below the anchor plate). The only State drawing that specifies the actual anchor
plate embedment depth is the VTrans 2-bar design which specifies 7.5”. During evaluation the
more critical 7.5” embedment depth will be used, and greater embedment depths will be assumed
to pass if the 7.5” embedment depth design passes. The amount of thread varied between the
designs. The 2.5 thread was selected for crash performance evaluation because this offers the
greatest chance that some diameter reduction will be in the baseplate shear zone. Like the
embedment depth issue, if the 2.5 threaded design passes evaluation, then the 2.25” thread will
be assumed to pass as well. Specific details for each design are shown in Table 31 through Table
34.

The baseplate dimensions are consistent across all 4-bar system designs except RIDOT.
The RIDOT design has a 5-anchor bolt pattern with an offset post. The 5-bolt design and the
post offset yields higher strength for the anchor bolts and the concrete pry-out resistance;
however, the plastic strength of the post governed the critical post strength based on the LRFD
strength calculations for this system. The 4-bolt design will be evaluated and if it meets MASH
test criteria then the 5-bolt design will be assumed to pass.

Table 30. Strength values for different bolts specifications for anchor bolts.

Minimum Strength Requirement Effective Strength for @

Bolt Spec Tensile Yield Tensile Yield

(ksi) (ksi) (kips) (kips)

1" 0 A449 120 92 72.720 55.752

1O AASE IO M4 Gr 125 105 75.750 63.630
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Table 31. Comparison of baseplate and anchor bolt features for NETC 2-bar bridge rails.

Anchor Bolts
i i ; Mumber Bolt  Size of ; > Exposed MNut
Design Material Size Size Material Embedment Exposed Rod
B of Bolts Pattern Holes po Nut Torque
ASHTO M270 a Heavy hex
. 1" % 10" X See 1"@x12" 3 Snug + 1/8
Recommendations Grade 50 e 4 i 1258 2 ASTM Ad49 ?;L" 1, nut & g+ 1/
; 1-2 drawing L 2 2 =" threaded turn
(50 ksi) z washer
NETC * * = * MN.5. 1"@x9"L N.5. N.5. N.5. N.5. N.5.
s AASHTO M314 L 3"
* £ * * * E , " *
MaineDOT Grade 105 5 2 i" threaded
1"@-8 steel
NHDOT * ® * * * * * 9.’.! * nut & 1|!g *
washer
RIDOT * * * * * * * gv {min] * * *
u
* ® * * * * * * = *
MIran; Zi"threaded

* Soame as recommended
N.5.: Not Specified

Table 32. Comparison of baseplate and anchor bolt features for NETC 3-bar bridge rails.

Anchor Bolts
Design Material Size Number of Bolts P:t‘:!elrn Size of Holes Size Material Embedment Exposed Rod Exposed Nut Nut Torque
< AASHTO M270 . e i i & ik 3" Heavy hex nut &  Snug+1/8
Recommendations Grade 50 1"x10"x1-2 4 See Below 1.25' 1"@x12"L ASTM A443 ?: 2?. threaded i i
; N & " X 2 " AASHTO M314 1 ¥ .
Maneny Grade 105 & 22 threaded
NHDOT ASTM A572 . = o . e 3 9" (min) % Steel hex nut & 5

Grade 50 washer

* same as recommended
N.5.: Mot Specified

Table 33. Comparison of baseplate and anchor bolt features for NETC 4-bar sidewalk mounted
bridge rails.

Anchor Bolts
Design Material Size N“;::;: ot Bolt Pattern i:z‘;;f Size Material Embedment Exposed Rod Exposed Nut Nut Torque
ASHTO M270 See NHDOT on Next 1 1 3¢ Heavy hex nut &
. " 10"y 13" PED " " 7in
Recommendations, Grade 50 1"x10"x1-2 4 Slide 3 1"@x12"L ASTM A449 £ 3 .i" threaded aeasher Snug + 1/8 turn
w
ASHTO M270 . . " N . . L = . .
NETC Grade 36 8 2, f" threaded
ASHTO M314 L 3%
- = = - = ® = Ln = =
WainenOy; Grade 105 & 2 f"' threaded
NHDOT A:::;I':: ;2 - & = * = G 5" (min) E Steel nut & washer &+
RIDOT Ag::‘;:; ;2 1"x11"x1-2" 5 el R'Ds(‘]‘_;;" Nextiie: = * + 5" (min) * Steel nut & washer *

* Some o5 recommended
N.5.: Mot Specified

Table 34. Comparison of baseplate and anchor bolt features for NETC 4-bar curb mounted bridge

rails.
Anchor Bolts
Design Material Size z;"rB"[:‘e; P:t?::rn S;ileleosf Size Material Embedment Exposed Rod Ex:;c:lsted Tcl:::;:le
Recommendations AS:;(GJIEI\-LZO?O 1k :._l;.]." o dr::—;ng lin i3 Q}: 10 G ?;L" . ;,, t:r‘;aded Henal\]rgrgex Snutgu:nlm
2 washer
MaineDOT * * * * * * AZF:JC?EI\:S'SM SEL" 2 41" thgr‘:aaded ) i
3
VTrans A;:;::? 5 * 5 = = 2 SEL" 2 f" threaded - B

* Same as recommended
N.5.- Not Specified
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3.5.5 Field Splice

Most field splice features are the same between designs, the biggest differences being the
size of the hole in the rail member and the gap between rail bars. It is recommended that the
least conservative option be selected for the crash evaluations, which entails the slotted design
used by NHDOT and RIDOT for the rail hole feature and a %-inch longitudinal gap between
adjacent rail bars. If the design passes the evaluation with these details, then the smaller holes
and smaller gap can be assumed to pass as well. Specific details for each design are shown in
Table 35 through Table 38.

Table 35. Comparison of field splice features for NETC 2-bar bridge rails.

. Splice Tube Connection Size of Hole in  Hole in Splice
Design p . e Number of Bolts . P Bolt Nut?
Dimensions Details Rail Tube
Wy O 5 5 3
HSS3“X3" X" | see Fi Svgtapped | 2" @x13"Cap | Tackweld
Recommendations n S LA 4 13x22vgl0t | B @ tappe 8 (s 2 %P ack weld.on
HSS 7" x 3" x 2 Below 8 2 hole Screw outer holes only
8
NETC Welded Plates' o o N.S. N.S. * N.S.
MaineDOT * * * 2" @hole * o o
NHDOT * * * * * * A307 *
RIDOT * * * * * * A307 *
3u S 3
VTrans L b & =" @ hole = =" @x1-" Bolt *
4 8 4
* Same as recommended & FIXED SPLICE JOINT
N.S.: Not Specified on
tonly 1 side each splice, both rails I~
#TS4x4:2-5/8”"x3/8” x 20" and 2-7/8"x 3/8” x 20" [ ——
+T7S8x4:2-1/2” x3/8” x20” and 6-3/4”x3/8” x 20" J»
I
| STANDARD
Y1 DIA ¥m Dia | WAS
DRAIN HOLE B HOLE T7) MASHER
Tye) -8

Table 36. Comparison of field splice features for NETC 3-bar bridge rails.

Splice Tube

Design q :
. Dimensions

Recommendations

HSS 77 x 3" x ¥

8
MaineDOT *
NHDOT o

* Same as recommended
N.S.: Not Specified
*only 1 side each splice, both rails

*

*

Connecfmn Number of Bolts
Details

“ 7 5
HSS 3 x 3" x " see Figure
Above

4

x

*

SPLICE TUBE

FIXED

SPLICE JOINT DETAIL

(BOTTOM VIEW

Size of Hole in
Rail

12x2 gt
8 2

13
16

" @ hole

*

Hole in Splice

5.
8

Bolt Nut?

Tube

" @ tapped g"Q)xl%"Cap Tack weld on
outer holes only 4

hole Screw
* * *
* * *

4

3

Pipe Spacer

" @ x5 Schd. 40"

N.S.
No

*

*

56 x

Space Between

Rail Bars

*

NIR R N e

15
/A307 CAP SCREW

7 LOCK NUT
DUTER HOLES ONLY

Pipe Spacer

@ x5 Schd. 40"

No

*

® PIPE SPACER
40 x 1 LONG (GALV.)
0.824” 1.D.

.050" 0.D..

Space Between

Rail Bars

*

*

Splice
Tube L

1-8”

*

*

Splice
Tube L

1-8”

*

*

Drain Hole?

1
Yes, 5 @
N.S.

N.S.

*
*

*

Drain Hole?

1,
Yes, 3 @

N.S.

*

Table 37. Comparison of field splice features for NETC 4-bar sidewalk mounted bridge rails.

i Splice Tube
Design " q
Dimensions
Recommendations B)
HSS 7” x 3" x ="
8
NETC *
MaineDOT *
NHDOT *
RIDOT *
* Same as recommended

N.S.: Not Specified
1 only 1 side each splice, both rails

Connection Number of Size of Hole in Hole in Splice
Details

“ ” 5
HSS 3“x3"x 2" | see Figure
Above

*

*

*

Bolts

4

*

*

Rail Tube Bolt Nut?
5
2n Tack wel
12x2 g0t 8 i Sngxade Cap Screw EelsuEliem
8 2 hole 8 4
N.S. N.S. * N.S.
13 2@ x 12 Bolt & plain
—" @ hole & 8 4 P &
£ hardened washer
* * * A307 *
. . *A307 .
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3

outer holes only | 4

Pipe Spacer
1. t
@ x5 Schd. 40

N.S.

Space Between
Rail Bars

*

*

Splice
Tube L

1.8"
*
*
*

*

Drain Hole?
Yes, 2" ¢
es, 5
N.S.

N.S.
*

*



Table 38. Comparison of field splice features for NETC 4-bar curb mounted bridge rails.

Space Between  Splice

0 Splice Tube Connection Number of Size of Hole in Hole in Splice o . . o
Design Dimensions Details Bolts Rail Tube el Nut? Pipe Spacer Rail Bars Tube L CIElD Gl
5
HSS 3“x 3" x =" | see Figure 1 1 o @ tapped 5 3 Tackweldon | 3 1 3 1
i 16 Luyop e s Su 3 I Ln 3. gn 1.
Recommendations MR P XS" Above 4 1 3 X 2 B slot o 5 @ x 14 Cap Screw outer holes only 3 Bx 3 Schd. 40 " 1-8 Yes, > @
5. 3. )
MaineDOT * * * B g hole * g ORI Gk O pkm * No * * N.S.
o hardened washer
5 Z”Q)x 1%“ Bolt & plain
VTrans * * * 3" @hole * hardened washer " No * * NS

* Same as recommended
N.S.: Not Specified

3.5.6 Expansion Splice

A comparison of the expansion joint details for the NETC style bridge rail designs is
displayed in Table 39 through Table 42 and Figure 19. The NETC designs do not specify any
dimensional requirements for expansion joints. There are many differences in the expansion
joint details, one main difference being the range of “bridge movements” that the details cover.
A supplemental summary of details for each design for each range of bridge movements is
provided in Table 43. The expansion splice detail was not evaluated for crash performance in
this study; however, the MaineDOT detail would allow the greatest amount of bridge
movements.

Table 39. Comparison of expansion splice features for NETC 2-bar bridge rails.

Splice Tube Connection  Numberof Size of Hole in  Hole in Splice Space Between

q > 0 . n >
Design Dimensions Details Bolts Rail Tube Bolt Nut? Pipe Spacer Rail Bars Splice Tube L Drain Hole?
“ U S
Recommendations HSS 3 x 3" x T6 See Figure 4 See MEDOT in g" @ tapped g" B x 143 "Cap | Tackweld on 43" D x %" Schd. | See MEDOT in = See MEDOT in Yes, Lo @
HSS 7” x 3" x %N below Fig. below hole Screw outer holes only 40 Fig. below Fig. below 2
NETC N.S. N.S. N.S. N.S. N.S. b N.S. N.S. N.S. N.S. N.S.
MaineDOT * * * * * * * N.S. * * N.S.
NHDOT « « % See NHDOT in « * A307 « % See NHDOT in | See NHDOT in "
Fig. below Fig. below Fig. below
RIDOT ~ S i See RIDOT in S * A307 i I See RIDOT in See RIDOT in i
Fig. below Fig. below Fig. below
o o o gz « Sugpyq3n B o - w1 B o
VTrans 15"x3 3" slot 5 @x 17" Bolt 4" @68°F 1-113

* Same as recommended
N.S.: Not Specified

Table 40. Comparison of expansion splice features for NETC 3-bar bridge rails.

Splice Tube Connection  Numberof Size of Hole in Hole in Splice Space Between

i i i i ?
Design Dimensions Details Bolts Rail Tube Bolt Nut? Pipe Spacer Rail Bars Splice Tube L Drain Hole?
5
HSS 3¢ x 37 x 2.1 ) . 54 Sughy 13 B i . .
Recommendations 135 See Figure 2 See Mam.eDOT 5 @ tapped 5 @ x 14 Cap = Tackweld on 3 @ x 5 Schd. See. MEDOT in Seg MEDOT in Ves, ig ?
HSS 7” x 3” x 2" below Next Slide hole Screw outer holes only 40 Fig. below Fig. below 2
8
MaineDOT * * * * * * * * * * N.S.
NHDOT * « % See NHDOT Next * * * % See NHDOT in | See NHDOT in %
Slide Fig. below Fig. below

* Same as recommended
N.S.: Not Specified

Table 41. Comparison of expansion splice features for NETC 4-bar sidewalk mounted bridge rails.

. Splice Tube Connection Number Size of Hole  Hole in . Space Between . A
? ?
Desien Dimensions Details of Bolts in Rail Splice Tube el Sty gipebpacey Rail Bars Splftsa il e G
5
HSS 3“ x 3" x =" i S i )
Recommendations 135 See Figure 4 .See. MEDOT 3 @ tapped e Bx 15 “ A307 Cap Screw Tack weld on BN @ xl" schd. 40 See Maln_eDOT See Maln.eDOT Yes, Ag ¢
HSS 7” x 3" x > below in Fig. below hole 8 4 outer holes only 4 2 next slide next slide 2
8
NETC & N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S.
5u 3a 1
MaineDOT . * * - - 6 DI el Rk * - . » NS.
hardened washer
NHDOT ~ A A See NHDOT . . S . See NHDOT in | See NHDOT in A
in Fig. below Fig. below Fig. below
RIDOT o o See RIDOT in o o o o See RIDOT in | See RIDOT in P
Fig. below Fig. below Fig. below

* Same as recommended
N.S.: Not Specified
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Table 42. Comparison of expansion splice features for NETC 4-bar curb mounted bridge rails.

Space Between

. Splice Tube Connection Number Size of Hole  Hole in a . q
Design Dimensions Details of Bolts in Rail Splice Tube Bl e e Rail Bars opfizputiiel | B GEED
oy 37y 2 X " . .
— e el I o e B e e o e e
8
MaineDOT * * * * * 3" @x 13" Bolt & plain * * * * NS
hardened washer -
P . +«  SeeVTrans in o 2rgx1i okt & plain 5 o See VTrans in = See VTrans in
Virans Fig. below ¢ hard;ned washer Fig. below Fig. below S
WS Rorspected
;—1|'5" X "A" SLOTTED HOLES IN RAIL TUBE
/ g A A g
| 54 TAPPED HOLES IN SPLICE BAR | | |
[ . | | |
/ ."I T SPLICE BAR i i i @ 5% 13
i/ 2" " LOCK NUT AT Cap screws
I l" ‘I—DC _ﬂ ! " DUTER HOLES . : ! : . e
SR aE === ) L co[loo
I, ¢ H ; | ‘L___ I ——— ] L —— ’ZT_Z'____‘
|,2n $ h H T 1
DRAIN HOLE |J_’C ! | . !
2 Ee BB Cg LD spi e BaR
L Single slof e "XT'C e
- - - -
RAIL SPLICE (BOTTOM VIEW) "L (Spiice fube)
SCALE: 1l5" = 1'-0"
e B e T SPLICE_& EXPANSION JOINT TABLE SPLICE TABLE
TS T T P 5 2B | T bt T
A olice . = F-8* 4" / (4 502" -- 508 (20" | 194¢% "
INTERTOR 210" FE 4" 2" | 1" <4 ¢ | 2 | 2L | e | 2t EXPANS |ON JOINT TABLE
T g ; = — — o > 4560 | St | 2f" | 3| 207 | 37" <1004 " 100 (4" 502" [ edhm IR
e el 4 4 2 ‘ e > B S 6| S| gk | 24 | 5 >1004™ <1656/, ™| 140(5%; " | 60 (2% " | B33/, "™ |60323% ") | (004"
*[3'" <Ts 5] 3" 5" 5" 21" 3" 2 > 955 | B |4t | - | 2o | 7 31656 " <22900m[ 163" | B E% ™ | 22819 * |[T05@i% | 127(5M
T = TOTAL NOVERENT OF BRIDGE T = Iaial Wodeiment = Single Stof 5529131 <330.113M [ 216 8% " | 111 4% m]279 (11" #]857133% ] 173 2m
TR sreE B T = TOTAL MOVEMENT AT RAIL EXPANSION JOINT
AS SHOWN ON THE CONTRACT PLANS. SEE NOTE 6.
* = SINGLE SLOT
a) NHDOT and RIDOT b) MEDOT ¢) VTrans
Figure 19. Expansion splice details for a) NHDOT and RIDOT, b) MaineDOT and c¢) VTrans.
Table 43. Comparison of expansion splice details for different amounts of bridge movement.
. . Inside Outside
Gap Rail Distance .
. . Bolt to Bolt to Splice Tube
Design Bridge Movement Between Hole Between . .
Rail Slot Bolt Splice Splice Bar L
alls (o) olts
Bar CL End
<4” 2.50” 2.50” 4.00” 4.00” 2.00” 1’-8”
. 4”<T<6.5" 3.75” 3.50” 4.00” 5.50” 2.50” 2’-0”
M a I n e DOT ” ” 4 ” 2”7 ” ” ’ ”n
6.5"<T<9 5.00 9.00 4.00 6.50 3.50 2’-4
9”<T<13” 7.00” 11.00” 4.00” 8.50” 4.50” 2’-10”
RIDOT & <3.25” 2.00” 2.50” 4.00” 4.00” 2.00” 1’-8”
NHDOT 3.25" <T<5.25” 3.00” 3.50” 5.00” 5.00” 2.50” 2’-1”
VTrans 2-Bar N/A 4.00” 3.50” 4.00” 5.50” 2.375" 1’-11.75”
<4 2.50” 2.50” 4.00” 4.00” 2.00” 20"
VTrans 4-bar ” ” 4 ” 2 ” ” n
Curb 47<T<6.5 4.00 3.50 4.00 5.50 2.375 23.75
uri
M ted 6.5"<T<9” 5.00” 9.00” 4.00” 6.50” 3.375” 27.75”
ounte
9" <T<13” 7.00” 11.00” 4.00” 8.50” 4.375” 33.75”
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3.5.7 Concrete Curb

A comparison of the concrete curb details are provided in Table 44 through Table 47.
There are many small dimensional differences between the designs. For the crash evaluations it
is recommended that the smallest values that are anticipated to pass evaluation be used. For back
bolts to deck edge that is 7-5/8” and for front bolts to curb edge it is 4”. Concrete strength of
4000 psi is used in the strength evaluations; therefore, designs that specify 5000 psi concrete
strength would also be considered to pass if the 4000 psi design passes. There are some
differences in the reinforcement bars, particularly the longitudinal bar length. Some only require
5’ length while others require full length of the curb and NHDOT doesn’t specify a required
length. Secondary pours and granite curbs are not included in the strength evaluations since they
are not reinforced. Although the curb projections were not used for the strength calculations,
they may affect vehicle dynamics during the simulations.

Table 44. Comparison of concrete curb features for NETC 2-bar bridge rails.

Curb Dimensions Reinforcing Steel
. Strength e
Dt Requirement : 5 Back Bolts to  Front Bolts to 3 Lonptuidinal Reinforcement Hoop
Curb Height Curb Width Reinforcement Near
Deck Edge Curb Edge Bars Mear Post Anchor
Post Anchor
7-#5 Bars at 6"
- 1 1
Recommendations 4000 psi # 1-6" 7 4" 3 #_5 _Bars St ekl engagement
8 minimum required from some
deck rebars
NETC NS, gn 147 45 5 2-45 Bars_lgngth not .
E specified
MaineDOT 5000 psi 9" 1.8 g2 e Eh L *
g 2 of curb
NHDOT * 2 20" * 10" 3 -#5 Bars *
7-#5Barsatg”
RIDOT 5000 psi = * * L * spacing. Must engage

min. two deck rebars
3 -#5 Bars, middle 5' L
\Trans al * 20" * 10" min, outsides full *
length of curb

* Same as recommended
N.5.: Not Specified

Table 45. Comparison of concrete curb features for NETC 3-bar bridge rails.

Strength Curb Dimensions Reinforcing Steel
LEED Requirement Curb Height Curb Width Back Bolts to Deck  Front Bolts to Curb  Longitudinal Reinforcement  Reinforcement Hoop Bars Near Post
6 Edge Edge Near Post Anchor Anchor
Recommendations 4000 psi 7" 1'-6" 7 E" 4" 3 -#5 Bars 5' L minimum 7 - #5 Bars at 6" spacing
MaineDOT 5000 psi 9" 1'-8" 8 i" 5] ;" 3 - #5 Bars full length of curb *
NHDOT * = 20" = 10" 3 -#5 Bars #

* some as recommended
N.5.: Not Specified
—: Not Applicable
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Table 46. Comparison of concrete curb features for NETC 4-bar sidewalk mounted bridge rails.

Strength Sidewalk Dimensions Reinforcing Steel
Design 2 3
Back Bolts t Front Bolts t Reinf t H Bars N Post
HEHRE e Sidewalk Height Sidewalk Width i .m" ey Longitudinal Reinforcement Near Post Anchor st b ies ot b
Deck Edge Sidewalk Edge Anchor
Recommendations 4000 psi Gh! 5’ (Min.) 7= 527 3 - #5 Bars minimum 5' L e LTS el G =i
8 required from some deck rebars
e o i s o NE 3 - #5 Bars, middle 5 !_mm, outsides full length .
of sidewalk
MaineDOT 5000 psi = N.S 8§" N.S. 3 - #5 Bars full length of curb %
NHDOT = 75 = * Min. 5°-4" 3 - #5 Bars, length requirement N.S. =
RIDOT 5000 psi 7" = = Min. 5°-2" = *

* Some as recommended
N.5.: Not Specified

Table 47. Comparison of concrete curb features for NETC 4-bar curb mounted bridge rails.

Strength Curb Dimensions Reinforcing Steel
Design 2 T
Requirement Curb Height Curb Width Back Bolts to Front Bolts to e Tt e e e Reinforcement Hoop Bars Near Post
Deck Edge Curb Edge Anchor
Recommendations 4000 psi ™ 1-8" rig 4" 3 - #5 Bars minimum 5' L s Bfars al Oz pacing supsgement
] required from some deck rebars
MaineDOT 5000 psi GH * g é" 5 é" 3 - #5 Bars full length of curb *
\Trans 5000 psi 9" 297 o 10 2, 3 - #5 Bars, middle 5' L min, outsides full length -
16

of curb

* Same as recommended
N.5.- Mot Specified

3.6 Critical Review of Current Standard Details for NETC Style Bridge Rail Transitions

Categorically speaking there are two design concepts for approach guardrail transitions
(AGT) on New England bridges (i.e., a sloped rail bar design and a concrete buttress design).
Both designs connect a typical highway w-beam to a thrie-beam section using a w-beam to thrie-
beam transition. In the “sloped bridge rail” design the thrie-beam section is connected to the
sloped rails using a thrie-beam terminal connector element. The downstream end of the sloped
rail section is connected to the bridge rail using an angled expansion joint. The sloped rails are
composed of HSS steel tubular sections of the same size and material as the bridge rail bars. The
“concrete buttress” design replaces the sloped bridge rail with a concrete buttress. The sloped
rail design and concrete buttress design are shown in Figure 20. These designs were described in
Previous Full-Scale Testing of NETC Hardware section of this report and are further detailed in
the following paragraphs.

For the 2 bar AGT system detail are provided by NHDOT and Vtrans are dimensionally
the same and only differ in the material specifications (same materials used in the bridge rail
designs). NHDOT is the only state with 3 bar AGT drawings. The MaineDOT concrete buttress
design is the only concrete buttress design. Design drawings for the 4-bar sloped rail bar AGT
designs are available from NHDOT and VTrans; these two designs vary significantly both in
concept and dimensions.
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Figure 20. Drawings of the two design concepts for NETC approach guardrail transitions (AGT).

3.6.1 NHDOT 2-Bar Transition

The NHDOT T2 Steel Bridge Approach Rail was successfully crash tested in April 2005
by NETC and accepted as NCHRP 350 TL3. An FHWA acceptance letter was provided for the
design, HSSD/B-146. See Section 3.3.4 of this report for more details.

A standard 12-gauge w-beam roadway guardrail is used upstream of the AGT as shown in
Figure 21. A 25°-0” section of guardrail is flared at 80:1 to restore the rail-to-rail width. Post
spacing in this section is 6’3" (e.g., standard post spacing) and the guardrails are lapped in the
direction of traffic. The curb is flared away from the roadway at a 10:1 rate and has a 4” reveal.
The curb increases in height from 4 to 77 over the next approximately 9 feet.

W-BEAM GUARDRAIL (12 GAGE) (RDADWAY ITEM)
(6"-3" FOST SPACING TYFICAL)

s

LAP SECTIONS
[N DIRECTION OF TRAFFIC

171 " ATYP)

|

|

|

!
e n—!—n

i

' |
oo
_.__'__]._'_'_'_'_'t_'_'_'_"
I'I

Yot —

LI ]

J AN N S

FLARED 1—&" REVEAL

SECTION

Figure 21. NHDOT T2 AGT upstream w-beam section.
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A symmetrical 10-gauge w-beam to thrie-beam transition rail is attached to the standard w-
beam on the upstream end as seen in Figure 22. The transition rail is 6’-3” long and post spacing
in this section is 3’-1.5” (half post spacing). The height of the rail at the upstream end of the
thrie-beam transition rail is 31 inches high and is 34 inches at the downstream end.

6°—-3" TRANSITION SECTI[ON

! TW—BEAM TO THRIE BEAM) (10 GAGE!
! (00 NOT BEND)

|
s ] 1 w . 1
3 172 I 3 2
! !
| |
| H
| |
i i
| .
o ey
1 —
se il i
T — —
ENHRE — G -
all |lp1 __——:J‘.-u!—'q-_ = S
] _
lﬁh__—————ﬁﬁh
a T g o N
[ ] —_—
oqgliby L
- ! !
i It e i |
PSP ] PP, (PR T T rr———————
, r L LA AR A L ] s, & * L 4 LA A N R Cr
rrrrrr ” - - ’
; by F|r # s s b G g

Figure 22. NHDOT T2 AGT symmetrical w-beam to thrie-beam transition section.

The next section is a 12°-6” long double nested 12-gauge thrie-beam section as seen in
Figure 23. The first upstream post is spaced at 3’-1.5” (e.g., half post spacing), while the next
six posts are spaced 1°-6.75” (quarter-post spacing). A connection plate and thrie-beam terminal
connector are used to connect the thrie-beam to the top and bottom sloped bridge rails. An
important component of the downstream end of the thrie-beam section where the connection
plate fastens to the sloped rail bars is the use of a deflector plate between the top and bottom rail.
This deflector plate helps to minimize the risk of the bumper or fender of the vehicle snagging on
the post at the end of connector plate; it also reduces the risk of the vehicle snagging on the end
of the connector plate in reverse-direction impacts.

2'—5lg" | DOUBLE NESTED 12 GAGE THRIE BEAM (12°'-6")
(DO NOT BEND) :
by i THRIE BEAM i
! | i TERMINAL CONNECTOR
|
' |
! | 6 SPACES @ 1'-6%" = 9'—4'5" S5 g |
| s
L (TYP) |
| : ~LEVEL A |
r—n r—n P or—n r—n T B —F——T]
i N i R 23
] ] ] ] ] o | P
3 3 s e T
= it o e
La'—10 o b !
i {e | {e ter{ = |
I | I I I a =
I 1 1 I I a | !
o  — o o | —— = _|_J
2'—10" — i
O B P PR S P T S G S G LI T T S P Ll PR (0
2, - |
N\ |— 7" REVEAL _l_A’
% DEFLECTOR FLATE

({SEE DETAILL!

Figure 23. NHDOT T2 AGT double nested thrie-beam section.

The 6°-6” sloped rail section is shown in Figure 24. This section uses rail bars of the same
material type and shape as used for the bridge rail. The slope for each rail bar in the transition
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section is provided in Table 48. The splice bars that connect the sloped section to the bridge rail
are adjusted for slope and bend using complete joint penetration butt welds. The splice bar
length and other details should match the details discussed in the bridge rail sections. The posts
are set at 2°-2” spacing in this section. The top rail height of 34 inches is maintained throughout
this section and onto the bridge rail section.

| 3’0" . 3 SPACES @ 2°-2" = 6'—6" , 2’ —5lsg” ,
i i I 1DO NOT BEND)
i i ! i
f1c6" + 3% 1" = 37 TP RAIL 0" | o’ ' |
i = R | o = 2 1 = T SLO | ~ ~ .
T i ] goTToM RaTL 1< f I SR o CONNECTION
SPLICE BARS i ' i FLATE .
| 1'-8" OR L . it f.'(D“IE PIECE) ! | |
W I = / ' | 1" (TYP)
!\ | i (TYP1] / T I s
= e L = =
T T -’ | L} 1 1 1
| 1 1 Sy o ! il (i i
' —10"— s I o | e | |
il i i ‘ ‘ i ek T e E:ﬁ " th
T 4 [=] - -
i | ' aq’:_“ A b | 1! 2'-10
B I H g LB e 1
2 . = = AT S—— A w
o | ——
i \ i
' e > AL, P
% I ‘E ,,,,,,,,,,,,,,,,,,,,,,,,,, e O, \ """" e
7% REVEAL- B'—0" POST AL X
LENGTH (TYP) y 17 \DEFLECTOR PLATE
T {SEE DETAIL)

Figure 24. NHDOT T2 AGT sloped rail section.

Table 48. NHDOT T2 AGT slope of rail bar transition section.

Top Bar Bottom Bar
Y Displacement 0” . 1%”
X Displacement 8’-5%’ 8’—5%”
Slope (Y/X) 0 20.012

3.6.1.1 Discrepancies in Drawing

When reviewing the drawings, discrepancies were identified for the NHDOT T2 (and
NHDOT T3) Bridge Approach Rail. The first discrepancy is the detail for the post bolts in the
thrie-beam and transition section. The discrepancies are highlighted in Figure 25. The thrie-
beam-to-post bolts are called out as both 5/8” @ A307 B.H Post Bolt (green highlight) and 5/8” x
1 2” @ Hex Head Bolt (blue highlight). Additionally, the post bolts are indicated to go through
both the front and back flange of the post (orange highlight). It is suspected these bolts are
actually bolted to the front flange of the W6x8.5 posts.
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SCALE: 34" = 1'=0°
Figure 25. Post rail assembly NHDOT T2 AGT (T3 similar)

The second discrepancy found in the NHDOT T2 (and T3) drawings is also an
inconsistency between bolt details. This discrepancy is highlighted in Figure 26. The clamping
bolts are called out as 3/4” @ Button Head Bolts (purple highlight) and 3/4” Carriage Bolt (red
highlight).

£ 1" x 2" DIAWONAL TOP RAIL—D b
4" @ BUTTOM HEAD ' i 1 | SLOTTED HOLES | %" CARRIAGE
BOLTS (TYP) l | C 3" CONNECTION I|| J‘I BOLT (TYP)
. PLATE e L:' =
. - fi L g
2 {H=t
o G 33"

DEFLECTOR _E e S
PLATE \ _-j?- 1'% "
P |
- @—‘\j'{?—'—'—.;—;—r —d"'us'{
S 2% g
10 GAUGE PLATE OF ',.-':E
THRIE-BEAM TERMINAL ""IF"T.'.'_‘ _'-"1'_
CONNECTOR i | b

-
-

!
3gtl 754"

il

i !
i e
| 1 { \
sl I TN e Lol B Gl 5 OUTLINE OF &~ _ BOTTOM RAIL
t ' " SLOTTED HOLES TERMINAL CONNECTOR =
THRIE-BEAM TERMINAL CONNECTOR SECTION B-B (CONNECTION PLATE)
N SCALE: 1" = 1"'=0" _ SCALE: 1'p" = 1'-0" P

Figure 26. Terminal and connection plate detail drawings for NHDOT T2 AGT (T3 similar)

3.6.2 NHDOT 3-Bar Transition

The NHDOT T3 Steel Bridge Approach Rail was successfully crash tested in April 2005
by NETC and accepted as NCHRP 350 TL3. An FHWA acceptance letter was provided for the
design, HSSD/B-1463. See Section 3.3.4 of this report for more details.

3 https://safety.thwa.dot.gov/roadway_dept/countermeasures/reduce crash_severity/barriers/pdf/b146.pdf
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A standard 12-gauge w-beam roadway guardrail is used upstream of the AGT as seen in
Figure 27. A 25’-0” section of guardrail flared at 80:1 to restore the rail-to-rail width. Post
spacing in this section is 6°3” (e.g., standard post spacing) and the guardrails are lapped in the
direction of traffic. The curb is flared away from the roadway at a 10:1 rate and has a 4” reveal.
The curb increases in height from 4 to 7” over the next approximately 9°.
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Figure 27. NHDOT T3 AGT upstream w-beam section.

A symmetrical 10-gauge w-beam to thrie-beam transition rail is attached to the standard w-
beam on the upstream end as seen in Figure 28. The transition rail is 6’-3” long and post spacing
in this section is 3’-1.5” (e.g., half post spacing). The height of the rail at the upstream end of
the thrie-beam transition rail is 31 inches high and is 34 inches at the downstream end.
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Figure 28. NHDOT T3 AGT symmetrical w-beam to thrie-beam transition section.

The next section is a 12°-6” long double nested 12-gauge thrie-beam section as seen in
Figure 29. The first upstream post is spaced at 3’-1.5” (e.g., half-post spacing), while the other
posts are spaced 1°-6.75” (e.g., quarter post spacing). A connection plate and thrie-beam
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terminal connector are used to connect the thrie-beam to the top and bottom sloped bridge rails.
The deflector plate, which is specified in the 2-bar design (see Figure 24), is not present in the 3-
bar design.
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Figure 29. NHDOT T3 AGT double nested thrie-beam section.

The 6’-6” sloped rail section is shown in Figure 30. This section uses rail bars of the same
material type and shape as used for the bridge rail. The slope for each rail bar in the transition
section is provided in Table 49. The splice bars that connect the sloped section to the bridge rail
are adjusted for slope and bend using complete joint penetration butt welds. The splice bar
length and other details should match the details discussed in the bridge rail sections. The posts
are set at 2°-2” spacing in this section. The sloped-rail section transitions the height of the
system from 34 inches at the thrie-beam section to 44 inches at the bridge rail section.

SPLICE BARS (TYP)

“\\
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Figure 30. NHDOT T3 AGT sloped rail section.
Table 49. NHDOT T3 AGT slope of rail bar transition section.
Top Bar Middle Bar Bottom Bar
. 11 13 1
Y Displacement 9—" 4—=> 1=
16 16 4
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X Displacement 852" 852> 8-52"
4 4 4
Slope (Y/X) 0.096 0.048 0.012

3.6.2.1 Discrepancies in Drawing

The same discrepancies that were discussed at the end of the NHDOT 2-bar transition
section also apply to the NHDOT 3-bar transition drawings.

3.6.3 MaineDOT 4-Bar Transition

The detail drawing package provided to the research team contained designs for Type I and
Type 1A bridge rail transitions. The Type IA is discussed here since the upstream guardrail is
specified to be a MASH compliant guardrail while the Type I only calls for a Type 3 guardrail. It
is believed that the Type IA is required for MASH height requirements. A MASH compliant w-
beam guardrail is used upstream of the AGT as seen in Figure 31. A 25°-0 section of guardrail
is provided to match rail heights. Post spacing in this section is 6°3” (e.g., standard post
spacing). For the sidewalk mounted 4-bar bridge rail design there should be a sidewalk in this
section, not shown in Figure 31.

L5 MASH Complianf Guardrail

~—— Finished

|
|
E / Grade
i
|

z

g k

Figure 31. MaineDOT Type IA AGT upstream w-beam section.

e
I
et

An asymmetrical w-beam to thrie-beam transition rail is attached to the standard w-beam
on the upstream end as seen in Figure 32. The transition rail is 6’-3” long and post spacing in
this section is 3’-1.5” (e.g., half-post spacing). The height of the rail at the upstream end of the
transition rail is 31 inches high.
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Figure 32. MaineDOT Type IA AGT asymmetrical w-beam to thrie-beam transition section.

The next section is a 12’-6” long double nested 12-gauge thrie-beam section as seen in
Figure 33. The first upstream post is spaced at 3’-1.5” (e.g., half-post spacing), while the other
posts are spaced 1°-6.75” (quarter post spacing). A connection plate is used to connect the thrie-
beam to the concrete buttress. In this section a precast concrete transition curb is used for the
sidewalk, further details are found in the MaineDOT Standard Specifications 609(08).

1-8%" ﬁ\ i 18-3" ﬂ\
| : \
‘ |2 sp.e 4 sp.e 63" 3 spaces @ 37-iL" :
} i r 65/ =6-3 - = G-4lfp" }
[ \ [
\ i 7% | ) |
\ ar—\% Thrie Beam Section (Doubled Beam)
‘ \ i [
‘ i i |
>J—~ﬁ¥< iSEE === =i
| & -
\\\ \\
\\ \\ i
i - Asymmeirical Thrie Beam
Transition Curb Transition Section

—— Thrie Beam Terminal Connector

Figure 33. MaineDOT Type IA AGT double nested thrie-beam section.

The 6’-4” concrete buttress section is shown in Figure 34. This section uses a concrete
buttress constructed if 5000 psi Class LP concrete. Additional details for rebar placement are
provided in the MaineDOT Standard Specification 526(34-37). The guardrail anchorage bolts
that connect to the connection plate are cast inside the buttress using a '4” thick guardrail anchor
plate. The rail bars are placed into the concrete buttress recess. No hardware is specified to
secure the rail bars to the concrete buttress. Other similar designs, such as the MassDOT
concrete buttress AGT use studs that are adhesively attached to the buttress to secure the rails in
place on the concrete end wall.
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Figure 34. MaineDOT Type IA AGT concrete buttress section.

It is unlikely that the current design will meet MASH TL4, due to the potential for snagging
on the end of the concrete buttress, which generally involves the tire of the vehicle pushing
underneath the rail and impacting the buttress. Other crashworthy buttress designs have been
evaluated and/or tested which may be adopted without further analysis. For example, the
Midwest Roadside Safety Facility (MwRSF) recently designed and successfully tested a buttress
design to MASH TL3 in which the lower section of the buttress was beveled at the connection to
the thrie-beam to prevent tire snag as the vehicle wheel pushes underneath the rail at the thrie-
beam-to-buttress juncture. [Rosenbaughl8] As part of the MwRSF study, thirty-nine crash tests,
involving 20 different transition systems, were reviewed. The majority of observed failures were
the result of excessive vehicle contact with the rigid parapet, especially for AGTs that did not
utilize a curb beneath the guardrail.
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Figure 35. Standardized buttress design. [Rosenbaughl8]

In a recent study performed by Roadsafe LLC for the Massachusetts DOT, a transition
system involving a flared face on the nose of the buttress, as illustrated in Figure 36, was
evaluated. The results of that evaluation indicated that there was minimal risk for the vehicle to
snag on the end of the buttress and that system would successfully meet MASH TL3 conditions.
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However, MASH TL4 compliance was uncertain due to difficulty identifying the CIP for Test 4-
22. [Plaxicol9] This system was also successfully evaluated in full-scale crash tests at the Texas
Transportation Institute (TTI) under R350 Test Level 4 conditions. [Ross93, Alberson06]

Face Taper
(1L:1H)

Face Taper 18.75"

(1L:4H)

Vertical taper (1V:4H)

Figure 36. Plan and profile view of the shaped buttress.

3.6.4 Alternate 4-Bar Transition (Sloped Rail Style)

NHDOT and VTrans states provided engineering drawings for an alternate 4-bar AGT
system that uses the sloped rail style, rather than the concrete buttress. The NHDOT T4 Steel
Bridge Approach Rail was successfully crash tested in April 2005 by NETC and accepted as
NCHRP 350 TL3. An FHWA acceptance letter was provided for the design, HSSD/B-146°.

Both designs utilize a standard 12-gauge w-beam roadway guardrail upstream of the AGT
as seen in Figure 37. A 25°-0” section of guardrail flared at 80:1 to restore the rail-to-rail width.
Post spacing in this section is 6°3” (e.g., standard post spacing) and the guardrails are lapped in
the direction of traffic. The VTrans design includes a curb that is flared away from the roadway
ata 10:1 rate and has a 4” reveal. The curb increases in height from 4” to 9” over approximately
6’. The NHDOT design is mounted on a sidewalk. The bottom bar on the NHDOT design
continues from the bridge railing, through all transition sections and terminates behind the first
upstream post in the guardrail section.
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Figure 37. NHDOT T4 AGT upstream w-beam section (VTrans similar except bottom bar and
sidewalk).

A symmetrical w-beam to thrie-beam transition rail is attached to the standard w-beam on
the upstream end as seen in Figure 38. NHDOT specifies a 10-gauge transition rail and VTrans
specifies a 12-gauge transition rail. The transition rails are 6’-3” long and post spacing in this
section is 3°-1.5” (e.g., half post spacing). For the NHDOT design the height of the rail at the
upstream end of the thrie-beam transition rail is 31 inches high and is 34 inches at the
downstream end. For the VTrans design the height of the rail at the upstream end of the thrie-
beam transition rail is 27 inches high and is 33-5/16 inches high at the downstream end.

The next section of the NHDOT design is a 12°-6” long double nested 12-gauge thrie-
beam section as seen in Figure 39. The first upstream post is spaced at 3°-1.5” (e.g., half-post
spacing), while the other posts are spaced 1°-6.75” (e.g., quarter post spacing). A connection
plate is used to connect the thrie-beam to the top and bottom sloped bridge rails. The deflector
plate, which is specified in the 2-bar design (see Figure 24), is not present in the 4-bar design.
The VTrans design does not include a thrie-beam section.

! 6'-3" TRANSITION SECTION
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{00 NOT BEND)
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Figure 38. NHDOT T4 AGT symmetrical w-beam to thrie-beam transition section (VTrans similar
except bottom bar and height).
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Figure 39. NHDOT T4 AGT double nested thrie-beam section.

The sloped rail sections differ greatly between NHDOT (Figure 40) and VTrans (Figure
41). The distance of the sloped section is approximately 8 for NHDOT and 22°8” for VTrans.
The designs use rail bars of the same material type and shape as used for the bridge rail. The
splice bars that connect the sloped section to the bridge rail are adjusted for slope and bend using
complete joint penetration butt welds. The splice bar length and other details match the details
discussed in the bridge rail sections. The NHDOT design uses 2’-2” post spacing, while the
VTrans design uses decreasing spacing in the following order:

e [ spaceat4’-8”
e 3 gspacesat3’-2”
e 3 gspacesat2’-2”
The bottom rail on the VTrans design terminates at the bottom rail in the post web section
(i.e. between the post flanges) of Post #8. As mentioned earlier the NHDOT design carries the
bottom rail all the way through the AGT and terminates it at the guardrail. The slope for each
rail bar in the both transition sections is provided in Table 50
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Figure 40. NHDOT T4 AGT sloped rail section.
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Figure 41. VTrans 4-bar AGT sloped rail section.

Table 50. NHDOT T4 and VTrans 4-bar AGT slope of rail bar transition section.

Top Mid- Mid- Bottom
Bar Top Btm Bar
Bar Bar
NH VT NH VT NH VT NH VT
Y Displacement | 7—=" | 1’-117 | 3> |D-5>>| 2 17 |07 6
16 16 16 4 4
X Displacement | 8-5~ | 24> | 8252 | 2422 | g0.52 | 24010 | g5l | 040l
4 4 4 4 4 4 4 4
Slope (Y/X) 0.076 | 0.080 | 0.033 | 0.060 | 0.002 | 0.045 | 0.00 | 0.023

4 RECOMMENDATIONS FOR DIMENSIONAL AND MATERIAL

SPECIFICATIONS
4.1 NETC Bridge Rail Designs

The following recommendations are based on using the least conservative value for each
design detail which has shown acceptable NCHRP Report 350 crash testing performance and/or
met the LRFD strength criteria for MASH loading. Table 51 summarizes the research team’s
recommendations for specific details for the NETC style bridge rails. The sidewalk-mounted 4-
bar bridge railing was shown to be borderline regarding strength requirements for MASH TL4
but was, however, expected to meet MASH TL3 performance criteria based on LRFD strength
calculations for those cases (not shown herein). It was therefore recommended that it be
included for further evaluation with FEA crash simulation for both TL3 and TL4 conditions.
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Table 51. Summary of recommended specifications for NETC style bridge rails.

Feature

2-Bar Bridge Rail

3-Bar Bridge Rail

4-Bar Bridge Rail

Rail Bars

Material

ASTM A500 Gr. B

ASTM A500 Gr. B

ASTM A500 Gr. B

Sizes

HSS 47 x 4” x i
HSS 8" x 47 x =
16

HSS 47 x 4” x i
HSS 8" x 47 x =
16

HSS 47 x 4” x i
HSS 87 x 47 x =
16

to Expansion Splice

Order oi(l)ilie;rs (from Lg—Sm Sm—-Lg—Sm Sm—-Lg—-Sm-Sm
1*' Bar Height (to top) 34” 44» 427
2" Bar Height (center) 18” 30” 28”
37 Bar Height (center) N/A 18” 16.5”
4™ Bar Height (center) N/A N/A 7’
Post
Material AASHTO M270 Gr 50 | AASHTO M270 Gr 50 | AASHTO M270 Gr 50
Size Wo6x25 Wo6x25 W6x25
Vertical Alignment Normal to grade Normal to grade Normal to grade
Max Spacing 8’-0” 8’-0” 8’-0”
Number of Posts/Rail 3 3 3
Min Offset from Post 2007 2.0 27

Post Flange to

L all around fillet
16

L all around fillet
16

L all around fillet
16

Hole Size in Rail

8

Baseplate Weld weld weld weld
Post Web to Baseplate 1%” all around fillet 1%” all around fillet 1%” all around fillet
Weld weld weld weld
Rail Bar-Post Attachment
Method Bolted Bolted Bolted

Number of Bolts/Rail 2 2 2

7n Zu Zu

8 8

Hole Size in Post

1inxq3n slotted hole
8 8

1nx 3 slotted hole
8 8

1nx 3 slotted hole
8 8
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Bolt Specification 6" x 2" A325 6" x 2" A325 6" x 2" A325
Baseplate
Material ASHTO M270 Gr. 50 | ASHTO M270 Gr. 50 | ASHTO M270 Gr. 50
Size I"x10"x 1'-2" I"x10"x 1'-2" I"x10"x 1'-2"
Number of Bolts 4 4 4
Bolt Pattern See MaineDOT details | See MaineDOT details | See MaineDOT details
Size of Holes 1.25” 1.25” 1.25”
Anchor Bolts
Material ASTM A449 ASTM A449 ASTM A449
Size 1"Ox 12" L 1"Ox 12" L 1"Ox 12" L
Embedment 7.5” 7.5” 7.5”
Exposed Rod 3” 3” 3”
Threaded Length 2.5 2.5 2.5
Exposed Nut Type Heavy hex nut Heavy hex nut Heavy hex nut
Nut Torque Snug + % turn Snug + % turn Snug + % turn
Field Splice

Tube Dimensions

HSS 3% x 37 x —"
16
HSS 7”7 x 3” x g

HSS 3% x 37 x —"
16
HSS 7”7 x 3” x g

HSS 3% x 37 x —"
16
HSS 7”7 x 3” x g

Details

See MaineDOT details

See MaineDOT details

See MaineDOT details

Number of Bolts

4

4

4

Size of Hole in Rail

12" x 22" slot
8 2

12" x 22" slot
8 2

12" x 22" slot
8 2

Hole in Splice Tube

g" O tapped hole

g" O tapped hole

g" O tapped hole

Sngx 12 "Cap Screw
8 4

Sngx 12 "Cap Screw
8 4

Bolt g" dx 1% "Cap Screw
Tack Weld Nut
Required? On outer holes only On outer holes only On outer holes only

Pipe Spacer

=" @ x 2 Schd. 40
(Only 1 side ea splice)

=" @ x 2 Schd. 40
(Only 1 side ea splice)

=" @ x 2 Schd. 40
(Only 1 side ea splice)

Space Between Bars

Eu
4

Eu
4

Eu
4

Splice Tube Length

1 ’_8’7

1 ’_8’7

1 ’_8’7
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Drain Hole Required?

Yes, )
2

Yes, )
2

Yes, )
2

Expansion

Splice

Tube Dimensions

HSS 37 x 37 x "
16

HSS 37 x 37 x "
16

HSS 37 x 37 x "
16

HSS 77 x 3” x g” HSS 77 x 3” x g” HSS 77 x 3” x g”
Details See MaineDOT details | See MaineDOT details | See MaineDOT details
Number of Bolts 4 4 4
Size of Hole in Rail See MaineDOT details | See MaineDOT details | See MaineDOT details
Hole in Splice Tube g" O tapped hole g" O tapped hole g" @ tapped hole
Bolt g" dx 1% "Cap Screw g" dx 1% "Cap Screw g" dx 1% "Cap Screw
Tack Weld Nut
Required? On outer holes only On outer holes only On outer holes only

Pipe Spacer

3 gx % Schd. 40

3vgx % Schd. 40

3vgx % Schd. 40

Space Between Bars | See MaineDOT details | See MaineDOT details | See MaineDOT details
Splice Tube Length | See MaineDOT details | See MaineDOT details | See MaineDOT details
Drain Hole Required? Yes, %" 0 Yes, %" 0 Yes, %" 0
Concrete Curb/Sidewalk
Strength Required 4000 psi 4000 psi 4000 psi
Height 7’ 7’ 9”
Width 1’-6” 1’-6” 5’ min.
Back Baseplate Bolts 7 5,, 7 5,, 7 5,,
to Deck Edge 8 8 8
Front Baseplate Bolts 47 47 5007

to Concrete Edge

Longitudinal Rebar 3 - #5 bars 5' L min 3 - #5 bars 5' L min 3 - #5 bars 5' L min
Hoop Bar Rebar 7 - #5 bars at 6" 7 - #5 bars at 6" 7 - #5 bars at 6"
Hoop Bar Engagement
w/ Deck Rebar? Yes Yes Yes
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4.2 NETC Approach Guardrail Transition Designs

Table 52 outlines the features, materials and dimensional specifications for the selected AGTs.

Table 52. Summary of recommended specifications for NETC style bridge rail transitions.

Feature NH T2 AGT NH T3 AGT MaineDOT AGT
Approach Curb
Upstream Reveal 4” 4”
Flare Rate 10:1 away from 10:1 away from road
road
Curb Full Height 7’ 7’
Curb Face to Thrie Beam 2%" 2%" N.S.
Curb Face to Face of Rail 6” 6” N.S.
Height from Top of Curb to 37 3 NS
Bottom of Thrie Beam -
Strength 4000 psi 4000 psi 5000 psi
Roadway Guardrail Section
Guardrail Type 12-gauge w-beam 12-gauge w-beam MASH Compliant
) ) ) AASHTO M180 AASHTO M180
Guardrail Specification N.S.
Type 11, Class A Type 11, Class A

80:1 for 25°-07 to 80:1 for 25°-0 to restore 25’ - As required to

Flare Back restore r\ijl—to—rail rail-to-rail W match rail heights
Post Type W6x8.5 W6x8.5 N.S.
Post Material ASTM A36 ASTM A36 N.S.
Post Spacing 6’-3” 6’-3” 6’-3”
Block-out Type Synthetic Synthetic Composite or wood
Post Length 7°-0” 7°-0” N.S.
Rail Height 2°-7” 2°-7” 2°-7”
W-Beam to Thrie Beam Transition Section
Transition Type s;rg;ﬁztlr%;l 10-gauge symmetrical 10-ga asymmetrical
Transition Specification AASHTO MI80 AASHTO MI80 N.S.
Type 11, Class A Type 11, Class A
Total Transition Length 7’-3%" 7’-3%" N.S.
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Post Attachment Hole Size %" X 2%" slot %" X 2%" slot N.S.
5”
s QA307buton 5 55 4307 button head
Post Attachment Hardware | head post bolts with | 8 . N.S.
washer post bolts with washer
W-Beam Hole Size By 127 slot B x 127 slot N.S.
32 8 32 8
5” E”
W-Beam Hardware 3 0 A3Q7 button 5 9] A3Q7 button head NS.
head splice bolts splice bolts
Thrie Beam Aj[tachment Hole 29 11 ot 29 11 g0t NS.
Size 32 8 32 8
Thrie Beam Attachment 2" A307 button | =" @ A307 button head NS
Hardware head splice bolts splice bolts o
Post Type W6x8.5 W6x8.5 N.S.
Post Material ASTM A36 ASTM A36 N.S.
. b l” ’_ l’? 7_ l”
Post Spacing 3 —12 3 12 3 12
Block-Out Type Synthetic Synthetic N.S.
Block-Out Size 8" deep x 1°-6 8” deep x 1’-6” long N.S.
long
Post Length 7-0” 7-0” N.S.
Upstream Rail Height 27 2°-7” 2°-7”
Downstream Rail Height 2’-10” 2°-10” 2°-7

Thrie Beam

Section

Thrie Beam Configuration

Double nested 12-

Double nested 12-gauge

Double beam

gauge
. . . AASHTO M180 AASHTO M180
Thrie Beam Specification N.S.
Type 11, Class A Type 11, Class A
Total Thrie Beam Section 12°-6” 12°-6” 12°-0”
Length
Post Attachment Hole Size %" X 2%" slot %" X 2%" slot N.S.
57’ E”
Post Attachment Hardware 3 @ A307 button 5 & A307 button head NS.
head post bolts post bolts
Thrie Beam Aj[tachment Hole 29, 11 slot 29, 11 slot NS.
Size 32 8 32 8
Thrie Beam Attachment 3 @ A307 button 3 @ A307 button head
8 8 N.S.
Hardware

head splice bolts

splice bolts
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Post Type W6x8.5 W6x8.5 N.S.
Post Material ASTM A36 ASTM A36 N.S.
One @ 3'-1" One @ 3°-13” One @ 3'-1"
Post Spacing 3 3 3
Six @ 1’62 Six @ 1’627 Six @ 162"
Block-Out Type Synthetic Synthetic N.S.
Block-Out Size 8 deelp x I'-10 8” deep x 1’-10” long N.S.
ong
Post Length 7-0” 7-0” N.S.
Rail Height 2’-10” 2’-10” 2°-7”

Connection Plate

Connection Plate Size

g” thick x 277 x 20”

%” thick x 277 x 20”

2> thick x 1127 x 1627,
4 4 2

1 .
cast 6;” deep in buttress

Connection Plate Material Grade 36 Grade 36 N.S.
: . 3’7 2"
Thrie Beam Temlnal 3 3 deep x 30” x 3 3, deep x 307 x 207 NS.
Connector Size 20” 8
Thrie beam

Order of Components (from
Traffic Side)

terminal connector
— connection plate
— sloped bridge
rails

Thrie beam terminal
connector — connection
plate — sloped bridge
rails

Thrie beam terminal
connector — concrete
buttress — anchor plate

Thrie Beam to Terminal

17 x 2” diagonal

Connector Hole slofs 1” x 2” diagonal slots N.S.

Thrie Beam to Terminal g” O A307 button g” @ A307 button head NS
Connector Bolt head splice bolts splice bolts o
Clamping Hardware Hole Size 1” @ hole 1” @ hole N.S.

%” O button head,

%’ O button head,

g” @ x 8” L A325 bolts

Clamping Bolt Type various lengths various lengths ,
i i cast in buttress
(or carriage bolt) (or carriage bolt)
Deflector Plate g” bent @ Z” radius - --
Upstream Post Type W6x8.5 W6x8.5 N.S.
Upstream Post Material ASTM A36 ASTM A36 N.S.
Upstream Post Block-Out . .

Material Synthetic Synthetic N.S.
Upstream Post Block-Out Size 8 deellz) 1)1(g1 -10 8” deep x 1’-10” long N.S.
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Upstream Post Length 7°-0” 7-0” N.S.
Upstream Rail Height 2°-10” 2’-10” 2>-7”
Downstream Post Type W6x25 Wo6x25 --
Downstream Post Material ASTM A572 Gr 50 ASTM A572 Gr 50 --
Downstream Block-Out None None --
Downstream Post Length 8’-0” 8’-8” --
Downstream Rail Height 2’-10” 2°-11” 3 ’—6%”
. N 1,, ) 1”
Post Spacing 2 -55 2 -55 --
Sloped Rail/Concrete Buttress Section
Bar Material ASTM A500 Gr B ASTM A500 Gr B --
HSS 4 x 47 x ;" HSS 47 x 47 x 2"
Bar Size 5 c --
HSS 8”7 x4” x =7 HSS 87 x4” x ="
16 16
Sloped Bar Length 8’—5%” 8’—5%” --
Top Bar Vertical v 11,,
. 0 9— --
Displacement 16
Top Bar Slope 0.000 0.096 --
Mid Bar Vertical 13,,
. -- 4—= --
Displacement 16
Mid Bar Slope -- 0.048 --
Bottom Bar Vertical 13 1L _
Displacement 16 4
Bottom Bar Slope -0.012 0.012 --
Rail-to-Post Attachment Bolted Bolted __

Preferred Method

Rail-to-Post Attachment Hole
in Rail

7

n

8

7

In

8

Rail-to-Post Attachment Hole

1 Ln x 1 3n slotted
8 8

1 Ln x 1 3n slotted hole
8 8

in Post hole
Rail-to-Post Attachment Bolt 6” x 3, A3D5 6" x 3, A325 .
Specification 4 4
Post Type W6x25 Wo6x25 --
Post Material ASTM A572 Gr 50 ASTM A572 Gr 50 --
Block-Out None None --
Post Length 8’-0” 8’-8” --
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Upstream Rail Height 2’-10” 2°-11” --
Downstream Rail Height 2°-10” 3-8 --

Post Spacing 2°-2” 2°-27 --
Buttress Width -- -- -7
Buttress Length -- -- 6’-4”

Upstream Buttress Height -- -- 2°8”
Downstream Buttress Height -- - 3’-6”
Slope -- - ~0.303
Recess Depth -- - 5”7
Recess Height -- -- 3’-6” (full height)
Rail Bar Attachment to
Buttress - B None
Rebar Detail -- -- Shown in 526(34-37)

Bridge Rail Splice Bar Section

Splice Bar Size

HSS 37 x 37 x ="
16

HSS 37 x 37 x ="
16

HSS 7" x 37 x " HSS 77 x 37 x 2"
Splice Bar Material ASTM A500 Gr B ASTM A500 Gr B --
Splice Bar Length 1’-8” or L 1’-8”or L --
Adjusted for slope

Splice Bar Configuration

using complete
joint penetration

Adjusted for slope using
complete joint
penetration butt welds

butt welds
Upstream Post Type W6x25 W6x25 --
Upstream Post Material ASTM A572 Gr 50 ASTM A572 Gr 50 --
Upstream Post Length 8’-0” 8’-8” --
Upstream Rail Height 2’-10” Less than 3°-8” --
Downstream Post Type W6x25 Wo6x25 --
Downstream Post Material ASTM A572 Gr 50 ASTM A572 Gr 50 --

2’—12” welded to

2’-1 1%” welded to

Downstream Post Length baseplate bolted to baseplate bolted to .
bridge bridge

Downstream Rail Height 2’-10” 3°-8” --

Post Spacing 3’-0” 3°-0” --
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4.3 Summary

A critical review of current standard details and specifications for NETC style bridge rails
and transitions used by MaineDOT, NHDOT, RIDOT and VTrans was performed to (1)
determine MASH equivalency for each State’s design per Section 13 of the AASHTO LRFD
Bridge Design Specifications [AASHTO12], and (2) identify differences in material and
dimensional details for each state’s design. Preliminary recommendations for standardized
designs were then provided based on the review to better ensure consistency for NETC style
designs, considering constructability and performance. The crash performance of the
recommended designs will be further evaluated based on MASH crash testing conditions and
criteria using finite element analysis in subsequent tasks of this study.

In most cases, the recommendations included the least conservative value for each design
detail, which has either shown acceptable R350 crash testing performance or met the LRFD
strength criteria for MASH loading. The one exception was the sidewalk-mounted 4-bar design,
in which the least conservative design (i.e., 4,000 psi concrete) did not meet the current
recommended strength requirements based on LRFD calculations, but was selected for further
evaluation using finite element analysis to determine crash performance (e.g., MASH TL3 or
TL4). If the FEA results indicate that these designs meet MASH requirements, then it would
follow that the more conservative design details would meet those requirements as well.

Redesign of the bridge rail systems was not a primary focus of this study; however, in
some cases general recommendations for design improvements were provided that the research
team believes would further improve crash performance.

S FEA VEHICLE MODELS

The vehicle models used in the crash performance evaluations include:
e NCHRP Report 350 crash simulation cases:
o C2500D version 5b (Revision 160309)
o F800 version 181114 ballasted to 8,000 kg (i.e., 8000S vehicle with modified bed-
height)
e MASH crash simulation cases:
o YarisC version 1L (i.e., 1100C vehicle)
o SilveradoC v3a (i.e., 2270P vehicle)
o F800 version 170809 ballasted to 10,000 kg (i.e., 10,0008 vehicle).

The model for the 2000P vehicle used for NCHRP Report 350 analysis cases was the
NCAC C2500D version 5B. This model has been used extensively over the past decade in
simulating R350 TL3 impact scenarios with great success. [Plaxico06, Plaxico07; Marzougui08;
Marzouguil0; Plaxicol5; Plaxicol6] It has also been validated against NHTSA end-cap tests
[Zaouk96].

The models for the 1100C and 2270P vehicles used for the MASH analysis cases were the
YarisC_v1L model (based on a 2010 Toyota Yaris) and the SilveradoC v3a model (based on a

2007 quad-cab Chevy Silverado). These vehicles closely represent the two test vehicles
specified in MASH. [AASHTO16] The vehicle models were developed through the process of
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reverse engineering by the members of George Mason University (GMU) and were initially
validated based on NCAP frontal wall impact tests through comparison with NHTSA test
data.[MarzouguiO8] The models also include validated suspension and steering
subsystems.[Marzouguil 0] The Silverado model has been continually improved by GMU as
well as the user community since its development and has been used successfully in several
studies involving crash analysis with roadside safety hardware. The Silverado model, however,
tends to over-predict lateral acceleration magnitude during the backslap of the vehicle when
impacting rigid barriers compared to full-scale crash tests. It is not clearly understood why this
occurs, but it is assumed that cause is in part because the rear suspension of the test vehicles (i.e.,
Dodge Ram) is fundamentally different from that of the Silverado model.

Additional modifications were made to the 2270P model for this study, which included
changing the material characterization for some of the parts that were previously modeled as
“rigid” (e.g., wheel rims and various suspension components) to an appropriate steel material
(characterized as *Mat 24 in LS-DYNA) corresponding to the specific part. Based on
preliminary results of the vehicle traversing the 8-inch tall curb and sidewalk, further
modifications were incorporated for the tire model based on the work by Orengo et al. and Reid
et al. [Orengo03; Reid06] The Yaris model has not been used as much as the Silverado but is
expected to provide reasonable results. Validation PIRTs for these models were provided by
George Mason University and are included with this report as Appendix E and Appendix F.

The baseline model for the 8000S and the 10000S single unit truck vehicle was
developed at the National Crash Analysis Center (NCAC) in Ashburn, Virginia. This model was
further modified by various researchers over the years to improve its fidelity in analysis of
impact conditions corresponding to NCHRP Report 350 Test 4-12. [Miele05; Mohan07;
Plaxico13] Additional modifications to the baseline model made in this study included
remeshing of several parts in the crush zone of the vehicle and changing the element type to the
fully integrated shell element (i.e., type 16 in LS-DYNA). The model of the ballast was
calibrated to the mass inertial properties of the test vehicle specifications (e.g., 8000S and
100008 as appropriate). In particular, the ballast type was modeled based on a recent test vehicle
used by the Texas Transportation Institute (TTI) in full-scale test number 607451-1
[Williams17b]. The ballast included two rigid blocks with dimensions 60 inches wide x 30
inches long x 30 inches tall, positioned one behind the other, and the ballasts were fastened to the
truck frame rail using a series of cables. The positioning of the ballast model inside the cargo
box for the 8000S and the 10000S vehicle models was determined based on the reported centers
of gravity of the vehicles used in the R350 test series which are being used for model validation
(i.e., Test 404251-3 (8000S) and Test 404251-6 (8000S)), and a recent MASH Test 4-12 test
performed at TTI using a 10000S vehicle.[Buth99a; Williams17b]

Additional modifications to the SUT model included replacing the cargo box on the
baseline model with a more detailed model with better geometric and material fidelity, as shown
in Figure 42. Based on visual inspection of several single unit truck boxes, it was decided that
the basic structure for the cargo box model would be adopted from an existing semitrailer model
and subsequently modified to match the external dimensions of the existing baseline model. An
overview of the various components that were included in the model, as well as their
corresponding dimensions and material assignments can be found in [Plaxicol9]. Further details
regarding the development of this box structure can be found in the literature. [ Plaxico09;,
Mielel0]
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Figure 42. Images of the FEA model for the baseline and detailed cargo-box models (rear door not
shown to facilitate viewing inside of cargo box).

Comparisons of the physical and inertial properties of the 8000S vehicle models with
those of the test vehicle in full-scale test NETC-3 is provided in Figure 43. The physical
dimensions of the test vehicle were not reported; however, the height of the cargo bed of the
FEA model was raised from 46.75 inches to 50 inches to match that of another International
4700 used in full-scale test 490026-4-3.[ Williams17a] It was determined that results of this test
case was sensitive to the height of the cargo-bed which was very close to the height of the bridge
rail. Slight differences in this metric will affect whether the cargo-box impacts directly against
the rail or passes over the top of the rail.

Comparison of the physical and inertial properties of the C2500D vehicle model with
those of the test vehicle in full-scale test 401181-1 is provided in Figure 44. Except for the front
bumper extension (e.g., items B and L in Figure 44), all other vehicle geometry properties were
with 10 percent of the test vehicle, and most were within 3 percent. The gross static weight of
the model was 2.8 percent lighter than the test vehicle. The center of gravity of the model was
2.17 inches (3.8 percent) forward compared with the test vehicle.

A comparison of the physical and inertial properties of the MASH vehicle models with
those of recent full-scale test vehicles (i.e., Test 607451-3, Test 607451-2 and Test 607451-1) is
provided in Figure 45, Figure 46 and Figure 47, respectively.[Williams17a] The most notable
difference for the 1100C vehicle was that the center of gravity (c.g.) was set approximately 7
inches farther back in the model compared to the test vehicle, which resulted in a 19 percent
difference. For the 2270P vehicle model, except for the bumper extension and the wheel-well
clearance, all other measurements were within 4 percent of those measured on the test vehicle.
The longitudinal and vertical c.g. of the 2270P model was within 1.5 percent and 4 percent,
respectively, compared to the test vehicle. The accelerometer for both the 1100C and the 2270P
models were positioned at the c.g. of the vehicle. For the 10000S vehicle model, the differences
in several of the dimensions were greater than 10 percent compared to the test vehicle; however,
those particular properties were considered to have minimal effect on the applied loading to the
barrier or to the resulting dynamic response of the vehicle during impact.
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VEHICLE PROPERTIES AND INFORMATION

Date:  7/22/1999 Test No.: 404251-6 Vin No.: 1GDJ7D1B5HV514329
Year: 1987 Make: GMC Model: 7000
Odometer: 142826 Tire Size Front: 11R22.5 Tire Size Rear: 11R22.5
C -
T u W
Q
i I
— - v @
T [ &
X ] SEES, EIuu. ‘ 7:7a:::::::::::ﬁﬁ
—P —— W 0 —j} 1 G BB @ s L cc
— R X : I
- M - I m c
A H
i ¥ E D
Vehicle Geometry (in)
Test Model % Error Test Model % Error
A Front Bumper Width: - 93.11 - P Bumper Extension: - - -
B Overall Height: - 132.60 - Q Front Tire Width: - 37.40 -
C Overall Length: - 337.60 - R Front Wheel Width: - 23.54 -
D Rear Overhang: - 89.96 - S Bottom Door Height: - 36.93 -
E Wheel Base: - 208.15 - T Overall Width: - 96.10 -
F Front Overhang: - 33.07 - U Cab Length: - 108.66 -
G C.G. Height: - 50.46 - V  Box Length: - 226.34 -
H C.G. Horz. Dist. - 136.40 - W  Gap Width: - 3.19 -
I Front Bumper Bottom: - 22.46 - X Overall front Height: - 87.95 -
J Front Bumper Top: - 34.61 - Y Roof-Hood Dist. - 18.82 -
K Rear Bumper Bottom: - 19.84 - Z Roof-Box Height Diff. - 43.39 -
L Rear frame Top: - - - AA Rear Track Width - 72.72 -
M Front Track Width: - 80.51 - BB Ballast Center of Mass - 63.78 -
N Roof width: - 57.80 - CC Cargo Bed Height: - 48.70 -
O Hood Height: - 64.22 - X Y 4
Accelerometer Locations
(inches) - measured from front Front - - -
Weights (Ib) axle and ground Center - - -
Curb Test Inertial
Test Model % Error Test Model % Error
Wfront axle - 5,529 - Wfront axle - 6, 174 B
Wrear axle - 6‘825 - Wrear axle - 1 ,737 -
Wiotal - 12,355 - Wiotal 17,875 17,911 0.2
Ballast - 5,556 -

Figure 43. Vehicle property sheet for the 8000S vehicle model compared with full-scale Test

NETC-3 (i.e., validation case).
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VEHICLE PROPERTIES AND INFORMATION

Date: 4/14/2005 Test No.: 401181-1 Vin No.: 1GCGC24R7Y171118
Year: 2000 Make: Chewvrolet Model: 2500
Odometer: 218443 Tire Size Front: 24575 R16 Tire Size Rear: 245 75 R16
Y Vehicle Geomerty (inches)
r~ T - Test FE Error
£ 3 A X Vehicle Model %
_ A 74.0 73.3 0.9
B 31.9 35.6 11.5
WH G VEHICLE WHEE C 131.9 132.6 0.6
AN TR o fhick D 7.7 73.0 1.8
E 51.6 52.8 2.4
—_— F 215.4 221.3 2.8
| 7 -/ : G 57.0 54.8 -3.8
H - 27.6 -
TIRE DIA o TEST INERTIAL C.M. li ::E :Zz _:99
WHEEL DA L 28 35 25.7
Al M 16.3 18.0 9.9
N 62.6 65.1 4.0
(0] 63.4 65.0 2.6
[ 5 P 28.5 28.4 0.4
~ S [ Q 17.3 164 5.2
N | "
J _*|— f—// Q\_ ! | g i:.i 28.7 2.8
. M [ [ - - -
| \\/ 1 \ 1 T 57.5 573 03
U 132.3 -
G
-8
w7 M, w M,
F
Mass -Properties Curb Test Inertial Gross Static
Test FE Error Test FE Error Test FE Error
Vehicle Model % Vehicle Model % Vehicle Model %
M, (Ib) 2,639 - - 2,672 2,672 2,683 0.4
M, (Ib) 2,114 - - 2,035 2,035 1,802 7.0
Mrotal (Ib) 4753 3,995 -16.0 4,707 4,707 4575 2.8
ki (b-ff) - - - - 17,997
L, (b-ff) - - - - 104,080
s (b-ff) - - - . 111,341

Figure 44. Vehicle property sheet for the C2500R vehicle model compared with full-scale Test
401181-1 (i.e., validation case).
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VEHICLE PROPERTIES AND INFORMATION

Date: 12/21/2016 Test No.: 807451-3 Vin No.: KNADHA33A6692034
Year: 2010 Make: Kia Model: Rio
Odometer: 140035 Tire Size: 35/65R14 Tire Inflation Pressure: 32 psi

— WL
|
a|m _____S___ _-__veqr:_ir.le_n t o ] f g
= TS i
Vehicle Geometry (inches)
Test Model % Error Test Model % Error
a Front Bumper Width: 66.38  64.528 -2.79 p Bumper Extension: 412 3.661417  -11.13
b Overall Height: 58 57.717 -0.49 q Front Tire Width: 22.5 23.5039%4 4.46
¢ Overall Length: 165.75 169.13 2.04 r  Front Wheel Width: 15.8  16.14173 2.16
d Rear Overhang: 34 37.087 9.08 s Bottom Door Height: 8 11.88976  48.62
e Wheel Base: 98.75 99.961 1.23 t Rear Bumper Width: 66.2 63.70079 -3.78
f Front Overhang: 33 32.126 -2.65 Wheel Center Height: 11 11.92913 8.45
g C.G. Height: 21.732 Engine Type: 4 cylinder
h C.G. Horz. Dist. 35.28 42.008 19.07 Engine Size: 1.6 liter
i Front Bumper Bottom: 8 7.9134 -1.08
j Front Bumper Top: 21 21.417 1.99
k Rear Bumper Bottom: 11.5 13.74 19.48
| Rear Bumper Top: 25 25.197 0.79
m Front Track Width: 57.75 58.622 1.51
n Rear Track Width: 57.7 57.638 -0.11
0 Hood Height: 28.25 31.732 12.33 X Y z
Accelerometer Location (inches) -
measured from front axle and ground 35.25 15.62
Weights (lbs) Curb Test Inertial
Test Model % Error Test  Model % Error
W ront axie 1597 - - Wiontaxe 1561 1504.542  -3.62
W car axle 921 - - Wi ear axie 868 1090.59 25.64
Wiota 2518 - - Wiotal 2429  2595.132 6.84
GVWR Ratings (lbs) Test Model % Error Other Notes:
Front 1718 - -
Rear 1874 - -

Dummy Data Type
Mass (lbs)
Seat Position

Figure 45. Vehicle property sheet for the 1100C vehicle model compared with a recent test vehicle
from Test 607451-3
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VEHICLE PROPERTIES AND INFORMATION

Date: 12/20/2016 Test No.: 607451-2 Vin No.: 1D7RB1GP9BS673991
Year: 2011 Make: Dodge Model: 1500
Odometer: 262075 Tire Size Front: 265/70R17 Tire Size Rear: 265/70R17
Wheel Diameier
=R T T
o _5_“ a m @ n t
| ? Y= Q) [ L J l
—f e d—
vwfmm vwrcar
Vehicle Geometry (inches)
Test Model % Error Test Model % Error
a Front Bumper Width: 78.5 79.843 1.71 p Bumper Extension: 3 2.4015748 -19.95
b Overall Height: 75 75.354 0.47 g Front Tire Width: 30.5 30.393701 -0.35
¢ Overall Length: 2275 229.8 1.01 r  Front Wheel Width: 18 18.425197 2.36
d Rear Overhang: 47 46.929 -0.15 s Bottom of Body Height: 13 12.874016  -0.97
e Wheel Base: 140.5 143.5 2.14 t  Overall Width: 77 79.488189 3.23
f Front Overhang: 40 39.567 -1.08 Wheel Center Height Front: 14.75 15.275591 3.56
g C.G. Height: 29.25 28.819 -1.47 Wheel Center Height Back: 14.75 15.275591 3.56
h C.G. Horz. Dist. 62.39 60.039 -3.77 Wheel Well Clearance (F): 6 7.7952756  29.92
i Front Bumper Bottom: 12 12.402 3.35 Wheel Well Clearance (R): 9.25 9.6456693 4.28
j Front Bumper Top: 27 26.614 -1.43 Frame Height (F): 17 17.562992 3.31
k Rear Bumper Bottom: 20.25 20.748 2.46 Frame Height (R): 25.5 25.984252 1.90
| Rear frame Top: 29.5 30.236 2.50 Engine Type:
m Front Track Width: 68.5 69.488 1.44 Engine Size:
n Rear Track Width: 68 66.142 -2.73
o Hood Height: 46.5 47.087 1.26 X Y z
Accelerometer Location (inches) -
measured from front axle and ground
Weights (Ibs) Curb Test Inertial
Test Model % Error Test  Model % Error
Wront axle 2828 0 -100.00 Wiontaxe 2800  3051.4978 8.98
Wiear axie 2108 0 -100.00 Wiear axie 2237 1949.7269 -12.84
Wiotal 4936 0 -100.00 Wiotal 5037 5001.2115 -0.71
GVWR Ratings (lbs) Test Model % Error Other Notes:
Front 3700 0 -100.00
Rear 3900 0 -100.00
Dummy Data  Type 50th Percentile Male
Mass (Ibs) 165 0 -100.00

Seat Positio Driver

Figure 46. Vehicle property sheet for the 2270P vehicle model compared with a recent test vehicle
from Test 607451-2.
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VEHICLE PROPERTIES AND INFORMATION

Date:  12/16/2016 Test No.: 607451-1 Vin No.: THMPAFN86h206312
Year: 2006 Make: International Model: 4200
Odometer: 275640 Tire Size Front: Tire Size Rear:
C -
T u W
N Eee o
Q ™
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tea v @
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X } ] e :::::::::::::::::::aj
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—— 1| X : I
- - i - Kk
A H
i ¥ E D
Vehicle Geometry (in)
Test Model % Error Test Model % Error
A Front Bumper Width: 95.00 93.11 -2.0 P Bumper Extension: 1.00 0 -100.00
B Overall Height: 132.00 131.46 -0.4 Q Front Tire Width: 39.00 37.40 -4.1
C Overall Length: 329.75  337.60 24 R Front Wheel Width: 23.50 23.54 0.2
D Rear Overhang: 89.00 89.96 1.1 S Bottom Door Height: 37.00 38.50 4.1
E Wheel Base: 204.75  208.15 1.7 T Overall Width: 96.00 96.10 0.1
F Front Overhang: 36.00 33.07 -8.1 U Cab Length: 106.00 101.65 -4.1
G C.G. Height: - 50.44 - V  Box Length: 227.00 226.34 -0.3
H C.G. Horz. Dist. 133.28  133.47 0.1 W Gap Width: 1.00 3.19 218.9
I Front Bumper Bottom: 19.00 20.94 10.2 X Overall front Height: 98.50 87.95 -10.7
J  Front Bumper Top: 34.00 32.64 -4.0 Y Roof-Hood Dist. 30.00 18.82 -37.3
K Rear Bumper Bottom: - 18.66 - Z Roof-Box Height Diff. 36.00 43.39 20.5
L Rear frame Top: 37.00 41.65 12.6 AA Rear Track Width 73.00 72.72 -0.4
M Front Track Width: 80.00 80.51 0.6 BB Ballast Center of Mass 61.90 62.52 1.0
N Roof width: 71.00 57.80 -18.6 CC Cargo Bed Height: 49.25 48.70 -1.1
O Hood Height: 59.00 62.87 6.6 X Y z
Accelerometer Locations
(inches) - measured from front Front 133.2 0 50
Weights (Ib) axle and ground Center 223.2 0 50
Curb Test Inertial
Test Model % Error Test Model % Error
Wsront axle 6,090 6,811 11.8 Wiont axie 7,690 7,915 2.9
W car axie 6,090 5,521 -9.4 Wiearaxe 14,340 14,146 -1.4
Wiotal 12,180 12,332 1.2 Wiotal 22,030 22,061 0.1
+165Ib for dummy not included in TIM
Ballast 10,282 9,729 -5.4

Figure 47. Vehicle property sheet for the baseline 10000S vehicle model compared with a recent
test vehicle from Test 607451-1.
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6 MODEL DEVELOPMENT AND VALIDATION OF THE NETC 4-BAR

BRIDGE RAIL
6.1 Model Development

A detailed finite element model of the NETC 4-bar bridge rail was developed, as shown
in Figures 49 and 49, based on construction drawings provided in the full-scale test report for
this system and the standard drawings for NHDOT, which are provided in Appendix B of this
report. [Kimball99] Refer to Section 3 for more detailed description of the design. The FEA
model includes 120 feet of the bridge rail. Details of the model, regarding material
characterization and element formulations used for the various components, are presented here.
The basic components of the bridge rail model include:

e Fifteen (15) W6x25 posts,
e One (1) 127x10”x1” post-baseplate at each post,
e Four (4) anchor bolts at each baseplate connecting the baseplate to the

sidewalk/deck,

e Fifteen (15) HSS 4 x 4 x Y4-inch tube rails that are 23.94 feet long (each) and
hardware,

e Five (5) HSS 8 x 4 x 3/16-inch tube rails that are 23.94 feet long (each) and
hardware,

e Twenty (20) splice tubes 20 inches long (each) made from 3/8-inch thick steel
plate and bolt hardware,

e Concrete sidewalk and short length of bridge deck based on NHDOT drawings,
e Sidewalk steel reinforcement based on NHDOT drawings.

The model includes fifteen posts spaced at 8 feet (typical) on centers; and five sections of
tube railing at 23.94” each, including splice connections with a ¥4-inch splice gap between
adjoining rails. The geometry of these components was modeled according to the drawings in
the test report.[Kimball99] A representative section of the FEA model for the bridge rail is
shown in Figure 50. The profile view in Figure 50 provides specific height dimensions of the
railing elements. Additional details of the FEA model for each of the bridge rail components is
provided in the following sections.

i 120 ft

8 ft Splice I 24 ft | splice Splice Splice
A y ﬂ\d, ©(TYR) % ) KA y . ~\4
ot i I o i i oo i o i i

Figure 48. Finite element analysis model of the NETC 4-bar bridge rail (plan view)
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Figure 49. Finite element analysis model of the NETC 4-bar bridge rail (isometric view).

We6x25

HSS 4 x4 x % Splice Tubes

HSS 8 x 4% 5/16 EiE: ;%;‘;:: FHE

HSS 4 x 4 x % {

HSS 4 x4 x Y

12 x 10 x 1” Base Plate

Concrete Sidewalk and Deck

Figure 50. Representative section of the FEA model of the bridge rail.

6.1.1 Posts

The geometry of the posts was modeled according to the detailed drawings in the test
report and included six (6) horizontally slotted mounting holes in the flanges with dimensions 1-
1/8” x 1-3/8”. The FEA model of the post is shown in Figure 51. The material for the post
model conformed to ASTM A709 Grade 50 steel. The post was modeled with thin-shell
Belytschko-Tsay elements (Type 2 in LS-DYNA) with five (5) integration points through the
thickness. The flange and web were meshed with a nominal element size of 0.43 x 0.5 inches.
The elements around the edge of the mounting holes were meshed with nominal element size of
0.32 inches.
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Figure 51. FEA Model of bridge rail post.

6.1.2 Tubular Rails and Mounting Bolts

The tubular rail sections were modeled according to the dimensional specifications for
HSS 47x4”x '/4” (top and lower two rails) and HSS 87x4”°x5/16” (third rail from bottom). The
material for all tube railing conformed to ASTM A500 Grade C. The tube rails were modeled
with Type 2 element with five (5) integration points through the thickness. The nominal element
size for the mesh is 0.75 x 1 inches for the span of rail between the posts and 0.4 x 0.4 inches for
the section of rail in contact with the posts. The mounting holes in the rail were 7/8” diameter.
The mesh around the slotted holes were meshed with a nominal element length of 0.25 inches.

The 3/4-inch diameter button head mounting bolts were modeled with Hughes-Liu beam
elements (Type 1 in LS-DYNA) with properties corresponding to ASTM A325. The head of the
bolts, as well as the nuts and washers were modeled with rigid material properties, since the
effects of deformation of these components were expected to be negligible compared to the
effects of bolt deformations. The bolts were given a pre-strain condition to tighten the railing
onto the post.

Figure 52. FE mesh of the middle tube-rail and bolt (one bolt removed to facilitate viewing slotted
mounting hole).
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Two models of the tube-rail splice connection were developed. The model used in the
validation is shown in Figure 53, which included stud-and-nut hardware and did not include the
spacer/bushings for the cap screws (refer to drawings in Appendix B). The model was later
updated, as shown in Figure 54, to include (1) correct cap-screw dimensions, (2) bushing-spacers
for the cap screws on one side of the splice, and (3) proper clamping force for the cap screws on
the opposite side of the splice. The updated model was used for all subsequent MASH
evaluations of the NETC bridge rails.

5/8”-Diameter A307

Figure 53. Model of rail splice for validation model with rail-tube shown transparent.

Washer Only
(bolt tension = 20 kip)

Washer and

Bushing/Spacer
g/sp 5/8”-Diameter A307 Cap Screws

Figure 54. Updated model of rail splice used in MASH evaluations with rail-tube shown
transparent.

The splice tubes were modeled with the same material properties and mesh details as the
main rail tubes. The splice connection of the adjoining tube rails included a 20-inch long tubular
sleeve inserted 9.625 inches into the upstream and downstream ends of the main rails (see
Appendix B for dimension details). The cap-screw connections of the splice to the rail bars was
modeled with Hughes-Liu beam elements (Type 1 in LS-DYNA) with 5/8” diameter cross-
section. The cap screws were rigidly fastened to the splice tube using constrained-nodal-rigid-
bodies in Is-dyna and were fastened to the rail bars with nuts and washers. The properties for the
cap screws were modeled as ASTM A307. The slotted openings in the rail bars for the cap
screws were 1-1/8” x 2-1/2”. The splice hole dimensions were not provided in the test report, so
the model was developed using the recommended dimensions as provided in Table 35. A %-inch
gap between the adjoining main-rail sections was included at the splice according to design. The
splice tubes were modeled with the same material properties and mesh details as the main rail
tubes.

6.1.3 Baseplate and Anchor Bolts

The baseplate was modeled with dimensions 12” x 10” x 1 and with material properties
conforming to ASTM A709 Grade 50. The part was meshed with Type 2 (selective reduced 2x2
in-plane integration) thick shell elements. The welded connection of the post to the baseplate
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was modeled using continuous *Constrained_spotwelds around the perimeter of the base of the
post. The 1” diameter anchor rods were modeled with Type 1 beam elements in LS-DYNA.
The length of the anchor rods was 12 inches. The material for the anchor bolts conformed to
ASTM A449, which has a minimum yield of 92 ksi, ultimate strength of 120 ksi, and 14 percent
elongation. The nuts and washers were modeled as rigid. The anchor bolts extended into the
rigid deck and connected to a 3/8-inch thick plate, as illustrated in Figure 55. The bolts were
anchored inside the deck using the *Constrained Beam_in_Solid option in LS-DYNA.

Rigid nuts and washers (TYP)

*Constrained_Spotwelds

12" x 10" x 1”

1” Dia. A449 (TYP)

3/8” thick anchor plate
Figure 55. Transparent view of concrete showing model of baseplate and anchor bolts.

6.1.4 Concrete Curb, Sidewalk and Deck

The materials for the sidewalk and deck components were modeled using *Mat RHT in
LS-DYNA, with default material properties based on an unconfined compressive strength of
4,000 psi. The concrete was modeled with Type 1 brick elements in LS-DYNA with nominal
element size of 1” x 17 x 17 at the post locations and with the element side length then gradually

increasing to approximately 3 inches at maximum distance from the post, as illustrated in Figure
56 and Figure 57.

The longitudinal reinforcement (relative to the bridge rail) at the top of the sidewalk near
the anchor bolts was modeled with four #5 bars. The reinforcement steel running lateral to the
bridge rail was modeled with #5 bars at the top of the sidewalk at 12” spacing on centers. The
stirrups were also modeled with #5 bars with 6-inch spacing. Refer to Appendix B for additional
details regarding location of the reinforcing steel.

All reinforcing bars were modeled with Type 1 beam elements with a nominal element
length of 1 inch. The material properties for the reinforcing steel conformed to ASTM A615
Grade 60 steel with properties measured at Turner Fairbanks Highway Research
Center.[TFHRC15] The stress-strain characterization is shown in Figure 58.

The interaction of the reinforcing steel within the concrete curb/deck was modeled using
the *Constrained Beam_ in_Solid option in LS-DYNA. Unfortunately, slip of the anchor bolts
in the concrete cannot be simulated with this method unless the concrete fails around the rebar;
however, it is apparent from the drawings that the anchor blots cannot physically “slip” unless
they break from the anchor plate which is buried deep inside the sidewalk/deck.
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Engineering Stress (Kksi)

#5 Stirrups

Figure 56. Profile view of sidewalk model.
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Figure 57. Plan view of sidewalk model (from back of bridge rail).
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Figure 58. Stress vs. strain curve for ASTM A615 Grade 60 steel.
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6.1.5 Materials

All steel materials were modeled in LS-DYNA using material model
*Mat_Piecewise Linear Plasticity. The Young’s modulus was set to 29,000 ksi and Poisson’s
ratio was set to 0.33. The piecewise-linear stress-strain characterization for each component
varied depending on steel type and grade.

The tubular rail sections were modeled with material conforming to ASTM A500 Grade
B. The minimum yield and tensile strength for the structural tube material is 46 ksi and 58 ksi,
respectively. All steel posts and baseplates were modeled as ASTM A572 Grade 50 steel (e.g.,
same as AASHTO M270 Grade 50); the material characterization was based on stress-strain
curves from tensile tests conducted at the Turner-Fairbank Highway Research Center (TFHRC)
in McLean, Virginia in an earlier study performed by Roadsafe. The material for all tube rails
were modeled as ASTM A500 Grade C, with minimum yield and tensile strength of 50.6 ksi and
70 ksi, respectively.

All 3/4-inch diameter round head bolts were modeled as ASTM A325 with yield strength
of 92 ksi and ultimate strength of 120 ksi (nominal stress). The 1-inch diameter anchor rods
were modeled as ASTM A449 with yield strength of 92 ksi and ultimate strength of 120 ksi
(engineering stress).

The material model for the sidewalk, curb and deck was dependent on the location.
Outside the impact region, the materials for the sidewalk, curb and deck components were
modeled with rigid properties. Inside the impact region, the constitutive properties for the
sidewalk, curb and bridge deck were modeled using *Mat RHT in LS-DYNA with default
material properties based on an unconfined compressive strength of 4,000 psi. This material
model in LS-DYNA was selected based on the results of a recent study performed by the
research team in which the material model was validated against pendulum impact tests on
reinforced concrete columns where the columns were subjected to lateral impact forces.[Ray 18]

6.2 Model Validation
6.2.1 Model Set-Up and Impact Conditions

The FEA model of the NETC 4-bar bridge rail was used to simulate Test NETC-3. The
details of the NETC-3 test were provided in Section 3.3.2; a summary of the test article and
impact conditions are repeated here for convenience. The NETC 4-bar bridge rail system was
tested according to the crash test specifications of NCHRP Report 350 for Test Level 4. The test
article was a 108-foot long section of the bridge rail mounted on a concrete sidewalk. The
sidewalk was 8 inches tall at the traffic face and sloped up to 9 inches tall at the point where the
bridge rail was mounted. The distance from the face of the curb to the face of the bridge rail was
5 feet.

The tests were conducted at the Southwest Research Institute (SwRI). Test NETC-3
corresponded to the impact conditions of Report 350 Test 4-12 and involved a 1993 International
4600 LP single unit truck ballasted to 17,875-1b, impacting the bridge rail system at 49.8 mph
and angle of 15 degrees. The initial point of contact was 2.0 feet upstream of Post 6. The
vehicle struck the test article on the left side of the vehicle (e.g., reverse-direction impact).

The vehicle model used in analysis was the 8000S single unit truck model with modified
cargo-bed height described in Section 5. A comparison of the vehicle properties for the model
and the test vehicle is shown in Figure 43.
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There were a few differences between the tested design and the FEA model as described
in Section 3.3.2 and Section 6.1 regarding the concrete material and the rail-to-post connection:

e Concrete material: Modeled with unconfined compressive strength of 4,000 psi.
The concrete strength for the test article was not reported.

e Rail-to-post connection: Modeled with 3/4-inch diameter button-head bolts with
properties consistent with ASTM A325. The tested system used %4 stud-bolts
made from ASTM A307.

6.2.2 Issues and Limitations Regarding Test Data for Validation

The validation effort was limited by the amount of data available from the full-scale test.
The test was conducted in December 1997 and, unfortunately, the retention time for test data at
SwRI was only three years. Copies of the test videos were obtained from NETC and the FHWA;
however, the electronic time-history data from the vehicle-mounted accelerometers, which are
needed for the quantitative validation process, were no longer available. Figure 59 through
Figure 62 shows images of the acceleration-time histories and the yaw-rate-time history plots
from the test report and correspond to the data collected at the c.g. of the vehicle. [Kimball99]
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Figure 59. Longitudinal (x-direction) acceleration measured at vehicle c.g. in Test NETC-3.
[Kimball99]
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Figure 60. Lateral (y-direction) acceleration measured at vehicle c.g. in Test NETC-3. [Kimball99]
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Figure 61. Vertical (z-direction) acceleration measured at vehicle c.g. in Test NETC-3. [Kimball99]
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Figure 62. Yaw-rate measured at vehicle c.g. in Test NETC-3.| Kimball99]

Also, the test-vehicle properties measurements were not reported, so it was not possible
to calibrate the vehicle model’s dimensions with the test vehicle. The cargo-box for the test
vehicle was visibly longer than the FEA model, as illustrated in Figure 63. The rear bumper on
the test vehicle extended the full width of the cargo box, as shown in Figure 63. The ballast for
the test vehicle was not reported, but the pre-test photos show that the primary ballast consists
hay. The ballast was modeled with approximate overall dimensions of the visible ballast and the
ballast’s density was set to achieve the overall ballasted mass of the test vehicle (e.g., 17,875 1b.).

1997 Ford F800

"~ Bumper width

Figure 63. FEA vehicle and test vehicle illustrating the differences in cargo-box length and bumper
design.
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6.2.3 Simulated Impact Summary

The analysis was performed using LS-DYNA version mpp_s R8.0.0 revision number
95309. The analysis was conducted with a time-step of 1.0 microsecond for a time period of 1.5
seconds. The vehicle model was traveling in the opposite direction of the test vehicle; thus, the
vehicle model struck the barrier on the right-side of the vehicle (i.e., primary direction impact).
This impact direction was used in the analysis so that the fuel tank would be positioned opposite
of the impact side, which was consistent with the full-scale test. The sequential views for the
FEA were mirrored to facilitate comparison with the test views in Figures 64 through 66.

The front impact side tire of the vehicle model contacted the 9-inch curb within a few
milliseconds of the start of the analysis. At 0.045 seconds the front tire had fully mounted the
curb, and at 0.055 seconds the front impact side suspension was fully compressed. At 0.8
seconds the front of the cargo box began to pitch upward. The rear impact side tires impacted the
curb at 0.24 seconds; also, at this time the vehicle started to roll slightly away from the barrier.
At 0.255 seconds the front bumper and fender of the vehicle impacted the two top rails (Rail 3
and Rail 4) of the bridge rail at 15 inches upstream of Post 7. At 0.265 seconds the front-impact
side tire contacted the lower two rails. At 0.28 seconds the rear impact side tire was fully
mounted onto the sidewalk. At 0.3 seconds the front tire on the non-impact side began to lift off
the ground and at 0.36 seconds the cargo-box began to roll toward the barrier. The u-bolts
connecting the front axle to the suspension on the impact side failed at 0.405 seconds; also, at
this time the rear tandem wheel set on the non-impact side began to lift off the ground. At 0.415
seconds the lower edge of the cargo box impacted against the top edge of the top bridge rail
element and then began to slide along the top of the rail. At 0.45 seconds the side-step on the
cabin contacted the second rail from the top. At 0.545 seconds the rear tandem wheel set on the
impact side impacted against the three lower bridge rail elements. At 0.575 seconds the rear of
the cargo box passed over the top of the top rail. At 0.595 seconds the maximum deflection of
the bridge rail occurred with magnitude 1.77 inches; whereas, the test resulted in 1-inch dynamic
deflection. At 0.61 seconds the truck box was parallel to the rail. At 0.675 seconds the lower
edge of the cargo box extended over the rail and contacted the top of Posts 8 and 9
simultaneously. At 0.68 seconds the rear of the cargo box began to pitch upward. At 0.72
seconds the truck box reached peak roll angle of 7.1 degrees toward the barrier. At 0.76 seconds
the front lower corner of the cargo box snagged on the top of post 10. At 0.86 seconds the front
tire on the non-impact side recontacted the ground, and the vehicle steered back toward the
bridge rail. At approximately 1 second the truck box began to roll aggressively away from the
barrier; at this time the vehicle reached a peak pitch angle of 5.4 degrees (rear pitching upward).
At 1.14 seconds the vehicle lost contact with the barrier. At 1.22 seconds the rear tandem wheel
set on the impact side recontacted the top of the sidewalk, and 1.275 seconds the rear tandem
wheel set on the non-impact side recontacted the ground. The analysis was terminated at 1.5
seconds, at which time:

e The roll angle of the vehicle was 14.7 degrees away from the barrier and increasing,
e The pitch angle of the vehicle was 1.26 degrees and decreasing,
e The yaw angle of the vehicle was 7.2 degrees toward the barrier) and constant,

e The forward velocity of the vehicle was 38.8 mph.
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6.2.4 Sequential Views

A qualitative assessment was made by comparing sequential snapshots of the full-scale
crash test with the results of the simulation to verify vehicle kinematic response as well as
sequence and timing of key phenomenological events. The results from the FE analysis compare
reasonably well with the results from full-scale crash test NETC-3. Figure 64 shows sequential
snapshots of the impact event from an upstream viewpoint. Figure 65 shows the sequential
views from an oblique (downstream and behind the barrier) viewpoint. Figure 66 shows
sequential views from an overhead viewpoint. Based on visual inspection the model appears to
simulate the basic kinematic behavior of the truck and adequately captures the basic
phenomenological events that occur during impact. The differences in the vehicle kinematics
appear to result from the effects of the rear bumper impact against the bridge rail in the full-scale
test. Recall that the bumper on the FEA model does not extend the width of the truck and
therefore does not contact rail. As a result, the bed of the cargo box passed over the top of the
rail in the FEA. This also allowed for slightly higher pitch of the cargo box as the impact event
continued.

6.2.5 Damage to Bridge Rail

The crash test installation received minor damage as shown in Figure 67. The test
resulted in only minor scrapping of the rail and tire marks. The maximum dynamic deflection of
the bridge rail was 1.0 inch (25 mm) occurring near the critical post (Post 7). The resulting
permanent deflection at these locations was reported as 0.51 inches (13 mm). Posts 6 and 7 were
tilted back and the baseplates of both posts were raised upward at the center approximately 0.14
inches (3.5 mm).

The damage to the bridge rail in the finite element analysis was similar to that of the full-
scale test. The vehicle was in contact with the barrier for 42 feet from post 6 through post 11.
The vehicle then remained near to, and parallel to, the rail until the vehicle exited the system at
the end of the sidewalk. The maximum dynamic deflection of Post 6 and Post 7 was 1.77 inches
and 1.70 inches, respectively; the resulting permanent deflections were 0.7 inches for both posts.
Figures 68 and 69 shows contour plots of effective plastic strain on the railing from a traffic-side
and back-side viewpoint, respectively. As post 7 was tilted back, the baseplate was deflected
upward at the front-center of the plate 0.11 inches, compared to 0.14 inches in the full-scale test,
as illustrated in Figure 70. Overall, the simulated barrier response was very similar to that
observed in the full-scale test.
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0.000 seconds

0.1 seconds

0.2 seconds

0.3 seconds

0.4 seconds

Figure 64. Sequential views of Test NETC-3 and FE analysis from upstream viewpoint.
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0.5 seconds

0.6 seconds

0.7 seconds

0.8 seconds

0.9 seconds

Figure 64. [CONTINUED] Sequential views of Test NETC-3 and FE analysis from upstream
viewpoint.
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1.0 seconds
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' 334 )
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Figure 64. [CONTINUED] Sequential views of Test NETC-3 and FE analysis from upstream
viewpoint.
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0.6 seconds

0.9 seconds

Figure 65. Sequential views of Test NETC-3 and FE analysis from downstream viewpoint.
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1.0 seconds

1.1 seconds

1.4 seconds

Figure 65. [CONTINUED] Sequential views of Test NETC-3 and FE analysis from
downstream viewpoint.
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0.3 seconds

0.4 seconds

Figure 66. Sequential views of Test NETC-3 and FE analysis from overhead viewpoint.
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0.5 seconds

0.8 seconds

Figure 66. [CONTINUED] Sequential views of Test NETC-3 and FE analysis from overhead
viewpoint.
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Figure 67. Damage to bridge rail in full-scale test NETC-3 from (a) posts 6 through 8 and (b) 8
through 11.
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6.2.6 Occupant Risk Measures

Acceleration-time histories and angular rate-time histories were collected inside the cargo
box near the center of gravity of the vehicle, as illustrated in Figure 71 (compare to G and H in
Figure 43). The time-history data was collected from the accelerometers in a local reference
coordinate system that was fixed to the vehicle with the x-direction coincident with the forward
direction of the vehicle, the local y-direction was oriented toward the right side of the vehicle
and the local z-direction was oriented downward. The data was collected at a frequency of 50
kHz. Since the vehicle model struck the bridge rail from the opposite direction than the test
vehicle, the “sign” for the data values collected for several of the channels was reversed for
direct comparison with the test data (e.g., y-acceleration, roll-rate, and yaw-rate channels).

! 50”
L 4L

N
7l

Figure 71. Location of accelerometer in FE model.

The analysis results from TRAP for the full-scale test and the FE analysis are shown in
Table 53 and Figure 72. The acceleration data used in the TRAP program was pre-filtered using
the BW Class 180 filter. The table shows the two occupant risk factors recommended by R350:
1) the lateral and longitudinal components of Occupant Impact Velocity (OIV), and 2) the
maximum lateral and longitudinal component of resultant vehicle acceleration averaged over a
10-millisecond interval after occupant impact, called the Occupant Ridedown Acceleration
(ORA). Also provided in the table are the CEN risk factors including the Theoretical Head
Impact Velocity (THIV), the Post Impact Head Deceleration (PHD) and the Acceleration
Severity Index (ASI). The table also includes comparison of the 50-millisecond moving average
of the accelerations.

The occupant risk metrics for both the full-scale test and the simulation are in good
agreement. The occupant impact velocity in the longitudinal direction was predicted from the
simulation to be 5.9 ft/s (0.5 ft/s higher than the test OIV of 5.4 ft/s) at 0.4455 seconds. In the
transverse direction, the occupant impact velocity predicted in the simulation was 12.1 ft/s (2.65
ft/s higher than the test OIV of 9.5 ft/s). The highest 0.010-second occupant ridedown
acceleration in the longitudinal direction was 4.95 g (4 g lower than test ORA of 8.95 g) between
0.5490 and 0.5590 seconds. In the transverse direction, the highest 0.010-second occupant
ridedown acceleration was 12.1 g (15.4 percent or 2.2 g lower than test ORA of 14.3) between
0.6883 and 0.6983 seconds. The THIV, PHD and ASI predicted from the simulation were 13.8
ft/s, 12.8 g’s, and 0.42, respectively. These values were not reported in the test report. The
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maximum 50-millisecond moving average accelerations in the x-, y-, and z-directions were 2.2 g
(0.52 g lower than test), 3.8 g (2.1 g lower than test), and 1.2 g (not reported in test),
respectively. The maximum yaw, roll and pitch angles were 16.2 degrees (1.43 degrees higher),
14.7 degrees (5.3 degrees lower) and 5.4 degrees (0.4 degrees higher), respectively. The roll and
pith angles reported in the test were approximated from the test videos, since these data were not
collected using on-board instrumentation.

Except for the roll angle, the results of the FEA were well within the recommended limits
of NCHRP Web Report 179 for each of the comparison metrics. That is, the difference in OIV
was less than 20 percent or 6.6 ft/s; the difference in maximum ORA was less than 20 percent or
4 g; and the difference in angular displacement was less than 20 percent or 5 degrees. As
mentioned previously, the reported roll angle was approximated from the test video as 20
degrees, which was higher than the FEA. However, the sequential views in Figure 64 show the
roll angle of the FEA model to be very similar to the test during interaction with the barrier, and
somewhat greater than the test during post-impact trajectory.

Table 53. Occupant risk measured computed using TRAP software for the FEA and Test NETC-3.

MASH Test 3-11 Error W179 Criteria
Occupant Risk Factors NETC-3 FEA
(0-1.0seconds) (0- 1.0 seconds) % Absolute Criteria Pass
Occupant Impact Velocity | x-direction 5.4 5.9 9.1% 0.49212 k20% or < 6.6 f/4 Y
(ft/s) y-direction -9.5 -12.1 28.0% |2.657448 k20% or < 6.6 f/4 Y
at time at 0.4455 seconds on left
side of interior
THIV 13.8 - 13.77936 K20% or < 6.6 f/5| -
at 0.4411 seconds on left
(m/s) side of interior
Ridedown Acceleration xdirection 8.95 4.95 44.7% 4 <20% or < 4G Y
(g's) (0.5490- 0.5590 seconds)
y-direction -14.3 -12.1 15.4% 2.2 <20% or < 4G Y
(0.6883 - 0.6983 seconds)
PHD 12.8 - 12.8 <20% or < 4G -
(g's) (0.6882 - 0.6982 seconds)
ASI 0.42 - 0.42 <20% or < 0.2 -
(0.5880- 0.6380 seconds)
Max 50-ms moving avg. acc. xdirection -2.72 -2.2 19.1% 0.52 <20% or < 4G Y
(g's) (0.6603 - 0.7103 seconds)
y-direction 5.9 3.8 35.6% 2.1 <20% or < 4G Y
(0.6073 - 0.6573 seconds)
2-direction -1.2 - 1.2 <20% or <4G -
(0.2700 - 0.3200 seconds)
Maximum Angular Disp. Yaw 14.77 16.2 9.7% 1.43 [<20%or <5 deg Y
(deg) (0.6784 seconds)
Roll 20 14.7 26.5% 5.3 <20% or <5 deg N
(1.4987 seconds)
pitch -5.0 -5.4 8.0% 0.4 <20% or <5 deg Y
(1.0139 seconds)
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Figure 72. Graphical comparison of FEA vs. Test for key occupant risk metrics

6.2.7 Time-History Data Comparison

Figure 73, Figure 74, and Figure 75 show a comparison of the acceleration-time histories
(i.e., filtered at 180 Hz. and running 50-ms average) at the c.g. of the vehicle (i.e., on the cargo
box) for the longitudinal, transverse and vertical channels, respectively. Figure 76, Figure 77
and Figure 78 show comparisons of the angular rates and angular displacements (i.e., yaw, roll,
and pitch) measured from the c.g. in the test and FE analysis. The test data was taken directly
from images in the test report; thus, the comparison was made only cases were data was reported.

There was a very significant spike in y-acceleration at approximately 0.57 seconds,
corresponding to the time of impact of the rear tandem wheel set against the rail. The higher
accelerations in the test are assumed to be due to the rear bumper impacting against the railing;
which was not applicable in the FEA. Without the rear bumper interaction in the FEA, the rear
of the cargo box passed over the top of the railing, resulting in lower forces against the vehicle.
There was also a significant spike in the x-acceleration at approximately 0.70 — 0.75 seconds. In
the FEA, this corresponded to the lower edge of the cargo box snagging on the top of the bridge
rail posts. The cause for the spikes in the test was not reported, but from the high-speed video is
was assumed that the spike in acceleration was due to a combination of the cargo box snagging
on the tops of the posts and the rear bumper snagging on the railing (see Figure 79).
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Figure 73. Longitudinal acceleration-time history plot from accelerometer at c.g. for full-scale Test
NETC-3 and FEA (180 Hz. filter and 50-ms moving averages).
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Figure 74. Lateral acceleration-time history plot from accelerometer at c.g. for full-scale Test
NETC-3 and FEA (180 Hz. filter and 50-ms moving averages).
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Figure 75. Vertical acceleration-time history plot from accelerometer at c.g. for full-scale Test
NETC-3 and FEA (180 Hz. filter and 50-ms moving averages).

FEA NETC-3
= "
o0 .
g {
‘3' o o |
©
.3 — Bl 54 —
5-137 . impocing venicle 1903 imternational
87 | |G s i B -
Tost ante. 15 degroes 2l ]
237 - Tes s00w: 16 haross
o I i
0 01 02 03 04 05 06 07 08 09 1

Time (seconds)

20

=
w
L

Yaw (deg)
-
[5,] o

——FEA

——NETC-3

0.1

02 03 04 05 06

Time (seconds)

0.7

0.8 09 1

Figure 76. Yaw-time history plot from accelerometer at c.g. for FEA (angular rate and
displacement).
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Figure 77. Roll-time history plot from accelerometer at c.g. for FEA (angular rate and

displacement).
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Figure 78. Pitch-time history plot from accelerometer at c.g. for FEA (angular rate and
displacement).
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Figure 79. Post-test photo of vehicle damages.

98



6.2.8 PIRT — Crash Specific Phenomena

Table 54 contains the Report 350 crash test criteria. Those that apply to Test 4-12 are
marked in red. These include criteria A, D, G, K and M. Table 55 through Table 57 contain an
expanded list of these same criteria including additional specific phenomena that were measured
in the test and that could be directly compared to the numerical solution. Table 55 contains a
comparison of phenomena related to structural adequacy, Table 56 contains a comparison of
phenomena related to occupant risk, and Table 57 contains a comparison of phenomena related
to vehicle trajectory. Some of this information has already been presented but is repeated here
for completeness of the recommended validation forms. Comparisons for all the applicable crash
specific phenomena between the FEA and test were within the allowable limits of Report W179,
except for the roll angle which was explained in the Occupant Risk Measures section.

Table 54. Report 350 crash test criteria with the applicable test numbers.

although controlled lateral deflection of the test article is
acceptable.

i Applicable Test
Evaluation Evaluation Criteria pplicable 1ests
Factors
Structural Test article should contain and redirect the vehicle; the vehicle
Adequacy should not penetrate, under-ride, or override the installation 10, 11, 12, 20, 21, 22, 35,

36,37, 38

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

60, 61, 70, 71, 80, 81

Acceptable test article performance may be by redirection,
controlled penetration or controlled stopping of the vehicle.

30, 31, 32, 33, 34, 39, 40,
41, 42, 43, 44, 50, 51, 52,
53

Occupant
Risk

Detached elements, fragments or other debris from the test
article should not penetrate or show potential for penetrating

the occupant compartment, or present an undue hazard to other All
traffic, pedestrians or personnel in a work zone.

Detached elements, fragments or other debris from the test

article, or vehicular damage should not block the driver’s vision 70. 71

or otherwise cause the driver to lose control of the vehicle.
(Answer Yes or No)

The vehicle should remain upright during and after the collision
although moderate roll, pitching and yawing are acceptable.

All except those listed in
criterion G

It is preferable, although not essential, that the vehicle remain
upright during and after collision.

12, 22 (for test level 1 —
30, 31, 32, 33, 34, 35, 36,
37, 38, 39, 40, 41, 42, 43,
44)

Occupant impact velocities should satisfy the following:

Occupant Impact Velocity Limits (m/s)

Component Preferred Maximum
Longitudinal
and Lateral ? 12

10, 20, 30,31, 32, 33, 34,
36, 40, 41, 42, 43, 50, 51,
52,53, 80, 81
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Longitudinal 3 5

60, 61, 70, 71

Occupant ridedown accelerations should satisfy the following:

Occupant Ridedown Acceleration Limits (g’s)

Component Preferred Maximum
Longitudinal
and Lateral 15 20

10, 20, 30,31, 32, 33, 34,
36,40, 41, 42, 43, 50, 51,
52,53, 60, 61, 70, 71, 80,
81

Vehicle
Trajectory

After collision it is preferable that the vehicle’s trajectory not
intrude into adjacent traffic lanes.

All

The occupant impact velocity in the longitudinal direction
should not exceed 40 ft/sec and the occupant ride-down
acceleration in the longitudinal direction should not exceed 20
G’s.

11,21, 35, 37, 38, 39

The exit angle from the test article preferable should be less
than 60 percent of test impact angle, measured at the time of
vehicle loss of contact with test device.

10, 11, 12, 20, 21, 22, 35,
36,37, 38, 39

Vehicle trajectory behind the test article is acceptable.

30, 31, 32, 33, 34, 39, 42,
43, 44, 60, 61, 70, 71, 80,
81
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Table 55. Roadside safety phenomena importance ranking table (structural adequacy).

Evaluation Criteria

Known
Result

Analysis
Result

Difference
Relative/
Absolute

Agree
2

Al

Test article should contain and redirect the
vehicle; the vehicle should not penetrate, under-
ride, or override the installation although
controlled lateral deflection of the test article is
acceptable. (Answer Yes or No)

A2

Maximum dynamic deflection:
- Relative difference is less than 20 percent or
- Absolute difference is less than 6 inches

1.0 in

1.77 in

0.77 in

33

Maximum permanent deflection:
- Relative difference is less than 20 percent or
- Absolute difference is less than 6 inches

0.511in

0.7 in

0.19in

A4

Length of vehicle-barrier contact (at initial
separation):

- Relative difference is less than 20 percent or
- Absolute difference is less than 6.6 ft

N.R.

Posts 6-
11

42 ft

Posts 6-
11

Structural Adequacy
>

AS

Number of broken or significantly bent posts is
less than 20 percent.

A6

Did the rail element rupture or tear (Answer
Yes or No)

A7

Concrete curb/deck failure

Was there significant snagging between the
vehicle wheels and barrier elements (Answer
Yes or No).

A9

Was there significant snagging between vehicle
body components and barrier elements (Answer
Yes or No).

N*

N

* There was additional snagging between the bumper and the rail in the test that could not be captured

in the FE model due to differences in bumper width.
N.R. — Not Reported
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Table 56. Roadside safety phenomena importance ranking table (occupant risk).

K Analvsi Difference
nown nalysis
Evaluation Criteria y Relative/ ﬁ?gree
Result Result :
Absolute
Detached elements, fragments or other debris from the
test article should not penetrate or show potential for
D penetrating the occupant compartment, or present an N N Y
undue hazard to other traffic, pedestrians or personnel in
a work zone. (Answer Yes or No)
The vehicle should remain upright during and after the
F1 | collision although moderate roll, pitching and yawing are | Y Y Y
acceptable. (Answer Yes or No)
Maximum roll of the vehicle through 1.0 seconds:
L ) *20.0 14.7 26.5 %
F2 | - Relative difference is less than 20 percent or N
i ) Deg deg 5.3 deg
- Absolute difference is less than 5 degrees.
F
Maximum pitch of the vehicle through 1.0 seconds: 5.0 54 8.0 %
F3 - Relative difference is less than 20 percent or ’ ’ e Y
- Absolute difference is less than 5 degrees. deg deg 0.4 deg
Maximum yaw of the vehicle through 0.446 seconds:
. . . 14.8 16.2 9.7 %
F4 | - Relative difference is less than 20 percent or Y
. . deg deg 1.4 deg
» - Absolute difference is less than 5 degrees.
w
Z1G |1 Did the vehicle remain upright during and after collision | Y Y Y
=
g Occupant impact velocities:
§ - Relative difference is less than 20 percent or
o - Absolute difference is less than 6.6 ft/s.
L1 Longitudinal OIV (£t 5.4 5.9 1% Y
[ ] B .
ongitudina (ft/s) 0.5 fis
Lateral OIV (ft/ 92 12 28% Y
[ ]
ateral OIV (ft/s) 2.7 fils
o THIV (ft/s) N.R. 13.8
L Occupant accelerations:
- Relative difference is less than 20 percent or
- Absolute difference is less than 4 g’s.
o 44.7 %
. Longitudinal ORA 8.95 4.95 Y
L2 4g
143 12.1 15.4 %
. Lateral ORA Y
22¢g
o PHD N.R. 12.8
o ASI N.R. 0.42

N.R. — Not Reported

* Reported as “approximate”
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The reported roll angle was approximated from the test video as 20 degrees, which was
higher than the FEA. However, the sequential views Figure 64 show the roll angle of the FEA
model to be very similar to the test during interaction with the barrier, and somewhat greater than
the test during post-impact trajectory.

Table 57. Roadside safety phenomena importance ranking table (vehicle trajectory).

Difference

Known | Analysis
Evaluation Criteria Y Relative/ ﬁ:‘gree
Result Result :
Absolute
The exit angle from the test article preferable
should be less than 60 percent of test impact o o
Ml angle, measured at the time of vehicle loss of 1.3% 8.0% Y
> contact with test device.
3| K .
‘g Exit angle at loss of contact:
E M2 | - Relative difference is less than 20 percent or 4.1deg | 1.2 deg 2.9 deg Y
kN - Absolute difference is less than 5 degrees.
[&]
S| M Exit velocity at loss of contact:
> . . 35.8 40.3 12.8 %
M3 | - Relative difference is less than 20 percent or Y
i i mph mph 4.6 mph
- Absolute difference is less than 6.2 mph.
4 Front axle disconnected from suspension Y Y Y

6.2.9 Summary and Conclusions on Model Validation

The baseline finite element model of the NETC 4-bar bridge rail was used to simulate
full-scale crash NETC-3. The test corresponded to R350 Test 4-12 on the sidewalk-mounted
bridge rail system. The results of the analysis were compared to the full-scale tests to validate
the fidelity of the model. The validation included qualitative assessments involving: (1)
comparing sequential snapshots of the test and simulation to verify vehicle kinematic response,
as well as, the sequence and timing of key phenomenological events, (2) comparing acceleration
and angular-rate time-history data from the FEA and test, and (3) comparison of crash-specific
phenomena from the event related to structural adequacy, occupant risk and vehicle trajectory.

There were issues regarding missing information from the test data that were noted. In
particular, the physical properties of the test vehicle were not included in the test report but were
visibly different than that of the FEA model. Also, quantitative comparison of the time-history
data could not be performed, since the test data was not available.

In general, the results of the analyses demonstrated that the finite element model replicated
the basic phenomenological behavior of the system under Report 350 Test 4-12 impact
conditions. There was good agreement between the tests and the simulations with respect to
event timing, overall kinematics of the vehicle, barrier damage, and deflections. One exception
involved the rear bumper snagging on the bridge rail resulting in higher longitudinal deceleration
of the vehicle than occurred in the FEA. The model is, however, considered adequately “valid”
and will be used as a baseline model for developing and evaluating MASH impact conditions for
the NETC bridge rails. Table 58 provides a summary of key validation metrics for the
evaluation of the model for the curb-mounted system.
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Table 58. Summary of validation metrics for the model in simulation of Test NETC-3.

Summary of FEA vs. Test Validation Metrics

System Type: Bridge Rail
[Device Name:/Variant: NETC 4-Bar sidewalk-mounted
Testing Criterion: Report 350
Test Level: TLA
FHWA Letter:

Comparison: Crash tested original design to FEA of original design
Non-Significant -- Effect is Uncertain
Non-Significant -- Effect is Positive
Non-Significant -- Effect is Inconsequential
Baseline Validation of Crash Test to FEA Analysis.

Submissions Type:

Crash Test

FEA Analysis

Baseline Crash Test

W-179 Table E-5: Roadside PIRTS

Test Number: SWRINETC-3 Structural Adequacy Test FEA Occupant Risk (cont.) Test FEA
Vehicle: {1993 International 4600 LP Al - Acceptable perf.?| yes yes H2 —Long. OIV| 5.4 fi/s 5.9 fi/s
Vehicle Mass: 17,875 1bs A2 — Permanent Deflection:| 0.511in | 0.7 in H3 —Lat. OIV| 9.5 ft/s 12.1 ft/s
Impact Speed: 49.8 mph A3 — Contact Length - 42 f 12—Long. ORA| 895¢g 495¢
Impact Location: |2 ft upstream of Post 6 A4 - Component Failure, no no I3-TLat. ORA| 143 ¢g 121g
Tested Hardware:  Original Design A5 — Barrier Rupture?,  no no Vehicle Trajectory
FEA Hardware: | Original Design A7 — Wheel Snagging?  no no K — Intruded into travel lanes? no no
W-179 Table E-1: Verification Evaluation Summary A8 — Vehicle Snagging?! no no N — Travel behind barrier? no no
Total Energy:. 0% Pass Occupant Risk Test FEA W-179 Table E-3 (Multi-Channel Method)
Hourglass Energy:| 0% Pass D — Detached elements?]  no no Sprague-Geer Magnitude < 40 - -
Mass Added: 0% Pass F2 — Max. Vehicle Roll; 20 14.7 Sprague-Geer Phase <40 - -
Shooting Nodes:{  no Pass F3 — Max. Vehicle Pitch 5 5.4 ANOVA Mean - -
Negative Volumes:!  no Pass F4 — Max. Vehicle Yaw| 14.8 1602 ANOVA Standard Deviation - -
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7 MODEL DEVELOPMENT AND VALIDATION OF THE NETC 2-BAR

TRANSITION
7.1 Model Development

A detailed finite element model of the NETC 2-bar approach guardrail transition was
developed as shown in Figure 80. The general assembly of the transition model is shown in
Figures 81 and 82. Refer to Section 3 for more detailed description of the design. The FEA
model includes 42 feet of the transition system and 23.8 feet of the NETC 2-bar bridge rail.
Details of the transition model are presented in the following sections regarding material
characterization and element formulations used for the various components. The bridge rail
model was developed using the validated NETC 4-bar bridge rail as a baseline. Although the
model of the NETC 2-bar bridge rail was included as part of the transition model analysis, it was
not a major influence in the results since the vehicle did not contact the bridge rail during impact
or redirection. Refer to Sections 6 and 7 for further details of the bridge rail model development.

The basic components of the transition model included:

o Twelve (12) 6”x8”wood posts at decreasing post spacing approaching the bridge
rail,

e Five (5) discrete element soil model assemblies, one at each post of the w-beam
rail and the w-beam-to-thrie-beam transition rail,

e One soil continuum model 7.1 (vertical depth) x 8.34 (lateral width) x 21.27°
(long).

e One (1) standard 12-gauge w-beam panel and hardware,

e One (1) 10-gauge w-beam to thrie-beam transition panel and hardware,

e Two (2) thrie-beam panels (nested) and hardware,

e One (1) thrie-beam end shoe and hardware,

e One (1) connection plate and hardware,

e One (1) deflector plate and hardware,

e One (1) 9.44 feet long HSS 8” x 4” x 5/16” tubular section and post mounting
bolt hardware,

e One (1) 9.44 feet long HSS 4” x 4” x 4" tubular section and post mounting bolt
hardware,

e Four (4) 8.0 feet long W6x25 posts
The basic components of the bridge rail model include:
e Three (3) W6x25 posts,
e Three (3) post-baseplates that are 127x107x1”,
e Twelve (12) anchor bolts (4 at each baseplate) connecting the baseplates to the

curb,

e One (1) 9.44 feet long HSS 8” x 4” x 5/16” tubular section and post mounting bolt
hardware,

e One (1) 9.44 feet long HSS 4” x 4” x '4” tubular section and post mounting bolt
hardware,
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e One (1) HSS 77 x 3” x 3/8” splice tube 20 inches long,
e One (1) HSS 3”7 x 3” x 5/16” splice tube 20 inches long
e Concrete curb and bridge deck model 21.5 feet long with steel reinforcement.

42 ft

Figure 80. Finite element analysis model of the NETC 2-bar transition and bridge rail.

12 ga. W-beam

il
10 ga. transition beam Guardrail

(2 layers) 12 ga. thrie beam

Tube Rail Transition

Figure 81. General model assembly for the NETC 2-bar transition (rail labeling).

Timber Posts are 6”x8” — 7’ long
Steel Posts W6x25 - 8’ long

Figure 82. General model assembly for the NETC 2-bar transition (post labeling).
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7.2 Materials

All steel posts, tube rails, baseplates, concrete and rebar were modeled as described for
the NETC bridge rail model in Section 10. All wood material was modeled in LS-DYNA using
material model *Mat Wood Pine with properties corresponding to Grade 1 Pine. The material
for all thrie-beam and w-beam rails were modeled as AASHTO M 180 Class A Type II, with
minimum yield and tensile strength of 60 ksi and 72 ksi, respectively. The material for all plate
material in the transition was modeled as AASHTO M180 Class A Type II steel with properties
developed by Wright et. al.[ Wright97] All the post-bolts in the transition were modeled as
ASTM A307 Grade A with yield strength of 46 ksi and ultimate strength of 62 ksi (engineering
stress) or 72.8 ksi (true stress).

7.3 Development of the Transition model
7.3.1 Rail Elements and Terminal Connector

The material for w-beam, thrie-beam and thrie-beam transition components were
modeled as AASHTO M180 Class A Type 11 steel.[ Wright97] The guardrail end of the
transition model consists of a standard 13.55 feet long 12-ga w-beam panel. The finite element
mesh for the w-beam is shown in Figure 83(a). The rail was modeled with thin-shell
Belytschko-Tsay elements (Type 2 in LS-DYNA) with three integration points through the
thickness. The sections of rail between post connection points were meshed with a nominal
element size of 0.79 x 0.83 inches. The sections at the post connection points and splice
connections were meshed with a nominal element size of 0.39” x 0.39”. The elements around
the edge of the splice-bolt holes were meshed with nominal element size of 0.12 inches.

The thrie-beam panel was modeled as 13.55 ft long with 12-ga thickness. The finite
element mesh for the thrie-beam is shown in Figure 83(b). Slotted post-bolt holes were located
at nine (9) locations on the panel at 18.75-inch spacing. The rail was modeled with Type 2
elements in LS-DYNA with five (5) integration points through the thickness. The panel was
meshed with a nominal element size of 0.55 x 0.55 inches. The elements around the edge of the
splice-bolt holes were meshed with nominal element size of 0.25 inches.

W-Beam Panel Thrie-Beam Panel

13.55 ft long 12 ga. 13.55 ft long 12 ga.

0.55”

Element size

Figure 83: FEA mesh for (a) w-beam panel and (b) thrie-beam panel.
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The geometry and mesh for the transition panel was created based on the drawings
provided in Appendix B. The material was modeled as AASHTO M180 Class A Type II steel.
The rail was modeled with Type 2 thin-shell elements in LS-DYNA with five (5) integration
points through the thickness. The w-beam end of the panel was meshed identical to the standard
w-beam model. The remainder of the panel was meshed with a nominal element size of 0.55 x
0.55 inches. The smallest elements were located around the edge of the splice-bolt holes with
nominal element size of 0.25 inches.

The geometry for the thrie-beam terminal connector was developed in a previous project
and conforms to the dimensions in Appendix B. The part was modeled with Type 2 thin-shell
elements in LS-DYNA with five (5) integration points through the thickness. The part was
meshed with a nominal element size of 0.51 x 0.55 inches. The elements around the edge of the
bolt holes were meshed with nominal element size of 0.38 inches, with the smallest element size
being 0.25.

The 3/8-inch thick connector plate and deflector plate were modeled with dimensions
consistent with the detailed drawings in Appendix B. The material was modeled as ASTM A36
steel with material characterization adopted from Wright et. al.[ Wright97] The finite element
models for the connection plate and the deflector plate are shown in Figure 86 and Figure 87,
respectively. The parts were modeled with Type 2 thin-shell elements in LS-DYNA with five
(5) integration points through the thickness. The connection plate was meshed with a nominal
element size of 0.72 x 0.72 inches. The elements around the edge of the bolt holes were meshed
with nominal element size of 0.25 inches. The deflector plate was meshed with a nominal
element size of 0.5 x 0.5 inches. The elements around the edge of the bolt holes were meshed
with nominal element size of 0.35 inches.

Transition Panel
7.29 ft long 10 ga.

" sSLOTS

P x 11" 5LJT5|
St x 2lep” sLCTs|

FOR 33” @ BUTTON
HE&D BOLTS

732" (10 CAGE}

3" x 210

THRIE-BEAM TO W-BEAM TRANSITION SECTION
SCALE: 1" = 1’0"

P x 11" SLETS‘.

Figure 84. FEA mesh for the thrie-beam transition panel.
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Figure 85. FEA mesh for the thrie-beam end-shoe terminal connector.
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Figure 86. FEA mesh for the connection plate.
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Deflector Plate BEND LINE (34" RADIUS) ‘ ! 156" x 1'/," SLOTTED HOLE
3/8" thick (GRIND EDGES OF PLATE NEAR BEND T FOR 34" ¢ A307 B.H. BOLT
LINE BEFORE BENDING) PLAN | (GALVANIZED)

S

f 10l e
3.7
_¥g" PLATE / ELEVATION o

(GALV

0.5”x0.5”

Element size

0.35”

Element size

Figure 87. FEA mesh for the deflector plate.

7.3.2  Splice Bolts

Splice-bolt hardware seldom fails during impact, thus the material properties for the bolts
and nuts were modeled with rigid material characterization. Failure of the splice connection is
generally due to the “rigid” bolts rotating and tearing through the relatively thin w-beam
material. Therefore, the bolts were modeled with geometric fidelity to obtain accurate force
distribution and stress concentrations in the w-beam splice holes. The dimensions of the bolt
hardware were modeled according to the standard drawing FBBO1 for guardrail bolt and
recessed nut (designation from AASHTO’s A Standardized Guide to Highway Barrier
Hardware).|[AASHTO04] The model of the splice bolts do not include the bolt-threads.
Compression springs and dampers were attached between the end of the bolt and the nut to push
the nut onto the bolt and clamp the rail panels together. The dampers are modeled as one-way
dampers that “lock” the nut onto the bolt by preventing the nut from reversing direction. The
FEA mesh of the splice bolts is shown in Figure 88(a). The images in Figure 88(b) show the bolt
and rail at time equal zero (prior to bolt tightening) and at time equal 0.005 seconds (after bolts
are tightened).
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Rigid Bolt

/ Rigid Nut

oo

Compression

/ Springs

Tightened Splice Bolts

Time = 0.000 sec 0.005 sec

(a) (b)

Figure 88. (a) FEA mesh for splice bolt and (b) profile of splice before and after tightening splice
bolt tightening.

7.3.3 Post Bolts
The 5/8-inch diameter button-head post bolts were modeled with Hughes-Liu beam
elements (Type 1 in LS-DYNA) with properties corresponding to ASTM A307. The FEA model
of the post bolt is shown in Figure 89. The bolt-head, nut and the washer were modeled with
rigid material properties, since the effects of deformation of these components are typically
negligible compared to the effects of bolt deformations. To tighten the bolt and clamp the rail to
the post, the nut was rigidly constrained to the end of the bolt, and a gradual pre-strain condition
was then applied to 3-inch long section of the bolt (blue shading in Figure 89) in order to shrink
the bolt approximately 3/8 inch in approximately 0.01 seconds.

Figure 89. FEA model of the post bolt (typ) with the blockout, post, and rail displayed in
transparency mode to facilitate viewing.

7.3.4 Wood Transition Posts

The cross-section dimensions of the wood posts and blockouts of the transition were 6 x
8 inches, and the length of the posts was 7 feet, as shown in the detailed drawing in Appendix B.
The FEA mesh for a typical post is shown in Figure 90. The post was modeled with solid
elements with single integration point. The post and blockout parts were meshed with a nominal
element size of 17x 1”. The mesh in the post-bolt region was meshed with a nominal element
size 0f 0.33”x0.33”. The mesh of the post-bolt region was “tied” to the elements of the post
using the *Contact Tied option in LS-DYNA.
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17x1”
Element size

0.33"x0.33”

Element size

Figure 90. FEA model of wood AGT posts.

The wood material was modeled with mechanical properties consistent with Southern
Yellow Pine. The LS-DYNA material model *Mat_Wood Pine (material type 143) was used for
the wood posts. The material model *Mat Wood was developed by APTEK through a study
sponsored by the Federal Highway Administration.[Murray(07] This material model was
developed specifically for finite element analyses of vehicle collisions into wooden guardrail
posts. The constitutive model in *MAT WOOD is characterized as a transversely isotropic
material with yield surfaces. The model effectively simulates the stiffness, strength and post-
peak softening behavior in the two primary directions of wood (i.e., parallel and perpendicular to
wood grain). The model also includes rate effects which effectively increase the strength
properties of the material as a function of strain rate. The default properties for Grade 1
Southern Yellow Pine were used in the FEA model. Additional information regarding validation
of the wood material calibration for modeling wooden guardrail posts can be found in Plaxico, et
al. [Plaxicol 5]

7.3.5 W6x25 Transition Posts

The posts in the tube-rail section of the transition (refer to Figures 80-82) are W6x25 and
8 feet long. The material for the post model conformed to ASTM A572 Grade 50 steel. The
post was modeled with thin-shell Belytschko-Tsay elements (Type 2 in LS-DYNA) with five (5)
integration points through the thickness. The flange and web were meshed with a nominal
element size of 0.43 x 0.5 inches. The elements around the edge of the mounting holes were
meshed with nominal element size of 0.32 inches.
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0.32”

Element size

0.43”x0.5”

Element size

Figure 91. FEA mesh of the W6x25 posts of the transition.

7.3.6 Transition Rail Tubes

The tubular rail sections were modeled according to the dimensional specifications for
HSS 47x4”x 4” and HSS 8”x4”x 5/16”. The material for all tube railing conformed to ASTM
AS500 Grade B. The tube rails were modeled with Type 2 thin-shell elements with five (5)
integration points through the thickness. The finite element mesh for these components are
shown in Figure 92. The nominal element size for the mesh was 0.75 x 1 inches for the span of
rail between the posts, and 0.4 x 0.4 inches for the section of rail in contact with the posts. The
mounting holes in the rail were 7/8” diameter and were meshed with a nominal element length of
0.25 inches around the hole opening.

The 3/4-inch diameter button head mounting bolts were modeled with Hughes-Liu beam
elements (Type 1 in LS-DYNA) with properties corresponding to ASTM A325. The head of the
bolts, as well as the nuts and washers were modeled with rigid material properties, since the
effects of deformation of these components were expected to be negligible compared to the
effects of bolt deformations. The bolts were given a pre-strain condition to tighten the railing
onto the post.

HSS 8”x4"x5/16”

A325

/

\/ HSS 4”x4"x 4"

Rigid \

Figure 92. FEA mesh of the transition tube rails.
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7.3.7 Curb

The transition includes a 7-inch tall granite curb with a 6-inch offset from the face of the
tubular rails. The FEA model of the curb was modeled as a rigid material, thus damage to the
curb (e.g., cracking and spalling) was not accounted for in the model. The soil grade for the
posts in the transition is at the top of the curb.

Figure 93. FEA model for curb.

7.3.8 Soil Model

There are several approaches that may be used for modeling the soil in analyses of
guardrail posts embedded in soil. Some common approaches include: 1) posts embedded in a
soil continuum of solid finite elements, 2) posts embedded in a continuum of meshless finite
elements, and 3) subgrade reaction approach in which the post is supported by an array of
uncoupled springs.

Each of these methods have been used by the research team with reasonable success.
Some advantages of the discrete element approach are that the soil model can undergo large
deformations without affecting numerical accuracy and stability, and fewer calculations are
required making the solution much more efficient.[ Plaxico98, Patzner99; Plaxicol5; Plaxicol9]
The continuum method is reasonably accurate for low to moderate soil displacement but has the
advantage of modeling soil interaction between neighboring posts.

For the current study, two methods were used, as illustrated in Figures 94 and 95. The
discrete elements method (i.e., springs and dampers) was used to model the soil in the w-beam
section; and the soil continuum method (solid elements) was used in the impact region on the
transition where the posts were closely spaced (i.e., thrie-beam and tube-rail sections). Both soil
models were qualitatively validated based on comparison with impact tests on wood and steel
guardrail posts performed at the Midwest Roadside Safety Facility (MwRSF) [Rosenbaughl1].
A summary of the validation effort is presented in Appendix H.

A representative model for the discrete element soil method is shown in Figure 94.
Rather than connecting the springs directly to the post, a shell element interface was included to
separate the soil springs from the post. The shell elements were meshed such that the element
size was consistent with the element size of the posts and each line of nodes of the mesh was
spaced at 1.97 inches (50 mm). A single discrete spring element was attached to each row of
nodes at the center of the shell section. The shell elements were modeled with null material
properties so that the resistance to the elements movement/deformation was due solely to the
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discrete springs. Each row of nodes was constrained to move as a rigid body with its
corresponding spring element. That is, for the elements representing y-direction displacement of
the soil, each individual row of nodes was constrained in the x- and z-directions using the
*Constrained Nodal Rigidbody SPC option in LS-DYNA.

The continuum soil model included a 2:1 slope starting just behind the thrie-beam posts,
as illustrated in Figure 95. The overall dimensions of the soil model were 21.7 feet long, 8.34
feet lateral width, and 7.1 feet vertical depth. The material was modeled using the Drucker-
Prager material model and was calibrated based on comparison to full-scale tests (see Appendix
H). The soil in the immediate post region was meshed with element side lengths of
approximately 1.3 — 1.6 inches. The soil away from the posts was meshed with element side
lengths of 2.5 — 3 inches. The refined-mesh region was tied to the elements of the coarse-mesh
region using the *Contact Tied option in LS-DYNA.

Soil Spring Model Sail Continuum Model

Figure 94. Soil models used in the transition model.

11

20.6"

Figure 95. Continuum soil model mesh and dimensions.
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7.4 Model Validation

The FEA model of the 2-bar transition was used to simulate TTI Test No. 401181-1
which involved a 4,706-1b Chevrolet 2500 impacting the system at 5.36 feet upstream of the first
post of the tube-rail section of the transition at an impact speed of 63.6 mph and angle of 24.9
degrees. The FEA simulation included the C2500D-V5b-R160309 vehicle model, as described
in Section 5, with impact conditions consistent with the full-scale test, as illustrated in Figure 96.
The analysis was performed using LS-DYNA version mpp_s R8.0.0 revision number 95309.
The analysis was conducted with a time-step of 1.0 microsecond for a time period of 1.0
seconds. A comparison of the vehicle properties for the model and the test vehicle is shown in
Figure 44.

16 15 14 13

3 2 2 zlllllll
F 19 18 17
5.36

Figure 96. Impact point for test and simulation for Report 350 Test 3-21 on the 2-bar transition.

7.4.1 Simulated Impact Summary

The following is a commentary describing the timing and occurrence of various events
during the simulated impact with comparison to the full-scale test. The information for the test
here is slightly different than that in the test report. The event timing was determined here from
provided test videos; while vehicle speed and angular information was obtained from the TRAP
output (consistent with the way the FEA data was reported). This comparison is also tabulated in
Table 59.

The vehicle struck the center corrugation of the nested thrie-beam at the downstream
edge of Post 16, and the post began to deflect. At 0.01 seconds the front-right tire contacted the
granite curb. At 0.03 seconds the front-right tire and rim was significantly deformed. Tire
deflection was not included in the model; however, the magnitude of deformations would
indicate tire debeading and/or rupture (the tire deflated at 0.032 seconds in the test). At 0.035
seconds Post 20 began to deflect (same in test). At 0.05 seconds the front bumper was at Post
19; at 0.061 seconds the vehicle began to redirect (same as test). At 0.075 seconds the front
bumper was at Post 20 (0.076 seconds in test). At 0.1 seconds Post 19 reached maximum
deflection of 5.3 inches (8.03 inches at 0.94 seconds in test). At 0.105 seconds the front bumper
was at Post 21 (0.098 in test). At 0.11 seconds Post 20 reached maximum deflection of 4.53
inches (0.1 seconds in test). At 0.125 seconds the front bumper was at Post 22 (0.12 seconds in
test). At 0.155 seconds the front bumper was at the last post in the transition (0.147 seconds in
test). At 0.185 seconds the front bumper was at the splice connection to the bridge rail (= 0.174
seconds in test); also, at this time the rear-right tire contacted the curb (0.174 seconds in test). At
0.215 seconds the rear bumper contacted the top corrugation of the nested thrie-beam at Post 17
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(0.208 seconds in test). At 0.226 seconds the vehicle was parallel to the barrier traveling at 44.9
mph (0.222 seconds and 48 mph in test). At 0.375 seconds the rear-right tire separated from the
barrier as the vehicle exited the transition (= same time in test) traveling at 44.6 mph (47 mph in
test) and exit angle of 8.95 degrees (8.21 degrees in test). At 0.47 seconds the vehicle reached
maximum roll angle of 17 degrees with the vehicle rolling toward barrier (0.59 seconds and 19.4
degrees in test). At 0.57 seconds the vehicle reached maximum pitch angle of 16.5 degrees with
the rear of the vehicle pitching upward (0.66 seconds and 13.7 degrees in test). The analysis was
terminated at 1.0 seconds, at which time:

e The roll angle of the vehicle was 0.2 degrees and stable (4.3 degrees in test),

e The pitch angle was 0.2 degrees and stable (1.2 degrees in test),

e The yaw angle was 22.9 degrees relative to the barrier (30.7 degrees in test), and
e The forward velocity of the vehicle was 42.2 mph (41.7 mph).

Table 59. Summary of phenomenological events for full-scale Test 401181-1 and FEA simulation.

Event Test 401181-1 FE Analysis
Front-right tire deflated 0.032 sec N.A.
Post 20 began to deflect 0.035 sec 0.035 sec
Front bumper at Post 19 0.05 sec 0.05 sec
Vehicle began to redirect 0.061sec 0.061sec
Front bumper was at Post 20 0.076 sec 0.075 sec
Post 19 reached maximum deflection 0.94 sec/8.01in 0.1 sec/5.31in
Front bumper was at Post 21 0.098 sec 0.105 sec
Post 20 reached maximum deflection ~0.1 sec 0.11 sec/4.53 in
Front bumper was at Post 22 0.12 sec 0.125 sec
Front bumper was at Post 23 0.147 sec 0.155 sec
Rear tire contacted curb 0.174 sec 0.185 sec
Front bumper was as bridge rail splice 0.174 sec 0.185 sec
Rear bumper contacted rail 0.208 sec 0.215 sec
Vehicle parallel with rail 0.222 sec 0.226 sec
Speed at parallel 48 mph 44.9 mph
Vehicle exits rail 0.375 sec 0.375 sec
Speed at exit 47 mph 44.6 mph
Exit angle 8.21 deg 8.95 deg
Maximum Roll 0.59 sec/ 19.4 deg 0.47 sec/ 17 deg
Maximum Pitch 0.66 sec / 13.7 deg 0.57 sec/ 16.5 deg
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7.4.2 Sequential Views

A qualitative assessment was made by comparing sequential snapshots of the simulation
with the full-scale crash test to verify vehicle kinematic response as well as sequence and timing
of key phenomenological events. The results from the FE analysis compare well with the test.
Figure 97 shows sequential snapshots of the impact event from an overhead viewpoint. Figure
98 shows the sequential views from a downstream viewpoint. Additional views are included in
Appendix I. Based on visual inspection the model appears to simulate the basic kinematic
behavior of the truck and adequately captures the basic phenomenological events that occur
during impact.

7.4.3 Damage to Bridge Rail

Damage to the bridge rail is shown in Figure 99. The damage to the system was
moderate. The thrie-beam sustained some deformation from the point of impact to the
attachment to the thrie-beam terminal connector. Maximum dynamic deflection during the
impact simulation was 5.3 inches at Post 19, compared to 8.03 inches at Post 18 in the test. The
maximum permanent deflection for the simulation was 4.13 inches, compared to 5.8 inches in
the test. The total length of contact of the vehicle with the transition was 14.7 feet in the
simulation, compared to 14.4 feet in the test.

7.4.4 Occupant Risk Measures

Acceleration-time histories and angular rate-time histories were collected at the center of
gravity of the vehicle model using the *Element-Seatbelt-Accelerometer option in LS-DYNA.
The time-history data was collected from the accelerometer in a local reference coordinate
system that was fixed to the vehicle with the x-direction coincident with the forward direction of
the vehicle, the local y-direction is fixed toward the right side of the vehicle and the local z-
direction is fixed downward; which was consistent with the way the test data was collected from
physical accelerometers. The data was collected at a frequency of 50 kHz which was sufficient
to avoid aliasing of the data. The model included eight accelerometers with one positioned near
the center of gravity of the vehicle on the cabin floor, as identified in Figure 100.

The occupant risk assessment measures were computed using the acceleration time-
histories and angular-rate time histories collected at the center of gravity of the vehicle. The Test
Risk Assessment Program (TRAP) calculates standardized occupant risk factors from vehicle
crash data in accordance with the National Cooperative Highway Research Program (NCHRP)
guidelines and the European Committee for Standardization (CEN)./TT198]

The analysis results obtained from TRAP for the full-scale test and the FE analysis are
shown in Table 60 and Figure 101. The acceleration data used in the TRAP program was pre-
filtered using the SAE Class 180 filter. The table shows the two occupant risk factors
recommended by R350: 1) the lateral and longitudinal components of Occupant Impact Velocity
(OIV) and 2) the maximum lateral and longitudinal component of resultant vehicle acceleration
averaged over 10-millisecond interval after occupant impact called the Occupant Ridedown
Acceleration (ORA). Also provided in the table are the CEN risk factors including the
Theoretical Head Impact Velocity (THIV), the Post Impact Head Deceleration (PHD) and the
Acceleration Severity Index (ASI). The table also includes comparison of the 50-millisecond
moving average of the accelerations.
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Time = 0.0 seconds

Time = 0.05 seconds

Time = 0.1 seconds

Time = 0.15 seconds

Time = 0.20 seconds

Figure 97. Sequential views of FE analysis and Test 401181-1 from an overhead viewpoint.

119



Time = 0.25 seconds

Time = 0.3 seconds

Time = 0.35 seconds

Time = 0.45 seconds

Figure 97. [Continued] Sequential views of FE analysis and Test 401181-1 from an overhead
viewpoint.
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Time = 0.5 seconds

Time = 0.55 seconds

Figure 97. [Continued] Sequential views of FE analysis and Test 401181-1 from an overhead
viewpoint.

The results indicate that the occupant risk factors for both the full-scale test and the
simulation are similar. The occupant impact velocity in the longitudinal direction was predicted
from the simulation to be 19.7 ft/s (15.4 percent higher than the test OIV of 17.1 ft/s) at 0.1005
seconds. In the transverse direction, the occupant impact velocity predicted in the simulation
was 24.9 ft/s (1.3 percent higher than the test OIV of 24.6 ft/s). The highest 0.010-second
occupant ridedown acceleration in the longitudinal direction was 8.3 g (same as test) between
0.1018 and 0.1118 seconds. In the transverse direction, the highest 0.010-second occupant
ridedown acceleration was 7.5 g (2.5 g lower than test ORA of 10 g) between 0.1388 and 0.1488
seconds. The THIV, PHD and ASI predicted from the simulation were 31.5 ft/s (5.5 percent
higher), 9.1 g’s (2.8 g higher), and 1.48 (14.9 percent lower), respectively. The maximum 50-
millisecond moving average accelerations in the x-, y-, and z-directions were 9.6 g (18.5 percent
higher), 11 g (18.5 percent lower), and 3.8 g (50 percent or 3.8 g lower), respectively.

The criteria from Report W179 recommends that the differences between the analysis and
test for each of the occupant risk measures be less than 20 percent, unless the magnitude is
relatively small; in which case the absolute difference between the FEA and test values should be
used. For example, the criteria for maximum absolute difference for the occupant impact
velocity (OIV) is 6.6 ft/s and for the occupant ridedown accelerations (ORA) it is 4 g. There are
no recommended limits for the remaining metrics, but the values were provided here for further
comparisons. The results of the FEA were well within the recommended limits of Report W179
for each of the comparison metrics.
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Time = 0.0 seconds

Time = 0.1 seconds

Figure 98. Sequential views of FE analysis and Test 401181-1 from a downstream viewpoint.
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Time = 0.4 seconds
7

Time = 0.6 seconds

Figure 98. [Continued] Sequential views of FE analysis and Test 401181-1 from a downstream
viewpoint.

123



Time = 0.8 seconds

Time = 0.9 seconds

Figure 98. [Continued] Sequential views of FE analysis and Test 401181-1 from a downstream
viewpoint.

Post 18 19 20

Figure 99. Comparing overall deformation of system for FEA and Test 401181-1.
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Figure 100. Location of accelerometer in the FE model.

Table 60. Occupant risk measured computed using TRAP software for the FEA and test data for
R350 Test 4-12.

MASH Test 3-11 Error W179 Criteria
Occupant Risk Factors Test 401181-1 FEA
(0- 1.0 seconds) (0- 1.0 seconds) % Absolute Criteria Pass
Occupant Impact Velocity | x-direction 17.06 19.68 15.4% 2.62 [K20% or <6.6 f/g Y
(ft/s) y-direction -24.61 -24.93 1.3% -0.33  K20% or < 6.6 f/g Y
at time at 0.0948 seconds on left at 0.1005 seconds on left
side of interior side of interior
THIV 29.9 31.5 5.5% 1.64 [20% or <6.6 f/ Y
(m/s) at 0.0?48 sefonds‘. onleft | at 0.09'86 sec'ond% on left
side of interior side of interior
Ridedown Acceleration R -8.3 -8.3 0.0% 0.00 <20% or < 4G Y
x-direction
(g's) (0.1153- 0.1253 seconds) | (0.1018- 0.1118 seconds)
y-direction 10 7.5 25.0% -2.50 <20% or <4G Y
(0.1182- 0.1282 seconds) | (0.1388- 0.1488 seconds)
PHD 11.9 9.1 23.5% -2.80 <20% or <4G Y
(g's) (0.1180- 0.1280seconds) | (0.1344- 0.1444 seconds)
Asl 1.74 1.48 14.9% -0.26 <20% or<0.2 Y
(0.0216 - 0.0716 seconds) | (0.0355- 0.0855 seconds)
Max 50-ms moving avg. acc. xdirection -8.1 -9.6 18.5% -1.50 <20% or < 4G Y
(g's) (0.0334- 0.0834seconds) | (0.0342- 0.0842 seconds)
y-direction 13.5 11 18.5% -2.50 <20% or <4G Y
(0.0216 - 0.0716 seconds) | (0.0448- 0.0948 seconds)
2-direction -7.6 -3.8 50.0% 3.80 <20% or <4G Y
(0.0209- 0.0709 seconds) | (0.0359- 0.0859 seconds)
Maximum Angular Disp. Yaw 55.6 48.2 13.3% -7.40 [<20% or <5 deg]| Y
(deg) (1.0000 seconds) (0.9426 seconds)
Roll -19.4 -17 12.4% 2.40 [<20% or <5 deg]| Y
(0.5914 seconds) (0.4713 seconds)
Pitch -13.7 -16.5 20.4% -2.80 [<20% or <5 deg| Y
(0.6647 seconds) (0.5674 seconds)
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Figure 101. Graphical comparison of FEA vs. Test for key occupant risk metrics.

7.4.5 Time-History Data Comparison

Figures 102 - 104 show a comparison of the 10-millisecond moving average and the 50-
millisecond moving average acceleration-time history at the c.g. of the pickup for the
longitudinal, transverse and vertical channels, respectively. Figures 105 - 107 show comparisons
of the angular rates and angular displacements (i.e., yaw, roll, and pitch) at the c.g. of the pickup
for the test and FE analysis. Values for the quantitative evaluation metrics are also shown on the
time-history plots. These quantities were computed from the raw acceleration data and are
shown with these plots only for reference. The values in red font indicate poor correlation
between test and analysis results, while the values in black font indicate good correlation. The
quantitative metrics are discussed in more detail in Section 0 below.
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Figure 102. Longitudinal acceleration-time history plot from accelerometer at c.g. for full-scale
Test 401181-1 and FEA (10-ms and 50-ms moving averages).
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Figure 103. Lateral acceleration-time history plot from accelerometer at c.g. for full-scale Test
401181-1 and FEA (10-ms and 50-ms moving averages).
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Figure 104. Vertical acceleration-time history plot from accelerometer at c.g. for full-scale Test
401181-1 and FEA (10-ms and 50-ms moving averages).

127




—FEA ——Test 401181-1 55 ——FEA
200 A 50

5-G(M)=7.3 S-G(P)=10.9 45 1
Mean =4.1 SD =112 40

Test 401181-1

[
L

Yaw (deg)
N W W
v O

Yaw Rate (deg/s)
[N
w o

=
o
L

(O}
L

&
IS)
[S)

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Time (seconds) Time (seconds)

Figure 105. Yaw-time history plot from accelerometer inside cabin for full-scale test 401181-1 and
FEA (angular rate and displacement).
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Figure 106. Roll-time history plot from accelerometer inside cabin for full-scale test 401181-1 and
FEA (angular rate and displacement).

150 5

100 —FEA —Test 401181-1 0 ~ ——FEA ——Test 401181-1
=
% 50 —
3 TS5
g o H
-3 S
< & 10
g-50
o

1100 - S-G (M)=20.4 S-G (P)=23.3 -15

Mean =291 SD=32.1
-150 -20
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Time (seconds) Time (seconds)

Figure 107. Pitch-time history plot from accelerometer inside cabin for full-scale test 401181-1 and
FEA (angular rate and displacement).
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7.4.6  Quantitative Validation

The quantitative evaluation was based on comparison of acceleration-time histories and
angular rate-time histories computed in the analysis to those measured in full-scale crash test
401181-1 using the procedures specified in Report W179.[Ray10] A summary of the
quantitative comparison results are provided here. Additional comparison data can be found in
Appendix I.

7.4.6.1 Solution Verification

Table 61 shows a summary of the global verification assessment based on criteria
recommended in Report W179. Figure 108 shows a plot of the global energy-time histories from
the analysis. All the solution verification parameters were satisfied.

Table 61. Analysis solution verification table.

Verification Evaluation Criteria Change | Pass?
Total energy of the analysis solution (i.e., kinetic, potential, contact, etc.) must
not vary more than 10 percent from the beginning of the run to the end of the 8.6% Y
run.
Hourglass Energy of the analysis solution at the end of the run is less than five o

o L 0% Y
percent of the total initial energy at the beginning of the run.
Hourglass Energy of the analysis solution at the end of the run is less than fen 0% v

0

percent of the total internal energy at the end of the run.

The part/material with the highest amount of hourglass energy at the end of the
run is less than twenty percent of the total internal energy of the part/material at | 0% Y
the end of the run.

Mass added to the total model is less than five percent of the total model mass at

o

the beginning of the run. 0% Y
The part/material with the most mass added had less than 10 percent of its initial

0% Y
mass added.
The moving parts/materials in the model have less than five percent of mass 0% %
added to the initial moving mass of the model. ’
There are no shooting nodes in the solution? Y Y
There are no solid elements with negative volumes? Y Y
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Figure 108. Plot of global energy-time histories from the analysis.

7.4.6.2 Time-History Validation

The data from the three acceleration channels located at the center of gravity of the
vehicle and the angular rate data (i.e., roll, pitch and yaw) which were collected from inside the
cabin were input into the RSVVP software to calculate quantitative differences between the FEA
and test results. The data was filtered in RSVVP using a CFC Class 60 filter. The
synchronization options in RSVVP were not used for the physical test data since both the test
and analysis data started at the time of impact with the barrier. The default metrics evaluation
options in RSVVP were used, which included the Sprague & Geers and the ANOVA metrics.
The curves were evaluated over 1.0 second of the impact event, corresponding to the limits of the
test data.

The results from RSVVP are shown in Table 62. Based on the validation metrics, a
comparison of the individual components of acceleration indicated that the simulation was in
good agreement for the x-acceleration, y-acceleration, yaw-rate and pitch-rate. The z-
acceleration and the roll-rate was in good agreement regarding the Sprague-Geers magnitude but
was slightly out of phase. The standard deviation of residual errors for the roll-rate also
indicated that that channel was not in agreement with the test. Since the metrics computed for
the individual data channels did not all satisfy the acceptance criteria, the multi-channel option in
RSVVP was used to calculate the weighted Sprague-Geer and ANOV A metrics for the six
channels of data.

Table 63 shows the results from RSVVP for the multi-channel option. The resulting
weights computed for each channel are shown in both tabular form and graphical form in the
tables. The results indicate that the x- and y-acceleration and the yaw rate have significant
influence over the kinematics of the impact event; while the z-acceleration, roll-rate and pitch
rate had minimal influence on the vehicle’s impulse response. The weighted metrics computed
in RSVVP in the multi-channel mode all satisfy the acceptance criteria; therefore, the time
history comparison can be considered acceptable.
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Table 62. Roadside safety validation metrics rating table — time history comparison (single-channel

option).

Evaluation Criteria

Sprague-Geers Metrics

to 40 are acceptable.

List all the data channels being compared. Calculate the M and P
metrics using RSVVP and enter the results. Values less than or equal

Time interval

[0.00 — 1.0 sec]

RSVVP Curve Preprocessing Options

Shift Drift
Filter Sync. . M P Pass?
. ) est
Option Option True Test True Curv
Curve | Curve | Curve o

X acceleration CFC 60 none none none none none | 11.1 | 33.6 Y
Y acceleration CFC 60 none none none none none | 194 | 34.4 Y
Z acceleration CFC 60 none none none none none | 17 53.8 N
Yaw rate CFC 60 none none none none none | 7.3 10.9 Y
Roll rate CFC 60 none none none none none | 4.0 41.4 ~Y
Pitch rate CFC 60 none none none none none | 204 | 23.3 Y
ANOVA Metrics
List all the data channels being compared. Calculate the ANOVA metrics
using RSVVP and enter the results. Both of the following criteria must be s
met: > 5

. The mean residual error must be less than five percent of the Tg '§

peak acceleration (é < 0.05 - apgqy) and = R 2

. The standard deviation of the residuals must be less than 35 & i '5

. = S »n
percent of the peak acceleration (o < 0.35 * apeqx) 5 2 2
= % 5| Pass?

X acceleration/Peak 0.08 | 12.7 Y
Y acceleration/Peak 1.5 13.6 Y
Z acceleration/Peak 0.09 | 16.8 Y
Yaw rate 4.1 11.2 Y
Roll rate 3.74 | 52.8 N
Pitch rate 291 | 32.1 Y
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Table 63. Roadside safety validation metrics rating table — (multi-channel option).

Evaluation Criteria (time interval [0.0 — 1.0 seconds])

Channels (Select which were used)

Xl X Acceleration X Y Acceleration X Z Acceleration
X Roll rate X Ppitch rate X Yaw rate
X Channel: 0.180 0as
. . Y Channel:  0.268 oss
Multi-Channel Weights 03
Z Channel: 0.053 025
0.2
- Area Il method - Yaw Channel: 0.426 015
0.1
Roll Channel: 0.009 o.oz I B .
PltCh Channel. 0.065 X acc Y acc Zacc Yawrate Rollrate Pitch rate
Sprague-Geer Metrics
9
Values less or equal to 40 are acceptable. M P Pass?
24.6 27.9 Y
B
ANOVA Metrics = g
Both of the following criteria must be met: -5 ‘§ 2
. The mean residual error must be less than five percent of the E g -5
P peak acceleration = ° é
(€ < 0.05 - Apeqar) S =
<
. The standard deviation of the residuals must be less than 35 n
percent of the peak acceleration (0 < 0.35  dpegr) Pass?
1.9 14.1 Y

7.4.6.3 PIRT — Crash Specific Phenomena

Table 64 contains the Report 350 crash test criteria. Those that apply to Test 4-21 are
marked in red. These include criteria A, D, F, K, L and M. Table 65 through Table 67 contain
an expanded list of these same criteria including additional specific phenomena that were
measured in the test and that could be directly compared to the numerical solution. Table 65
contains a comparison of phenomena related to structural adequacy, Table 66 contains a
comparison of phenomena related to occupant risk, and Table 67 contains a comparison of
phenomena related to vehicle trajectory. Some of this information has already been presented
but is repeated here for convenience. Comparisons for all the applicable crash specific
phenomena between the FEA and test were within the allowable limits of Report W179.
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Table 64. Report 350 crash test criteria with the applicable test numbers.

i Applicable Test
Evaluation Evaluation Criteria pplicable 1ests
Factors
Structural Test article should coptam and reduect th.e Vehlcl.e; the vehicle should 10, 11, 12,20, 21, 22, 35, 36,
Adequacy not penetrate, under-ride, or override the installation although 37 38
controlled lateral deflection of the test article is acceptable. ’
The te.st article should .readlly gctwate in a predictable manner by 60, 61,70, 71, 80, 81
breaking away, fracturing or yielding.
Acceptable test article performance may be by redirection, controlled | 30, 31, 32, 33, 34, 39, 40, 41,
penetration or controlled stopping of the vehicle. 42,43,44,50, 51, 52,53
Occupant Detached elements, fragments or other debris from the test article
Risk should not penetrate or show potential for penetrating the occupant All
compartment, or present an undue hazard to other traffic, pedestrians
or personnel in a work zone.
Detached elements, fragments or other debris from the test article, or
vehicular damage should not block the driver’s vision or otherwise 70, 71
cause the driver to lose control of the vehicle. (Answer Yes or No)
The vehicle should remain upright during and after the collision All except those listed in
although moderate roll, pitching and yawing are acceptable. criterion G
It is preferable, although not essential, that the vehicle remain upright
. . 12,22
during and after collision.
Occupant impact velocities should satisfy the following:
Occupant Impact Velocity Limits (m/s) 10.20. 30.31. 32. 33. 34. 36
Component Preferred Maximum 40,41, 42,43, 50, 51, 52, 53,
80, 81
Longitudinal and
Lateral ? 12
Longitudinal 3 5 60, 61, 70, 71
Occupant ridedown accelerations should satisfy the following:
Occupant Ridedown Acceleration Limits (g’s) 10, 20, 30,31, 32, 33, 34, 36,
Component Preferred Maximum 40,41, 42,43, 50, 51, 52, 53,
— 60, 61, 70, 71, 80, 81
Longitudinal and 15 20
Lateral
Vehicle After collision it is preferable that the vehicle’s trajectory not intrude All
Trajectory into adjacent traffic lanes.

The occupant impact velocity in the longitudinal direction should not
exceed 40 ft/sec and the occupant ride-down acceleration in the
longitudinal direction should not exceed 20 G’s.

11,21, 35, 37, 38, 39

The exit angle from the test article preferable should be less than 60
percent of test impact angle, measured at the time of vehicle loss of
contact with test device.

10, 11, 12, 20, 21, 22, 35, 36,
37,38, 39

Vehicle trajectory behind the test article is acceptable.

30,31, 32, 33, 34, 39, 42, 43,
44,60, 61, 70, 71, 80, 81
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Table 65. Roadside safety phenomena importance ranking table (structural adequacy).

. Difference
. L Known | Analysis .
Evaluation Criteria Relative/ Agree?
Result Result
Absolute
Test article should contain and redirect the vehicle;
the vehicle should not penetrate, under-ride, or
Al | override the installation although controlled lateral Y Y Y
deflection of the test article is acceptable. (Answer
Yes or No)
Maximum dynamic deflection: )
. . . : 5.8 in 27.5%
A2 - Relative difference is less than 20 percent or 8.01n . Y
. . . (0.1 sec) | 2.21in
- Absolute difference is less than 6 inches
Maximum permanent deflection: 25.9%
2) A3 - Relative difference is less than 20 percent or 5.81in 43 in ] 5 . ’ Y
& Sin
= - Absolute difference is less than 6 inches
[}
3: A Length of vehicle-barrier contact (at initial
E separation): . a 1.5%
g Ad Relative difference is less than 20 percent or 14.4 1t 14.7 1t 0.22 ft Y
A - Absolute difference is less than 6.6 ft
A5 Number of broken or significantly bent posts is less 0 0 v
than 20 percent.
A6 Did the rail element rupture or tear (Answer Yes or No No v
No)
A7 Was there significant snagging between the vehicle N N v
wheels and barrier elements (Answer Yes or No).
Was there significant snagging between vehicle body
A8 | components and barrier elements (Answer Yes or N N Y
No).
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Table 66. Roadside safety phenomena importance ranking table (occupant risk).

. Difference
. . Known | Analysis .
Evaluation Criteria Relative/ | Agree?
Result Result
Absolute
Detached elements, fragments or other debris from the test
article should not penetrate or show potential for penetrating
the occupant compartment, or present an undue hazard to N N Y
other traffic, pedestrians or personnel in a work zone. (Answer
Yes or No)
The vehicle should remain upright during and after the
F1 | collision although moderate roll, pitching and yawing are Y Y Y
acceptable. (Answer Yes or No)
Maximum roll of the vehicle through 1.0 seconds:
L . -19.4 -17 12.4%
F2 | - Relative difference is less than 20 percent or Y
. ) deg deg 2.4 deg
- Absolute difference is less than 5 degrees.
Maximum pitch of the vehicle through 1.0 seconds: o
F3 | - Relative difference is less than 20 percent or -13.7 -16.5 20.0% Y
- Absolute difference is less than 5 degrees. deg deg 2.8 deg
Maximum yaw of the vehicle through 1.0 seconds: 482 133 %
F4 | - Relative difference is less than 20 percent or 55.6 deg ' o Y
. . deg 7.4 deg
- Absolute difference is less than 5 degrees.
5 | Did the vehicle remain upright during and after collision Y Y Y
i
fé Occupant impact velocities:
‘g - Relative difference is less than 20 percent or
% - Absolute difference is less than 6.6 ft/s.
[
- Longitudinal OIV (ft/s) 17.1 19.7 15-2% Y
[ . .
L1 ongitudina s 2.6 fis
-24.6 -24.9 1.2%
eLateral OIV (ft/s) Y
0.3 ft/s
THIV (ft/ 29.9 31.5 >.4% Y
[ ] . .
() 1.6 fi/s
Occupant accelerations:
- Relative difference is less than 20 percent or
- Absolute difference is less than 4 g’s.
o 0%
eLongitudinal ORA -8.3 -8.3 0 Y
g
L2 10.0 7.5 25%
eLateral ORA Y
25¢g
11.9 9.1 23.5%
ePHD Y
28¢g
1.74 1.48 14.9 %
e ASI Y
0.26
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Table 67. Roadside safety phenomena importance ranking table (vehicle trajectory).

. | Difference
. L. Known | Analysis .
Evaluation Criteria Relative/ Agree?
Result Result
Absolute
The exit angle from the test article preferable should be

M1 | less than 60 percent of test impact angle, measured at *33% 36% Y
> the time of vehicle loss of contact with test device.
3| K
3 Exit angle at loss of contact: 28'2 1 8.95 deg 9.0%
= e .
E M2 | - Relative difference is less than 20 percent or (0275 (0.375 0 740d Y

. 74 de
< - Absolute difference is less than 5 degrees. sec) sec) &
SM ) )
> Exit velocity at loss of contact: N
i i . 47.0 44.6 5.1 %
M3 | - Relative difference is less than 20 percent or Y
i ) mph mph 2.4 mph
- Absolute difference is less than 6.2 mph.

*Reported as 11.7 degrees. Test data showed the 8.21 degrees at 0.375 seconds in TRAP report.
** Reported as 52.9 mph. Test data showed 47 mph at 0.375 seconds in TRAP report.

7.5 Summary and Conclusions on Model Validation

The baseline finite element model of the 2-bar transition was used to simulate the full-
scale crash tests on the system. The test corresponded to R350 Test 3-21 on the curb-mounted
AGT system. The results of the analysis were compared to the full-scale tests to validate the
fidelity of the model. The validation included both qualitative and quantitative elements.
Qualitative assessments included comparing sequential snapshots of the test and simulation to
verify vehicle kinematic response, as well as, the sequence and timing of key phenomenological
events. The quantitative assessment was performed according to the procedures specified in
NCHRP Web Report 179. These procedures included: (1) verifying that the analysis solution
was stable and obeying basic laws of physics, (2) point-by-point comparison of the acceleration
and angular-rate time-history data form the FEA and test (collected from accelerometers and rate
gyros placed on-board the vehicle) using the RSVVP software, and (3) comparison of crash-
specific phenomena from the event related to structural adequacy, occupant risk and vehicle
trajectory.

In general, the results of the analyses demonstrated that the finite element model
replicated the basic phenomenological behavior of the system for Report 350 Test 3-21 impact
conditions. There was good agreement between the tests and the simulations with respect to
event timing, overall kinematics of the vehicle, barrier damage, and deflections. Quantitative
comparison of the time-history data indicated that the finite element model sufficiently replicated
the results of the baseline crash tests. Thus, the model is considered valid and will be used in
subsequent tasks for assessing MASH impact performance on this and similar NETC AGT
systems.
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8 EVALUATION CRITERIA FOR FEA CRASH ANALYSIS

Detailed finite element analysis models were developed for the NETC bridge rail and
transition designs based on the validated models presented in Sections 6 and 7, and LS-DYNA
was used to simulate the required impact conditions for MASH TL3 or MASH TL4, as
appropriate. The crash performance evaluations were based on structural capacity, occupant risk
measures, and vehicle stability during impact and redirection according to the recommended
procedures and criteria contained in MASH. The required test conditions specified in MASH for
test level 4 evaluation of longitudinal barrier and transition elements include:

o Test 4-10/Test 4-20 — the 1100C vehicle (2,225-1b sedan) impacting the transition
barrier at the critical impact point at a nominal speed and angle of 62.0 mph and 25
degrees, respectively.

o Test4-11/ Test 4-21 — the 2270P vehicle (5,000-1b "2-ton quad-cab pickup) impacting
the barrier at the critical impact point at a nominal speed and angle of 62.0 mph and
25 degrees, respectively.

o Test 4-12/ Test 4-22 — the 10000S vehicle (22,046-1b single unit truck) impacting the
barrier at the critical impact point at a nominal speed and angle of 56.0 mph and 15
degrees, respectively.

Table 68 shows the evaluation criteria required for MASH TL4 for longitudinal barrier
and transitions denoting the specific conditions for each criterion and identifying the applicable
tests. Accelerometers were included at the center of gravity for each of the vehicle models. For
the 1100C vehicle (e.g., passenger car) and the 2270P vehicle (e.g., pickup), the center of gravity
was located between the front seat occupants. For the 10000S vehicle (e.g., single unit truck) the
center of gravity was located inside the cargo box, typically just in front of the ballast. Thus, for
the single unit truck (SUT) an additional accelerometer was included inside the cabin of the truck
model for use in computing occupant risk metrics. The location of the accelerometers and center
of gravity for the FEA vehicle models for the 1100C, 2270P and 10000S vehicle model are
shown in Figures 109, 110 and 111, respectively. Refer to Section 5 for additional vehicle
property information.
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Table 68. Safety evaluation guidelines for structural adequacy and occupant risk for MASH TL4
for longitudinal barriers and transitions. [AASHTO16]

Evaluation
Factors

Evaluation Criteria

Test 4-10

Test 4-11

Test 4-12

Structural
Adequacy

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

Occupant
Risk

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

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

It is preferable, although not essential, that the vehicle
remain upright during and after collision.

The longitudinal and lateral occupant impact velocity (OIV)
shall not exceed 40 ft/s (12.2 m/s), with a preferred limit of
30 ft/s (9.1 m/s)

The longitudinal and lateral occupant ridedown acceleration
(ORA) shall not exceed 20.49 G, with a preferred limit of
15.0G.

Y

Y

The acceleration-time histories and angular rate-time histories were collected from the
cabin accelerometers during the impact event and were used to evaluate occupant risk metrics
according to the procedures outlined in MASH. The acceleration data from the analyses were
collected at a frequency of 50,000 Hz and were filtered using the SAE Class 180 filter prior to
input into the Test Risk Assessment Program (TRAP).[TT798] The TRAP program calculates
standardized occupant risk factors from vehicle crash data in accordance with MASH guidelines
and the European Committee for Standardization (EN1317). TRAP computes important
evaluation parameters including the occupant impact velocities (OIV), ridedown accelerations
(ORA), 50 millisecond running average acceleration, and maximum roll, pitch and yaw. Also
computed in TRAP are the EN1317 occupant risk metrics which include the Theoretical Head
Impact Velocity (THIV), the Post Impact Head Deceleration (PHD) and the Acceleration
Severity Index (ASI). The details of these calculations are provided in MASH.[AASHTO16] The

evaluation of occupant risk metrics is not required for Test 4-22; however, they are included
herein for completeness. In all cases, the time-history data was collected from the

accelerometers in a local reference coordinate system that was fixed to the vehicle with the x-
direction coincident with the forward direction of the vehicle, the local y-direction was oriented
toward the right side of the vehicle and the local z-direction was oriented downward.
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Figure 109. Location of c.g. in FEA model of 1100C vehicle.

28.8”

60" -

Figure 110. Location of c.g. in FEA model of 2270P vehicle.

accelerometers

c.g.
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Figure 111. Location of accelerometers and c.g. in FEA model of 10000S vehicle.
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With regards to evaluation criteria “D”, MASH lists certain limitations for passenger
compartment intrusion. Specifically, it states:

“A clear distinction should be made between: (a) penetration, in which a component of
the test article actually penetrates into the occupant compartment; and (b) intrusion or
deformation, in which the occupant compartment is deformed and reduced in size, but no actual
penetration is observed. No penetration by any element of the test article into the occupant
compartment is allowed. As for deformation or intrusion, the extent of deformation varies by
area of the vehicle damaged and should be limited as follows:”

e “Roof<4.0in. (102 mm).
e Windshield — no tear of plastic liner and maximum deformation of 3 in. (76 mm).

¢ Window — no shattering of a side window resulting from direct contact with a
structural member of the test article, except for special considerations pertaining
to tall, continuous barrier elements discussed below (Note: evaluation of this
criteria requires the side windows to be in the up position for testing). In cases
where side windows are laminated, the guidelines for windshields will apply.

e A- and B- pillars — no complete severing of support member and maximum
resultant deformation of 5 in. (127 mm). Lateral deformation should be limited to
3 in. (76 mm).
e  Wheel/foot well and toe pan areas <9 in. (229 mm).
e Side front panel (forward of A-pillar) < 12 in. (305 mm).
e Front side door area (above seat) <9 in. (229 mm).
e Front side door area (below seat) < 12 in. (305 mm).
e Floor pan and transmission tunnel areas < 12 in. (305 mm).” [AASHTO16]
Post-impact vehicle behavior, although not required by MASH, was examined for
completeness of the evaluations. MASH uses the concept of the “exit box which was adopted
directly from CEN standards. It is defined by the initial traffic face of the barrier and a line
parallel to the initial traffic face of the barrier at a lateral distance “A” plus the width of the
vehicle plus 16 percent of the length of the vehicle, starting at the final intersection (break) of the
wheel track with the initial traffic face of the barrier for a longitudinal distance of “B”. All

wheel tracks of the vehicle should not cross the parallel line within the distance B. [A4ASHTO16]
A graphical representation of the exit box is shown in Figure 112.
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Distance for Exit Box Criterion

) A B
Vehicle Type ft (m) ft (m)
ik 72+ Vi + 0.16V, 32.8
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Figure 112. MASH exit box. [AASHTO16]

The exit box values were calculated based on the dimensions of the finite element
analysis vehicle models. Table 69 shows the vehicle widths and lengths and resulting exit box
dimensions for the small car, pickup truck, and SUT.

Table 69. Exit box dimensions for MASH Tests small car, pickup, and SUT

Test A\ VL A B
(ft) (ft) (ft) (ft)
4-20 5.5 14.1 15 32.8
4-21 6.02 16.8 15.86 32.8
4-22 8.01 28.15 26.95 65.6

9 EVALUATION OF THE NETC 3-BAR BRIDGE RAIL FOR MASH TL4

The FEA model of the curb-mounted NETC 3-bar bridge rail was developed based on the

baseline NETC 4-bar model that was validated in Section 6. The modifications to the baseline
model included:

e Reducing the length of the post,

e Removing one of the rails,

e Repositioning rails,

e Incorporating the updated splice model (refer to Figure 54),

e Moving splice to opposite side of post (for convenience of analysis),
e Removing the sidewalk, and

e Development of the curb and deck model.
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The FEA model for the NETC 3-bar bridge rail is shown in Figure 113. The dimensions
of the curb and reinforcing were modeled based on the RIDOT design for the 2-bar system (refer
to Appendix D) which includes a granite curb extending 6 inches from the face of the rail. The
adjacent surfaces between the granite curb and the concrete curb were not connected (i.e., nodes
of the FEA model of the curb were not merged at the interface). By design, the splice for the
tubular rails are placed on the downstream side of the posts to minimize potential for vehicles
snagging at the joint in primary-direction impacts. The critical impact condition for the splice is
therefore a reverse-direction impact where the vehicle impacts from the opposite direction. The
FEA models for the vehicles, however, are meshed for evaluating primary-direction impacts (i.e.,
right side of vehicle has improved mesh refinement). To simulate reverse-direction impact
cases, the splice was moved to the opposite side of the post, as illustrated in Figure 114.

Granite portion of curb
separated from concrete

NETC 3-Bar BR Separation line

Figure 113. FEA model of curb-mounted NETC 3-bar compared with Baseline sidewalk-mounted
4-bar model.

FEA was used to evaluate the crash performance of the NETC 3-bar bridge rail based on
structural adequacy, vehicle stability during and after redirection, and occupant risk factors using
criteria specified in MASH for Test Level 4. Four impact cases were evaluated:

e Simulation of Test 4-10 included the 1100C Yaris model ballasted to 2,595 1b (1177 kg)
impacting the barrier at 62.2 mph and 25 degrees. The critical impact point was selected
as 3.6 feet (1.1 m) upstream of a bridge rail post.

e Simulation of Test 4-11 included the 2270P Chevrolet Silverado model ballasted to
5,0011b (2,269 kg) impacting the railing at 62.2 mph and 25 degrees. The critical impact
point was selected as 4.3 feet (1.3 m) upstream of a bridge rail post.

e Simulation of Test 4-12 (Case 1) included the 10000S model ballasted to 22,198 Ib
(10,068 kg) impacting at 56 mph and 15 degrees. Cargo-bed height = 47.5 inches. The
impact point was set to 5.0 feet (1.52 m) upstream of a bridge rail post.
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e Simulation of Test 4-12 (Case 2) included the 10000S model ballasted to 22,198 1b
(10,068 kg) impacting at 56 mph and 15 degrees. Cargo-bed height = 50 inches. The
impact point was set to 5.0 feet (1.52 m) upstream of a bridge rail post.

The analysis in all cases was performed using LS-DYNA version mpp s R8.0.0 revision
number 95309. The analysis was conducted with a time-step of 1.0 microsecond for a time
period of 0.7 seconds for Test 4-10, 0.8 seconds for test 4-11, and 1.5 seconds for Test 4-12.

9.1 Test4-10

The critical impact condition for Test 4-10 was selected based the MASH recommended
CIP for rigid barrier tests (see Table 2-7 of MASH).[AASHTO16] The target impact point was
3.6 feet upstream of Post 7 and was selected to maximize potential for snagging at the post,
while also providing adequate opportunity for snag at the splice connection for the tubular rails.
The splice is located 1.5 feet upstream of the post. The following sections provide a summary of
the results and include a commentary describing the timing and occurrence of various events
during the simulated impact, time-history data evaluation, occupant risk assessments, and
damages sustained by both the barrier and vehicle.

Post 11 10 9 8

Figure 114. Impact point for Test 4-10 on the NETC 3-bar bridge rail.

9.1.1 Summary of Key Phenomenological Events

The sequential views of the impact event are shown in Appendix J in Figures J-1 through
J-3 from an overhead viewpoint, downstream and upstream viewpoint, and oblique viewpoint,
respectively. At time equal zero seconds the front-right tire contacted the curb, and at 0.01
seconds the front bumper contacted the lower railing. At 0.015 seconds the front fender
contacted the middle railing. Also, at this time, the front-right tire was deformed enough to
indicate debeading and deflation; however, that attribute was not included in the FEA model. At
0.02 seconds the middle and lower railings began to deflect. At 0.025 seconds the front bumper
contacted the splice but did not snag; also, at this time, Post 7 began to deflect. At 0.035 seconds
the front bumper was aligned with Post 7, and the front-right tire was fully mounted onto the
curb. At 0.04 seconds the front bumper contacted Post 7 but did not snag on the post. At 0.045
seconds the front-right tire contacted the splice. At 0.06 seconds the lower railing reached
maximum dynamic deflection of 3.35 inches at the splice, and Post 7 reached maximum dynamic
deflection of 2.23 inches. At 0.065 seconds the front-right tire contacted Post 7 but did not snag
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on the post. Also, at this time, the deformation at the lower edge of the A-Pillar caused the
windshield to crack. At 0.0792 seconds the vehicle occupant contacted the right side of the
interior at longitudinal velocity of 25.6 ft/s and lateral velocity of 32.5 fts/s. At 0.086 seconds
the maximum ORA in the longitudinal direction occurred with magnitude 6.7 G. At 0.125
seconds the front of the vehicle separated from the barrier. At 0.15 seconds the rear-right tire
contacted the curb. At 0.165 seconds the rear-right tire rim began to bend. At 0.167 seconds the
vehicle was parallel to the barrier. At 0.19 seconds the rear quarter panel and rear bumper
contacted the middle and lower railings, respectively, at Post 7. Also, at this time the tire damage
indicated that tire deflation was likely. At 0.2 seconds the rear-left tire lifted off the ground. At
0.205 seconds the rear-right tire was fully mounted onto the curb. At 0.236 seconds the
maximum ORA in the lateral direction occurred with magnitude 6 G. At 0.285 seconds the
vehicle separated from the barrier traveling at 42.3 mph with exit angle of 11.1 degrees (44.4
percent of impact angle). At 0.489 seconds the vehicle reached a maximum pitch of 5.2 degrees
(rear pitching upward). At 0.536 seconds the vehicle reached a maximum roll angle of 7.3
degrees (toward barrier). The vehicle remained stable throughout post-impact trajectory. The
analysis ended at 0.7 seconds, at which time:

e The roll, pitch, and yaw of the vehicle were, respectively, 4.3 degrees (toward
barrier), 3.6 degrees (rear pitching up), and 36 degrees (11 degrees relative to and
away from barrier).

e The forward velocity of the vehicle was 39.8 mph (64.1 km/h).

9.1.2 Time History Data Evaluation

Figures 115 through 117 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the center of gravity of the vehicle; Figures 118 through
120 show the comparison of the angular rates and angular displacements (i.e., yaw, roll and
pitch) at the center of gravity of the vehicle.

x-acc (10-ms Avg.) 5 x-acc (50-ms Avg.)
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Figure 115. 10- and 50-millisecond average X-acceleration from FEA of Test 4-10 on the NETC 3-
bar bridge rail.
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Figure 116. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-10 on the NETC 3-

bar bridge rail.
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Figure 117. 10- and S50-millisecond average Z-acceleration from FEA of Test 4-10 on the NETC 3-

bar bridge rail.
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Figure 118. Yaw rate and yaw angle time-history from FEA of Test 4-10 on the NETC 3-bar bridge

rail.

145




200 8

150 1 Test 4-10 6 |
- 100 -
S 4

& 50 1 5"
k- & Test 4-10
2 0 E 2
L ]
z 0 0 P E— .
100 |

-150 | 2

-200 -4

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Time (seconds) Time (seconds)

Figure 119. Roll rate and roll angle time-history from FEA of Test 4-10 on the NETC 3-bar bridge

rail.
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Figure 120. Pitch rate and pitch angle time-history from FEA of Test 4-10 on the NETC 3-bar
bridge rail.

9.1.3 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 70 shows the results for the occupant risk calculations. The results
indicate that the occupant risk factors meet safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions were 25.6 ft/s
and 32.5 ft/s, respectively, which were within critical limits specified in MASH. The highest
0.010-second occupant ridedown acceleration in the longitudinal and transverse directions were
6.7 g and 6 g, respectively, which were well within preferred limits specified in MASH.
However, these values are highly dependent on time of occupant impact with the interior, as
shown in Figures 115 and 116. The maximum 50-ms moving average acceleration values in the
longitudinal and transverse directions were 14.8 g and 19.6 g, respectively, which are considered
relatively high. The maximum roll and pitch angles of the vehicle were 7.3 degrees and 5.2
degrees, respectively, which were well below critical limits in MASH.
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Table 70. Summary of MASH occupant risk metrics for Test 4-10 on the NETC 3-bar bridge rail.

} MASH T4-10 IMIASH Criteria
Occupant Risk Factors
Test 4-10
Occupant Impact Velocity | x-direction 25.6
>
(ft/s) y-direction 325 30 ft/S (r?re_ferred)
tti at0.0792 seconds on right <40 ft/S (Ilmlt) v
attime side of interior
THIV 41.3
at 0.0792 seconds on right
(ft/s) ide of interior
Ridedown Acceleration xedirection -6.7 v
(g's) (0.0811- 0.0911 seconds) <15 G (preferred)
y-direction 6 <20.49 G (limit)
(0.2306 - 0.2406 seconds)
PHD 7.1
(g's) (0.0800- 0.0900 seconds)
Asl 2.49
(0.0253 - 0.0753 seconds)
Max 50-ms moving avg. acc. L -14.8
x-direction
(g's) (0.0241- 0.0741 seconds)
y-direction 196
(0.0262 - 0.0762 seconds)
z-direction 31
(0.0602 - 0.1102 seconds)
Maximum Angular Disp. 7.3
(deg) Roll (0.5359 seconds)
5.2 <75 deg v
Pitch (0.4892 seconds)
-40.3
Yaw (0.4954 seconds)

9.1.4 Occupant Compartment Intrusion

The maximum deformation of the occupant compartment was approximately 2.76 inches
at the lower right-front corner of the toe-pan at the wheel well. Figure 121 shows a view of the
vehicle interior after the impact, with several components removed to facilitate viewing. The
deformation was less than the critical limit of 9 inches specified in MASH for this area of the
occupant compartment.

Maximum OCI of the floor, doors, and
side panels was =2.76 inches (70 mm) and
occurred at the right-front toe-pan at the
wheel well.

Maximum allowable is 9”.

Figure 121. Occupant compartment deformation resulting from Test 4-10 on the NETC 3-bar
bridge rail.

9.1.5 Damages to the Barrier System

The damages to the barrier were minimal. Figure 122 shows an overhead view of the
post impact deformation of the bridge rail indicating the extent of damage. The vehicle was in
contact with the barrier for 10.5 feet. The barrier was deformed over 9.7 feet of the system with
deformation extending from Post 6 (first post upstream of impact) to 1.7 feet downstream of Post
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7. Figure 123 and Figure 124 show images of the maximum dynamic deflection and permanent
deflection of the barrier, respectively, with a contour plot of lateral displacement on the rail

elements. The maximum dynamic and permanent deflections were 3.35 inches and 1.85 inches,
respectively, and occurred at the lower tube rail at the splice, as illustrated in Figures 182 - 184.

L |

9.7 ft >

(extent of damage)

Post8 7 6 5
|: 10.5 ft >

(vehicle contact)

Figure 122. Overhead view of NETC 3-bar bridge rail after Test 4-10 showing extent of damage.

Maximum dynamic deflection = 3.35 in (85 mm)

Y-displacement (mm)
1.000e+02
9.000e+01 :I
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6.000e+01
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2.000e+401
1.000e+01
0.000e+00

Figure 123. Contour plot of lateral displacement for the bridge rail for Test 4-10 at the time of
maximum dynamic deflection.

Maximum permanent deflection = 1.85 in (47 mm)

Y-displacement (mm)
1.000e+02
e 9.000e+01 :I

8.000e+01 _|
7.000e+01 _
6.000+01
5.000e+01
4.000e+01
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2.000e+01
1.000e+01
0.000e+00

Figure 124. Contour plot of maximum permanent deflection of the bridge rail for test 4-10.

Figure 125 shows contours of true effective plastic strains on the bridge rail. The damage
was limited to deformations of the lower rail at the splice connection, as well as, the post and the
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baseplate at the critical post location. The maximum vertical dynamic deflection of the baseplate
was 0.43 inches (10.9 mm) and the maximum permanent deflection of the baseplate was 0.14
inches (3.7 mm).

Effective Plastic Strain
2.000e-01
1.800e-01 ]
1.600e-01 _
1.400e-01 _
1.200e-01 _
1.000e-01 _|
8.000e-02 _|
6.000e-02 _
4,000e-02

2.000e-02 :I
\ 0.000e+00 _

Figure 125. Contours of effective plastic strains for Test 4-10 on the NETC 3-bar bridge rail.

10.9 mm

Figure 126 shows contours of 1% principal strain with contours cut off at strains of 0.1. In
an earlier project conducted by the research team, the concrete material model used in the current
study was validated against full-scale tests involving a rigid pendulum impacting into fixed-fixed
steel reinforced concrete columns.[Rayl8a,; Ray18b] The results of that study indicated that
values of 1% Principle strain of 0.07 to 0.08 (yellow contours) indicated initial crack openings in
the concrete, when correlated to the column impact tests, and that strains values of 0.08 to 0.1
(orange/red contours) corresponded to significant crack openings. The 1% Principal strain values
for the concrete in these cases was 0.06 dynamic strain and was 0.017 permanent strain, which
indicated a very low probability for concrete failure.

1st Principal Strain-Infinitesimal
-y _I 1.000e-01
- l 9.000e-02 ]
8.000e-02
‘T. 7.000e-02 _
- ) 5000e02_
= 5,000e-02 _
4.000e-02 _
3.000e-02 _
2.000e-02
1.000e-oz:l
0.000e+00

Figure 126. Contours of 1% principal strains for concrete at the critical post for Test 4-10 on the
NETC 3-bar bridge rail.

9.1.6 Damages to Vehicle

Figure 127 shows contour plots of effective plastic strain for the vehicle, which were
used to identify areas of the vehicle that suffered damage during the simulated impact event.
The most severe damages were to the front fender, the upper and lower control arm of front
suspension, front wheel, lower edge of windshield on the impact side, the rear wheel, and the
rear quarter panel of the vehicle on the impact side.
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Effective Plastic Strain
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Figure 127. Damages to vehicle in Test 4-10 analysis of the NETC 3-bar bridge rail.

9.1.7 Exit Box
Figure 128 shows the exit box for Test 4-10 on the bridge rail, where the vehicle was
smoothly redirected and its path was well within the exit box criteria of MASH.

M e T s T e T e T e T = T = 1

T~

15 ft.

B=328ft.

Figure 128. Exit box for Test 4-10 analysis of the NETC 3-bar bridge rail.

9.1.8 Results Summary

A summary of the MASH Test 4-10 results on the NETC 3-bar bridge rail is shown in
Table 71 and Figure 129. The barrier successfully contained and redirected the small car with
minimal damage to the system. There were no detached elements from the barrier that showed
potential for penetrating the occupant compartment or presenting undue hazard to other traffic.
The windshield cracked during contact between the A-Pillar and top railing, and the side
windows on the passenger side failed, but the failure was not due to direct impact from the
railing on the glass. Therefore, the head-slap criteria passed. The vehicle remained upright and
very stable throughout impact and redirection. The OIV and maximum ORA values were within
recommended limits specified in MASH. Based on the results of this analysis, the barrier is
expected to meet all structural and occupant risk criteria in MASH for Test 4-10 impact
conditions.
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Table 71.

Summary of MASH Test 4-10 results on the NETC 3-bar bridge rail.

Evaluation Factors

Evaluation Criteria

Results

Structural
Adequacy

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.

Pass

Occupant
Risk

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, to occupant compartment should not
exceed limits set forth in Section 5.2.2 and Appendix E.

Pass

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

Pass

The longitudinal and lateral occupant impact velocity (OIV)
shall not exceed 40 ft/s (12.2 m/s), with a preferred limit of 30
ft/s (9.1 m/s)

Pass

The longitudinal and lateral occupant ridedown acceleration
(ORA) shall not exceed 20.49 G, with a preferred limit of 15.0
G

Pass
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Granite portion of curb
separated from concrete

B=32.8ft. NETC 3-Bar BR Separation line
General Information Impact Conditions
ANalysis AGENCY ....coveevneeverevnrerineens Roadsafe LLC SPEEd .o 62 mph Max50-millisecond Avg. (G)
Test Standard Test No. ... MASH Test 4-10 ANGIE e 25 degrees Longitudinal ......cccecverenene 148¢g
Analysis NO. ....c.cececenereireneeenereeneneee. NETC18_3BarBR_T410_M2 Location .....c.coeeeeevereeerne. 3.6 ft upstream of Post 7 Lateral ....cccevvvenicevceenee. 19,6 8
Analysis Date ......ccccoceeeeiveeeervevnneenn,. 4/15/2019 Vertical w..covevevcevivinneeen. 3.1 8
Test Article Impact Severity ................ 59.5 kip-ft Test Article Deflections (in)
TYPE covteireererire et Bridge Rail Exit Conditions Dynamic ......coeeevvevseenene. 3.4 inches
NAME oot NETC 3-Bar Speed ....cccovevveniivvinrineene. 42.3 mph Permanent .........cceeeueveee.. 1.9 inches
Installation Length .......cccocevevevinneee. 120 feet ANgle ..ccoevveevievenieeneee. 11 degrees Working Width ................
Material or Key Elements .. TIME oo 0.28 seconds Max. OCl .......cccoceeevrvrvvesseneen. 2.76 inch
Soil Type and Condition ........ccccevieennnne N.A. Occupant Risk Values Vehicle Stability
Analysis Vehicle Longitudinal OIV ............... 25.6 ft/s ROl e 7.3 degees
Type / Designation ...........cceceuvveenee.. 1100C Lateral OIV ......ccceecevvveeeennee. 32,5 ft/s Pitch ...cccccceevevvevcisisieeeene. . 5.2 degrees
FEA Model name. .. 510_YarisC_V1l_R180228 Longitudinal ORA .. 6.7g 40.3 degrees
IMIASS oueieieiee e ettt er e s 2,595 |b Lateral ORA .......ccccoeveeeeee. 6.0 8
THIV oo 41.3 ft/s
PHD oo 7.1g
ASI e 2.49

Figure 129. Summary results for MASH Test 4-10 on the NETC 3-bar bridge rail.
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9.2 Test4-11

The critical impact condition for MASH Test 4-11 was selected based the MASH
recommended CIP for rigid barrier tests. The target impact point was 4.3 feet upstream of Post
7, as shown in Figure 130, and was selected to maximize potential for snagging at the post, while
also providing adequate opportunity for snag at the splice connection of the tubular rails.
[AASHTO16] The following sections provide a summary of the results and include a
commentary describing the timing and occurrence of various events during the simulated impact,
time-history data evaluation, occupant risk assessments, and damages sustained by both the
barrier and vehicle.

Post 11 m 10 i 9 8 |
ﬂ I A ﬁp 1 ﬁ L
SpliceJ

9.2.1 Summary of Key Phenomenological Events

The sequential views of the impact event are shown in Appendix K in Figures K-1
through K-3 from an overhead viewpoint, downstream and upstream viewpoint, and oblique
viewpoint, respectively. At time equal zero seconds the front-right tire contacted the curb, and
the front bumper contacted the middle and lower railing. At 0.005 seconds the front fender
contacted the top railing. At 0.01 seconds the front-right tire contacted the lower railing, and
Post 7 began to deflect. At 0.015 seconds the tire front-right tire contacted the middle railing.
Also, at this time, the tire was deformed enough to indicate debeading and deflation; however,
that attribute was not included in the FEA model. At 0.03 seconds the front-right tire was fully
mounted onto the curb. At 0.035 seconds the front-right tire was steered parallel to the barrier.
At 0.04 seconds the front bumper was aligned with Post 7. At 0.05 seconds the rim of the front-
right tire snagged on the end of the lower rail at the splice connection. Also, at this time, the
lower control arm joint failed. At 0.055 seconds the rail reached maximum dynamic deflection
of 4.2 inches at the splice connection on the top rail. At 0.065 seconds Post 7 reached a peak
lateral deformation of 3.4 inches. At 0.085 seconds the front-right tire was aligned with Post 7
but did not contact the post. At 0.0912 seconds the vehicle occupant contacted the right side of
the interior at longitudinal velocity of 22 ft/s and lateral velocity of 26.6 fts/s; and immediately
after, the maximum ORA in the longitudinal direction occurred with magnitude 4.79.4 G at
0.0995 seconds. At 0.13 seconds the front bumper was aligned with Post 8. At 0.16 seconds the
front of the vehicle separated from the barrier. At 0.17 seconds the rear-right tire contacted the
curb. At 0.176 seconds the front-right tire was aligned with Post 8. At 0.18 seconds the rear
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quarter panel of the vehicle impacted the upper and middle rails. At 0.181 the vehicle was
parallel to the barrier traveling at 46 mph. At 0.185 seconds the rear bumper impacted against
the middle rail, and the rear-left tire lifted off the ground. At 0.19 seconds the rear-right tire was
deformed enough to indicate deflation (not included in model). At 0.195 seconds the rear-right
tire contacted the middle and lower rails. At 0.2069 seconds the maximum ORA in the lateral
direction occurred with magnitude 15.4 G. At 0.21 seconds the rear-right tire was fully mounted
onto the curb; also, at this time, Post 6 and Post 8 reached a peak lateral dynamic deflection of
1.1 inches for both posts. At 0.22 seconds post 7 reached a second peak deformation of 3 inches.
At 0.27 seconds the vehicle separated from the rail traveling at 45.2 mph and at an exit angle of
4.5 degrees. At 0.455 seconds the vehicle reached a maximum pitch angle of 7.5 degrees (rear
pitching up), and at 0.649 seconds the vehicle reached maximum roll angle of 9.9 degrees
(rolling toward barrier). The vehicle remained stable throughout post-impact trajectory. The
analysis ended at 0.8 seconds, at which time:

e The roll, pitch, and yaw of the vehicle were, respectively, 4.1 degrees (toward
barrier), 1.5 degrees (rear pitching up), and 17.9 degrees (7.1 degrees relative to
and toward barrier).

e The forward velocity of the vehicle was 39.3 mph (63.3 km/h).

9.2.2 Time History Data Evaluation

Figures 131 through 133 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the center of gravity of the vehicle; Figures 134 through
136 show the comparison of the angular rates and angular displacements (i.e., yaw, roll and
pitch) at the center of gravity of the vehicle.

x-acc (10-ms Avg.) x-acc (50-ms Avg.)
2
10 =
2o A AT
= s
o ' 2
s S -4
§ S —Test 4-11
Q - T 6
E ——Test 4-11 5
® -15 %f -8
x e Time of OIV @
20 £ 210
o
225 012
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Time (seconds) Time (seconds)

Figure 131. 10- and 50-millisecond average X-acceleration from FEA of Test 4-11 on the NETC 3-
bar bridge rail.
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Figure 132. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-11 on the NETC 3-

bar bridge rail.
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Figure 133. 10- and S50-millisecond average Z-acceleration from FEA of Test 4-11 on the NETC 3-

bar bridge rail.
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Figure 134. Yaw rate and yaw angle time-history from FEA of Test 4-11 on the NETC 3-bar bridge

rail.
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Figure 135. Roll rate and roll angle time-history from FEA of Test 4-11 on the NETC 3-bar bridge

rail.
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Figure 136. Pitch rate and pitch angle time-history from FEA of Test 4-11 on the NETC 3-bar
bridge rail.

9.2.3 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 72 shows the results for the occupant risk calculations. The results
indicate that the occupant risk factors meet safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions were 22.0 ft/s
and 26.6 ft/s, respectively, which were within critical limits specified in MASH. The highest
0.010-second occupant ridedown acceleration in the longitudinal and transverse directions were
4.7 g and 15.4 g, respectively, which were within preferred limits specified in MASH. The
maximum 50-ms moving average acceleration values in the longitudinal and transverse
directions were 10.5 g and 12 g, respectively. The maximum roll and pitch angles of the vehicle
were 9.9 degrees and 7.5 degrees, respectively, which were well below critical limits in MASH.
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Table 72. Summary of MASH occupant risk metrics for Test 4-11 on the NETC 3-bar bridge rail.

Occupant Risk Factors MASH MASH C"te"a
Test 4-11
Occupant Impact Velocity | x-direction 22.0
(ft/s) y-direction 26.6 <30 ft/S (preferred) v
tti at 0.0912 seconds on right <40 ft/s (Iimit)
attime side of interior
THIV 34.1
at 0.0884 seconds on right
(ft/S) ide of interior
Ridedown Acceleration x-direction -4.7
(g's) (0.0945 - 0.1045 seconds) <15G (preferred) v
y-direction 154 <20.49 G (limit)
(0.2019- 0.2119 seconds)
PHD 15.4
(g's) (0.2018 - 0.2118 seconds)
ASI 16
(0.0389 - 0.0889 seconds)
Max 50-ms moving avg. acc. L -10.5
x-direction
(g's) (0.0381 - 0.0881 seconds)
y-direction 12
(0.0392 - 0.0892 seconds)
z-direction 26
(0.1245 - 0.1745 seconds)
Maximum Angular Disp. 9.9
(deg) Roll (04649_17se;onds) <75 deg v
Pitch (0.4551 seconds)
-29.7
Yaw (0.2255 seconds)

9.2.4 Occupant Compartment Intrusion

The maximum deformation of the occupant compartment was approximately 3.3 inches
at the right-front corner of the toe-pan at the wheel well. Figure 137 shows a view of the vehicle
interior after the impact, with several components removed to facilitate viewing. The
deformation was less than the critical limit of 9 inches specified in MASH for this area of the
occupant compartment.

Maximum OCl was =3.3 inches (85 mm)
and occurred at the right-front toe-pan at
the wheel well.

Figure 137. Occupant compartment deformation resulting from Test 4-11 on the NETC 3-bar
bridge rail.

9.2.5 Damages to the Barrier System

The damages to the barrier were moderate. Figure 138 shows an overhead view of the
post impact deformation of the bridge rail indicating the extent of damage. The vehicle was in
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contact with the barrier for 12.1 feet. The barrier was deformed over 31 feet of the system with
deformation extending from just downstream of Post 5 to just upstream of Post 9. Figure 139
and Figure 140 show images of the maximum dynamic deflection and permanent deflection of
the barrier, respectively, with a contour plot of lateral displacement on the rail elements. The
maximum dynamic and permanent deflections were 4.2 inches and 1.9 inches, respectively, and
occurred at the top rail tube at the splice, as indicated in Figures 139 and 140.

\

31ft >
(extent of damage)

Post 9 8

121 ft
(vehicle contact)

Figure 138. Overhead view of NETC 3-bar bridge rail after Test 4-11 showing extent of damage.

Maximum dynamic deflection = 4.2 in (106 mm) at 0.055 sec.
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Figure 139. Contour plot of lateral displacement for the bridge rail for Test 4-11 at the time of
maximum dynamic deflection.

Maximum permanent deflection = 1.9 in (49 mm)
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Figure 140. Contour plot of maximum permanent deflection of the bridge rail for test 4-11.

Figure 141 shows contours of true effective plastic strains on the bridge rail. The damage
was primarily limited to the rail section between Post 6 and Post 7 and included plastic
deformation of those posts, baseplates and all three rails. There was also slight plastic
deformation at the base of Posts 6 and 7. The maximum vertical dynamic deflection of the
baseplate at Post 7 was 0.63 inches (16 mm) and the maximum permanent deflection of the
baseplate was 0.29 inches (7.4 mm).
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Figure 141. Contours of effective plastic strains for Test 4-11 on the NETC 3-bar bridge rail.

Figure 142 shows contours of 1% principal strain with contours cut off at strains of 0.1
The 1 Principal strain values for the concrete in these cases was 0.07 dynamic strain and was
0.0 permanent, which indicates a relatively low probability for concrete failure.
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Figure 142. Contours of 1** principal strains for concrete at the critical post for Test 4-11 on the
NETC 3-bar bridge rail.

9.2.6 Damages to Vehicle

Figure 143 shows contour plots of effective plastic strain for the vehicle, which were
used to identify areas of the vehicle that suffered damage during the simulated impact event.
The most severe damages were to the front bumper, front fender, front edge of the passenger
front door, the upper and lower control arm of front suspension, front wheel, the rear wheel, and
the rear quarter panel of the vehicle on the impact side.
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Figure 143. Damages to vehicle in Test 4-11 analysis of the NETC 3-bar bridge rail.
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9.2.7 Exit Box

Figure 144 shows the exit box for Test 4-11 on the bridge rail, where the vehicle was
smoothly redirected and its path was well within the exit box criteria of MASH.

/\\\
15.86 ft.

B=328ft.

Figure 144. Exit box for Test 4-11 analysis of the NETC 3-bar bridge rail.

9.2.8 Results Summary

A summary of the MASH Test 4-11 results on the NETC 3-bar bridge rail is shown in
Table 73 and Figure 145. The barrier successfully contained and redirected the pickup with
moderate damage to the system. There were no detached elements from the barrier that showed
potential for penetrating the occupant compartment or presenting undue hazard to other traffic.
The vehicle remained upright and very stable throughout impact and redirection. The OIV and
ORA were within recommended limits as specified in MASH. Based on the results of this
analysis, the barrier meets all structural and occupant risk criteria in MASH for Test 4-11 impact
conditions.
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Table 73. Summary of MASH Test 4-11 results on the NETC 3-bar bridge rail.

Evaluation Factors

Evaluation Criteria

Results

Structural
Adequacy

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

Pass

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, to occupant compartment should not
exceed limits set forth in Section 5.2.2 and Appendix E.

Pass

Occupant
Risk

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

Pass

The longitudinal and lateral occupant impact velocity (OIV)
shall not exceed 40 ft/s (12.2 m/s), with a preferred limit of 30
ft/s (9.1 m/s)

Pass

The longitudinal and lateral occupant ridedown acceleration
(ORA) shall not exceed 20.49 G, with a preferred limit of 15.0
G

Pass
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Time =0.0 sec

15.86 ft.

B=32.38ft.

NETC 3-Bar BR

Granite portion of curb
separated from concrete

Separation line

General Information

Roadsafe LLC

MASH Test 4-11
NETC18_3BarBR_T411_M2
4/14/2019

Analysis Agency
Test Standard Test No. .....
ANalysis NO. c.ccveeie et

ANalysis DAte ......cceeeeveneeverinesiniineens
Test Article

TYPE oot se vt ein e s Bridge Rail

NamMe ..ot . NETC 3-Bar

Installation Length .....ccccoevvevvrnneee. 120 feet

Material or Key Elements
Soil Type and Condition .......

N.A.

Analysis Vehicle

2270P
SilveradoC_V3a_V180201_TireRS_35psi
5,001 Ib
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IMASS et
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Figure 145. Summary results for MASH Test 4-11 on the NETC 3-bar bridge rail.
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9.3 Test4-12

The critical impact point for MASH Test 4-12 was selected based the MASH
recommended CIP for rigid barrier tests. The target impact point was 5.0 feet upstream of a
bridge rail post, as illustrated in Figure 146, which was consistent with the recommended CIP in
MASH and was selected to maximize loading on a post.[AASHTO16] Two analysis cases were
evaluated for Test 4-12:

e Case 1: Vehicle bed height = 47.5 inches.

e (Case 2: Vehicle bed height = 50 inches

Ford Surrogate GMC Surrogate

g @ 50"

5.0 ft

Figure 146. Impact point for Test 4-12 on the NETC 3-bar bridge rail.

The cargo-bed height for the FEA model was 47.5 inches measured from the ground to
the top of the cargo-bed floor. This height was consistent with Ford 800 test vehicles (which was
the basis for the model) but was lower than most other test vehicles. For example, test 420020-
9b involved a 1991 International 4700 with 48-inch bed height [Sheikhi1]; Test 404251-6
involved a Chevrolet C 70 with 50-inch cargo bed height [Buth99a]; Test 490026-4-3 involved
an International 4200 with 50-inch cargo-bed height [ Williams17b]; Test 607451-1 involved an
International 4200 with 49.25-inch cargo-bed height [ Williams17a]. When the top of the bridge
rail is at approximately the same height as the bed of the cargo-box, then slight differences in the
bed height will determine if the cargo-box impacts directly against the rail or passes over the top
of the rail. Two different versions of the SUT vehicle model were used for evaluation of Test 4-
12: one with cargo-bed height of 47.5 inches (lower bound) and another with cargo-bed height of
50 inches (upper bound), as illustrated in Figure 146.

The following sections provide a summary of the results and include a commentary
describing the timing and occurrence of various events during the simulated impact, time-history
data evaluation, occupant risk assessments, and damages sustained by both the barrier and
vehicle.
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9.3.1 Summary of Key Phenomenological Events

9.3.1.1 Casel

The 22,198-1b single unit truck struck the barrier at 5.0 feet upstream of Post 5 at a speed
of 56 mph and at an angle of 15 degrees, as illustrated in Figure 146. The sequential views of the
Case 1 impact event are shown in Appendix L in Figures L-1 through L-3 from an overhead
viewpoint, downstream and upstream viewpoint, and an oblique viewpoint, respectively. At time
equal zero seconds the front-right tire contacted the curb. At 0.005 seconds the front bumper
contacted the middle railing of the barrier and the front-right fender contacted the upper railing.
At 0.01 seconds the railing began to deflect. At 0.02 seconds the front-right tire contacted the
lower and middle rails and began to steer away from the barrier. At 0.04 seconds the tire was
fully mounted onto the curb, and at 0.06 seconds the tire was parallel to the barrier. At 0.08
seconds one of the u-bolts connecting the front axle to the front-right suspension failed, but the
second u-bolt did not fail, and the axle remained attached. At 0.09 seconds the front-right tire
was centered at Post 7 (target critical post). At 0.14 seconds the lower front-right corner of the
cargo-box contacted the top railing at approximately 29 inches upstream of Post 7. Also, at this
time the front-left tire lifted off the ground. At 0.215 seconds the rear tandems of the vehicle
contacted the curb. At 0.24 seconds the rear-right tandem wheels contacted the middle and
lower railings; also, at this time the deflection of the railing began to increase. At 0.25 seconds
the rear of the cargo-box impacted against the top railing. At 0.273 seconds the maximum
loading on the barrier occurred with magnitude of 109 kips (25 millisecond moving average) and
100 kip (50 millisecond moving average). At 0.29 seconds the maximum dynamic deflection of
the barrier was 7.64 inches and occurred approximately mid-span between Posts 7 and 8. also, at
this time the rear-left tandem wheel set lifted off the ground as the vehicle continued to roll
toward the barrier. At 0.304 seconds the vehicle was parallel to the barrier. At 0.47 seconds the
vehicle lost contact with the barrier traveling at an exit speed and angle of 50.5 mph and 2.3
degrees. At 0.63 seconds the front-left tire recontacted the ground. At 0.703 seconds the cargo-
box reached maximum pitch angle of 6.0 degrees (rear pitching upward); at 0.713 seconds the
cabin reached maximum pitch angle of 7.8 degrees (rear pitching up). At 0.77 seconds the rear-
right tire recontacted the ground. At 0.783 seconds the cargo-box experienced maximum roll
angle of 22.4 degrees (cargo-box rolling toward the barrier); at 0.960 seconds the cabin of the
vehicle reached a maximum roll angle of 20.8 degrees (toward the barrier). At 0.98 seconds the
rear-left tires recontacted the ground. The vehicle remained upright and relatively stable
throughout post-impact trajectory. The analysis ended at 1.5 seconds, at which time:

e The roll, pitch, and yaw of the truck cabin were, respectively, 8.4 degrees (toward
barrier), 0.8 degrees (rear pitching up), and 17.8 degrees (2.8 degrees relative to
and away from barrier).

e The roll, pitch, and yaw of the cargo-box were, respectively, 5.4 degrees (toward
barrier), 2.0 degrees (rear pitching up), and 20 degrees (5 degrees relative to and
away from barrier).

e The forward velocity of the vehicle was 49.6 mph (79.8 km/h).

9.3.1.2 Case?2

The 22,198-1b single unit truck struck the barrier at 5.0 feet upstream of Post 5 at a speed
of 56 mph and at an angle of 15 degrees, as illustrated in Figure 146. The sequential views of the
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Case 2 impact event are shown in Appendix M in Figures M-1 through M-3 from an overhead
viewpoint, downstream and upstream viewpoint, and an oblique viewpoint, respectively.

At time equal zero seconds the front-right tire contacted the curb. At 0.005 seconds the
front bumper contacted the middle railing of the barrier and the front-right fender contacted the
upper railing. At 0.01 seconds the railing began to deflect. At 0.02 seconds the front-right tire
contacted the lower and middle rails and began to steer away from the barrier. At 0.04 seconds
the tire was fully mounted onto the curb, and at 0.06 seconds the tire was parallel to the barrier.
At 0.08 seconds one of the u-bolts connecting the front axle to the front-right suspension failed,
but the second u-bolt did not fail, and the axle remained attached. At 0.09 seconds the front-right
tire was centered at Post 7 (target critical post). At 0.115 seconds the front-left tire lifted off the
ground. At 0.125 seconds the lower front-right corner of the cargo-box contacted the top-edge of
the top railing at approximately 32 inches upstream of Post 7. At 0.21 seconds the rear tandems
of the vehicle contacted the curb. At 0.235 seconds the rear-right tandem wheels contacted the
middle and lower railings; also, at this time the deflection of the railing began to increase. At
0.25 seconds the rear of the cargo-box impacted against the top railing. At 0.275 seconds the
rear-left tires lifted off the ground as the vehicle continued to roll toward the barrier. At 0.29
seconds the maximum dynamic deflection of the barrier was 8.1 inches and occurred
approximately mid-span between Posts 7 and 8. At 0.317 seconds the vehicle was parallel to the
barrier. At 0.385 seconds the rear-right tires recontacted the ground. At 0.41 seconds the vehicle
lost contact with the barrier traveling at an exit speed and angle of 49.4 mph and parallel to
barrier. At 0.43 seconds the rear-right tires again lifted off the ground. At 0.705 seconds the
rear-right tires again recontacted the ground.

At 0.63 seconds the cabin reached maximum pitch angle of 6.9 degrees (rear pitching
up); at 0.64 seconds the cargo-box reached maximum pitch angle of 6.8 degrees (rear pitching
upward). At 1.5 seconds the roll angle of the cabin was 70.8 degrees (rolling toward the barrier),
and the roll angle of the cargo-box was of 66.8 degrees (cargo-box rolling toward the barrier).
The analysis ended at 1.5 seconds, at which time:

e The roll, pitch, and yaw of the truck cabin were, respectively, 70.8 degrees
(toward barrier) and increasing, 4.44 degrees (rear pitching up), and 38 degrees
(23 degrees relative to and away from barrier).

e The roll, pitch, and yaw of the cargo-box were, respectively, 66.8 degrees (toward
barrier) and increasing, 2.7 degrees (rear pitching up), and 39 degrees (24 degrees
relative to and away from barrier).

e The forward velocity of the vehicle was 44.4 mph (71.4 km/h).

e The vehicle was expected to continue to roll onto its side.

9.3.2 Time History Data Evaluation

Acceleration-time histories and angular rate-time histories were collected at two locations
on the vehicle: (1) on the cargo box at the center of gravity of the vehicle, and (2) a point inside
the cabin of the truck, as shown in Figure 111. The acceleration and angular rate data used for
the occupant risk measures came from the cabin location. Figures 147 through 149 show the
longitudinal, transverse, and vertical acceleration-time histories, respectively, computed from
near the center of gravity of the vehicle which falls inside the cargo-box near the front of the
ballast.
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Figure 147. 10- and 50-millisecond average X-acceleration from FEA of Test 4-12 on the NETC 3-

bar bridge rail (c.g. accelerometer).
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Figure 148. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-12 on the NETC 3-

bar bridge rail (c.g. accelerometer).
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Figure 149. 10- and S0-millisecond average Z-acceleration from FEA of Test 4-12 on the NETC 3-

bar bridge rail (c.g. accelerometer).

Figures 150 through Figure 152 show the longitudinal, transverse, and vertical

acceleration-time histories, respectively, computed from the inside the cabin of the vehicle;
Figures 153 through 155 show the comparison of the angular rates and angular displacements
about the x-, y-, and z-axis from the cabin location. These data are used for calculating the
occupant risk metrics. MASH does not require that occupant risk be evaluated; however, they are
reported herein for completeness (see following section).
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Figure 150. 10- and 50-millisecond average X-acceleration from FEA of Test 4-12 on the NETC 3-
bar bridge rail (cabin accelerometer).

y-acc (10-ms Avg.)

——Veh Height 47.5"

Y-acceleration (G's)

-10 e=Time of OIV
15 | «=\/eh Height 50"

e==Time of OIV
-20

0O 01 02 03 04 05 06 07 08 09 1
Time (seconds)

P ORNWDRUON

50-ms avg. Y-acceleration (G's)
N

'
w

y-acc (50-ms Avg.)

—\/eh Height 47.5"
=== \/eh Height 50"

0 0.1

0.2

03 04 05 06 07 08 09 1
Time (seconds)

Figure 151. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-12 on the NETC 3-

bar bridge rail (cabin accelerometer).
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Figure 152. 10- and S50-millisecond average Z-acceleration from FEA of Test 4-12 on the NETC 3-

bar bridge rail (cabin accelerometer).
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Figure 153. Yaw rate and yaw angle time-history from FEA of Test 4-12 on the NETC 3-bar bridge

rail (cabin accelerometer).
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Figure 154. Roll rate and roll angle time-history from FEA of Test 4-12 on the NETC 3-bar bridge

rail (cabin accelerometer).
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9.3.3 Occupant Risk Measures

Figure 155. Pitch rate and pitch angle time-history from FEA of Test 4-12 on the NETC 3-bar
bridge rail (cabin accelerometer).

The acceleration-time histories and angular rate-time histories collected from inside the
truck cabin were used to evaluate occupant risk metrics according to the procedures outlined in
MASH. Table 74 shows the results for the occupant risk calculations. The results indicate that
the occupant risk factors met safety criteria specified in MASH.
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9.3.3.1 Case l

The occupant impact velocities in the longitudinal and transverse directions for Case 1
were 2 ft/s and 14.8 ft/s, respectively. The highest 0.010-second occupant ridedown acceleration
in the longitudinal and transverse directions were 7 g and 5.3 g, respectively. The maximum 50-
ms moving average acceleration values in the longitudinal and transverse directions were 2.8 g
and 6.4 g, respectively. The maximum roll and pitch angles of the vehicle were 20.8 degrees and
7.8 degrees, respectively. All metrics were within recommended limits specified in MASH.

9.3.3.2 Case?2

The occupant impact velocities in the longitudinal and transverse directions for Case 2
were 3 ft/s and 14.1 ft/s, respectively. The highest 0.010-second occupant ridedown acceleration
in the longitudinal and transverse directions were 5.7 g and 5.9 g, respectively. The maximum
50-ms moving average acceleration values in the longitudinal and transverse directions were 2.3
g and 5.7 g, respectively. The maximum roll and pitch angles of the vehicle were 70.8 degrees
and 6.9 degrees, respectively. The analysis was terminated at 1.5 seconds; the roll angle was still
increasing, indicating the vehicle would roll onto its side. All metrics were within recommended
limits specified in MASH except for the roll angle of Case 2.

Table 74. Summary of occupant risk metrics for Test 4-12 on the NETC 3-bar Bridge Rail.

P — MASH T4-12 MASH Criteria
. Case 1 (47.5") Case 2 (50")
Occupant Impact Velocity | x-direction 2.0 3.0 v
(ft/s) y-direction -14.8 -14.1 <30 ft/S (’?re_ferred)
tti at0.1407 seconds on left | at0.1464 seconds on left <40 ft/s (Ilmlt)
attime side of interior side of interior
THIV 15.4 14.4
(ft/s) at 0.1407 seconds on left at 0.1464 seconds on left
ide of interior ide of interior
Ridedown Acceleration x-direction -7 -5.7 <15G ( referred) v
(g's) (0.2038 - 0.2138 seconds) (0.1784 - 0.1884 seconds) p
y-direction 5.3 5.9 < 20.49 G (limit)
(0.1491 - 0.1591 seconds) (0.1559 - 0.1659 seconds)
PHD 7 7.4
(g's) (0.2038 - 0.2138 seconds) (0.1571 - 0.1671 seconds)
sl 0.76 0.66
(0.0532 - 0.1032 seconds) (0.0557 - 0.1057 seconds)
Max 50-ms moving avg. acc. . N -2.8 -2.3
x-direction
(g's) (0.1651- 0.2151seconds) | (0.1447- 0.1947 seconds)
y-direction 6.4 >7
(0.0549 - 0.1049 seconds) (0.0556 - 0.1056 seconds)
z-direction 3.5 24
(0.3327 - 0.3827 seconds) (0.3262 - 0.3762 seconds)
Maximum Angular Disp. -20.8 -70.8
(deg) Roll (0.9596 seconds) (1.4987 seconds)
78 5.9 <75deg Vv
Pitch (0.7127 seconds) (0.6292 seconds)
20.7 38
Yaw (1.0333 seconds) (1.4969 seconds)

9.3.4 Occupant Compartment Intrusion

The maximum deformation of the occupant compartment for impact on the NETC 3-bar
bridge rail was approximately 1 inch for Case 1 and 3.3 inches for Case 2. The maximum
deformation occurred at the lower right-front corner of the toe-pan and the wheel well in both
cases. Figure 156 shows a view of the vehicle interior after the impact, with several components
removed to facilitate viewing. The maximum deformation was less than the critical limit of 9
inches specified in MASH for this area of the occupant compartment.
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Case 1 (47.5”):

Maximum OCl was = 1 inch (27 mm) and
occurred at the lower right-front corner
of the top-pan at the wheel well.

Case 2 (50”):

Maximum OCl was 3.27” (83 mm) and
occurred at the floor pan near the lower-
front edge of the door.

Figure 156. Occupant compartment deformation resulting from Test 4-12 on the NETC 3-bar
bridge rail system.

9.3.5 Damages to the Barrier System

Figure 157 shows images of the barrier at the time of maximum deflection with a contour
plot of lateral displacement on the rail elements. The maximum dynamic deflections were 7.64
inches and 8.1 inches for Case 1 and Case 2, respectively, and occurred on the top rail at mid-
span between Posts 7 and 8 when the rear of the cargo-box impacted the railing. Figure 158
shows contour plots of the maximum permanent deflection for the two cases. The maximum
permanent deflections were 5.7 inches and 6.6 inches for Cases 1 and 2, respectively. The cargo
bed contacted the side of the top rail in both cases. The deformation was slightly higher for Case
2 (e.g., higher center of gravity vehicle).

Y-displacement (mm)
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Maximum dynamic deflection 1.200e+02 _|

_ — f 1.050e+02 _
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- Vertical =1.3in (33 mm) 75000401
6.000e+01 ]
¥ al500e+01 _|
e K51000e+01
IE: Imeﬂl‘l:l

- [61000e+00

Case 1 (47.5”) Case 2 (50”)

Figure 157. Contour plot of lateral displacement for the bridge rail from Test 4-12 at the time of
maximum dynamic deflection for the NETC 3-bar bridge rail.
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Figure 158. Contour plot of permanent deflection for the bridge rail from Test 4-12 for the NETC
3-bar bridge rail.

Figure 159 shows contours of true effective plastic strains on the bridge rail post and
baseplate for the two analysis cases, which resulted in significant damage to post and baseplate at
Posts 6 and 7. The post flanges buckled near the welded connection to the baseplate, and the
front-center edge of the baseplate was deflected upward. The maximum vertical deflection of
the baseplates was 1.28 inches for Case 1 and 1.24 inches for Case 2; the maximum permanent
deflection of the baseplates was 0.9 inches for both cases. The vertical deflection at this location
on the baseplate causes a stress concentration at the outer edges of the front flange of the post at
the weld location. The maximum effective true plastic strain value was 0.32 at these points
which corresponds to a nominal strain value that well exceeds the necking point for the material,
as indicated on the nominal stress-strain curve for the material in Figure 160. The forces on the
welds were not collected during the analysis, but they may be of concern for these analysis cases
given that the welds on the front flange are in tension.

Effective Plastic Strain
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Case 1 Case 2 0.000e+00

Figure 159. Contours of effective plastic strains on the critical post for Test 4-12 on the NETC 3-
bar bridge rail.
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Figure 160. Plot of material stress-strain curve for Post with necking strain identified.

Figure 161 shows contours of 1% principal strain with contours cut off at strains of 0.1.
The analysis resulted in notable concrete damage at two posts. These damages correspond to
potential cracks around the front anchor bolts and/or anchor pullout.

1st Principal Strain-Infinitesimal
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Figure 161. Contours of 1% principal strains for concrete at the critical post for Test 4-12 on the
NETC 3-bar bridge rail.

9.3.6 Peak Forces on Barrier

The impact force between the vehicle and the barrier was computed to determine the peak
loading on the barrier which could then be compared to the design strength of the bridge rail.
The lateral force-time history results are shown in Figure 162 including the force data filtered
with cutoff frequency of 60 Hz, the 25-millisecond moving average force and the 50-millisecond
moving average force. The maximum impact force occurred when the rear tandem wheel set
impacted against the bridge rail. The maximum 25-ms moving average force was 109 kips; the
maximum 50-ms moving average force was 100 kips, which are both greater than the calculated
strength of the barrier in Section 3.4.2.
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Figure 162. Lateral force-time history between vehicle and barrier for Test 4-12 on NETC 3-bar
bridge rail.

9.3.7 Damages to Vehicle

Figure 163 shows contour plots of effective plastic strain for the vehicle, which were
used to identify areas of the vehicle that suffered damage during the simulated impact event.
The most severe damages were to the front bumper, the front fender, the front impact-side
suspension, the front axle, the front impact-side corner of the cargo box, the cargo-box floor
beams, and the cargo box main rail. These are typical damages for Test 4-12 on post-and-beam
bridge rails. Note that the damages for Case 2 would also include further damage due to the
vehicle rolling onto its side; the analysis was terminated prior to reaching final roll position.
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Figure 163. Damages to vehicle in Test 4-12 analysis of NETC 3-bar bridge rail for Cases 1 and 2.

9.3.8 Exit Box

Figures 164 and 165 show the exit box for Test 4-12 on the NETC 3-bar bridge rail
system for Cases 1 and 2, respectively. Although the exit box analysis is not required in MASH,
it was included here for completeness. The vehicle was smoothly redirected for Case 1 and, in
both cases, the vehicle path was well within the exit box criteria of MASH.
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Figure 164. Exit box for Test 4-12 for Case 1 on the NETC 3-bar bridge rail.
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Figure 165. Exit box for Test 4-12 for Case 2 on the NETC 3-bar bridge rail.

9.3.9 Test 4-12 Results Summary

A summary of the MASH Test 4-12 results on the NETC 3-bar bridge rail is shown in
Table 75 and Figures 166 and 167. The barrier adequately contained and redirected the 10000S
vehicle (single unit truck) with moderate to extensive damage to the bridge rail. The damage
included plastic deformation of posts and baseplates with high stress concentrations for the welds
at the outside edges of the front flange. The analysis indicated only slight potential for concrete
damage around the front anchor bolts. The maximum dynamic and permanent deflections of the
railing were 8.1 inches and 6.6 inches, respectively. There were no detached elements from the
barrier that showed potential for penetrating the occupant compartment or presenting undue
hazard to other traffic. The vehicle remained upright and stable for Case 1 but rolled over onto
its side for Case 2. It is preferred that the vehicle remain upright, but not required. Based on the
results of this analysis, the barrier meets all structural and occupant risk criteria in MASH for
Test 4-12 impact conditions. Additional discussion on crash performance compared to a similar
system is provided in the Section 9.4 below.
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Table 75. Summary of MASH Test 4-12 results on the curb-mounted bridge rail.

Evaluation Results
Factors Evaluation Criteria Casel Case2
Test article should contain and redirect the vehicle or bring the
Structural vehicle to a controlled stop; the vehicle should not penetrate,
. . . . Pass Pass
Adequacy underride, or override the installation although controlled
lateral deflection of the test article is acceptable.
Detached elements, fragments, or other debris from the test
article should not penetrate or show potential for penetrating
D the occupant compartment, or present undue hazard to other Pass Pass
Occupant traffic, pedestrians, or personnel in a work zone. Deformations
Risk of, or intrusions into, to occupant compartment should not

exceed limits set forth in Section 5.2.2 and Appendix E.

G It is preferable, although not essential, that the vehicle remain Pass Eail
upright during and after collision.
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Material or Key Elements ....

Soil Type and Condition
Analysis Vehicle
Type / Designation
FEA Model name ..........cccececvienncnne

Roadsafe LLC
MASH Test 4-12

. 2/5/2019
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120 feet
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10000S
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Impact Conditions

Impact Severity ...........ccocc..e.
Exit Conditions

Occupant Risk Values
Longitudinal OIV ................
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Figure 166. Summary results for MASH Test 4-12 on the NETC 3-bar bridge rail (Case 1).
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26.95 ft.

Granite portion of curb
separated from conerete

B =656 ft. NETC 3-Bar BR Separation line
General Information Impact Conditions
Analysis Agency Roadsafe LLC Speed .... 56 mph Max50-millisecond Avg. (G)
Test Standard Test No. ...... ... MASH Test 4-12 15 degrees Longitudinal ......cccccceeeree. 2.3 8
Analysis NO. ....cccccvescvevvvcscvrresenen. NETC18_3BarBR_T412_Case2 LOCAtION v 5.0 feet upstream of Post 7 Lateral ..coevevvevvvcsinenenee. 5.7 8
Analysis Date .......coceevruesrerneeneee. 3/11/2019 Vertical .cccovvevcorvevcnn. 2.4 8
Test Article Impact Severity ..................... 155.6 kip-ft Test Article Deflections (in)
TYPE weeeereeeeverisire et ereseneesisesse e Bridge Rail Exit Conditions Dynamic .......ccccoeuvevvnnrennenn. 8.1 inches
NAME ottt s s NETC 3-Bar Speed ......ceovviveniviineennee. 49.4 mph Permanent .........ccceeeueee. 6.6 inch
Installation Length .........cccceeeeeenee. 120 feet parallel Working Width ................ 23.3 inches
Material or Key Elements 0.41 seconds Max. OCl .........cccceeuevevvvevenenn. =3.3 inch
Soil Type and Condition .........ccceevurernnnne N.A. Occupant Risk Values Vehicle Stability
Analysis Vehicle Longitudinal OIV ................ 3.0 ft/s ROIl cooeeveeiececreveecnneeee. ¥90 degees
Type / Designation ... 10000S Lateral OIV 14.1 ft/s Pitch .ooovevvvceieeeeiieseeene. 6.9 degrees
FEA Model name F800_No-Box_181114_UboltFOp17 Longitudinal ORA 57g YaW .c.cooveivecenecnnecreneee. . 38 degrees
502_TruckBox_181114 Lateral ORA ......cccccvevcveveeee. 598
Nodes3.k (50" cargo-bed height) THIV o, 14.4 ft/s * The roll angle was 70.8 deg at 1.5 sec
MASS .veeeeiececeeriee e, 22,198 1D 748 when the analysis was terminated, but
0.66 90 degree roll was expected.

Figure 167. Summary results for MASH Test 4-12 on the NETC 3-bar bridge rail (Case 2).
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9.4 Conclusion for TL4 Evaluation of NETC 3-Bar Bridge Rail

Based on the results of this analysis, the NETC 3-bar bridge rail meets MASH TL4
criteria; however, relatively high barrier damages are likely under these conditions. The barrier
system meets MASH TL3 criteria with only moderate barrier damages.

9.4.1 Structural Adequacy: (PASS)

e The barrier successfully contained and redirected the vehicle in all test cases, with
controlled lateral deflections for the pickup and SUT tests.

e The barrier experienced relatively high plastic deformations of the posts, rails and
baseplates for the Pickup and SUT vehicle test.

e Lateral deflections were relatively high for the SUT case (e.g., 8.1 inches).

e Concrete curb damage at two post locations was considered likely for the SUT test case
(based on the 1st principle strain values in the concrete).

e The damages corresponded to potential cracks around the front anchor bolts and/or
anchor pullout.

9.4.2 Occupant Risk (PASS)
e Occupant compartment intrusion was well below allowable limits.
e OIV and ORA
o Small Car: OIV (within critical limits); ORA (within preferred limits). Values
highly dependent on time of occupant impact.
o Pickup: OIV (within preferred limits); ORA (within critical)

9.4.3 Vehicle Trajectory (PASS)

e Small car: Vehicle remained upright and stable through impact and redirection, with
relatively low angular displacements.

e Pickup: Vehicle remained upright and stable through impact and redirection, with
relatively low angular displacements.

e SUT: Vehicle remained upright and relatively stable for Case 1 (47.5” bed height) but
rolled onto its side for Case 2 (50” bed height). MASH prefers that the vehicle remain
upright, but this criterion is not required.

9.4.4 Full-Scale Test Results of Similar Bridge Rail Design

In the Summer of 2016, researchers at the Texas Transportation Institute conducted full-
scale testing of the TxXDOT C2P bridge rail, shown in Figure 168, which successfully met MASH
TL4 performance criteria.[ Williams17b] Although there are several aspects of this design that are
different from the NETC design, there are also many similarities such as, a 42-inch tall, 3-bar
bridge rail mounted on top of a 9-inch curb with 8-ft post spacing. Some of the critical aspects
of the C2P rail geometrics are inferior to that of the NETC design based on AASHTO LRFD
Bridge Design Specifications Section A13. For example, the vertical clear opening for the C2P
is 9-3/8 inches compared to 9 inches for the NETC design; the post setback distance is 3.5 inches
for the C2P (i.e., for the two lower rails) compared to 4 inches for the NETC design; ratio of
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contact width to height for the C2P is 0.38 compared to 0.52 for the NETC design. The C2P also
uses smaller anchor rods (e.g., %4 dia. vs. 17 dia.) and a smaller base plate (e.g., %4” thick vs. 1”
thick) compared to the NETC system. The LRFD strength calculations were not documented in
the test report, but it is expected that the lateral strength of the C2P is similar to, or less than, that
of the NETC 3-bar design. These comparisons, as well as other crash performance metrics, are
shown in Table 76.

)
L’I Section A-A

Scale 1:20
(some dims rounded 1o nearest 1/8")

Figure 168. Photo and cross-section drawing of the MASH TL4 TxDOT C2P bridge rail.
Table 76. Comparison of NETC 3-bar design to TxDOT C2P.

C2P NETC
Rail height (in) 42 42
g Number of long. Bars 3 3
@ Post spacing (ft) 8 8
°E" Curb height (in) 9 7-9
a Anchor rod dia (in) 0.75 1
7 Base plate thickness (in) 0.75
= g  Vertical clear opening (in) 9-3/8
"Q‘ “E’ E Post setback distance (in) 3.5 4
£ 9 5 Contact width (in) 16.25 23
-0 Contact width/height 0.38 0.52
OIV-x (ft/s) 262 256
2 OIV-y (ft/s) 33.1 325
; ORAx (G) 2.8 6.7
° ORA-y (G) 8.2 6
Lateral Deflection (in) 0.8 3.35
< OIV-x (ft/s) 184 22
= b= OIV-y (ft/s) 29.5 26.6
& 3% ORAX(G) 9.9 4.7
§ o ORA-y (G) 15.3 15.4
s Lateral Deflection (in) 2.5 4.2
Exit speed (mph) 54.1 50.5 (Case 1)
B 49.4 (Case 2)
; Exit angle (deg) 0 2.4 (Case 1)
2 0 (Case 2)
Lateral Deflection (in) 11.4 8.1

* Approximated from sequential views of Test 490026-4-3
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The results of Test 4-12 on the C2P system were similar to that of the NETC 3-bar
system, in that both systems sustained significant damage when the rear of the SUT vehicle
impacted against the rail. The maximum dynamic deflection of the C2P was 11.4 inches,
compared to 8.1 inches for the NETC system. Both systems also resulted in the vehicle exiting
approximately parallel with the barrier and subsequently rolling onto its side during post
trajectory.

10 EVALUATION OF THE NETC 3-BAR TRANSITION FOR MASH TL4

The FEA model of the NETC 3-bar transition was developed based on the baseline
validated NETC 2-bar transition model (refer to Section 7). The modifications to the baseline
transition model were primarily related to including the third rail and to matching the current
design being installed (refer to Appendix B), which included:

e Replacing the 6”x8” wood posts with steel W6x9 posts made from AASHTO
M183 steel (ASTM A36); the material characterization was based on stress-strain
curves from tensile tests [ Wright97] with yield strength = 45.7 ksi (true stress).

e Increasing w-beam rail height from 27 inches to 31 inches.
e Increasing the thrie-beam height from 32 inches to 34 inches.

e Adding the 3" rail element and repositioning mounting holes for post
attachments.

e Removing the deflector plate.

e Extending the continuum soil model to include all posts in the thrie-beam region.

e Replacing the NETC 2-bar bridge rail model with the NECT 3-bar bridge rail
model developed in Section 9.

e Updating the splice connection to include bushing-spacers for the cap screws on
both sides of the splice.

The model included 42 feet of w-beam guardrail and transition elements; and included
23.8 feet of the NETC 3-bar bridge rail, as illustrated in Figure 169. The geometric details of the
system model were consistent with the drawings of Appendix B. Refer to Section 7 for
additional details regarding model development and methodology.
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Figure 169. FEA model of the 3-bar transition (oblique viewpoint).
10.1 Determining Critical Impact Point

According to MASH the critical impact point for passenger vehicles must be planned to
examine the potential for wheel snagging and pocking as well as structural failure of barrier
elements. Wheel snagging and pocking are generally the most critical and the most sensitive to
impact point. When the impact is too close to a potential snag point, the vehicle may not
penetrate deep enough into the barrier prior to reaching the snag point. When the impact point is
too far away from the potential snag point, the vehicle may begin to redirect and exit the barrier
prior to reaching the snag point.

Two critical snag points were identified for the transition regarding impact with
passenger vehicle: 1) the upstream end of the tube rails and 2) the first post of the tube-rail
section of the transition, as illustrated in Figure 170. For the single unit truck the critical snag
point was determined to be at the splice connection between the transition and the bridge rail, as
illustrated in Figure 171.

Figure 170. Illustration of potential snag points on the 3-bar transition for passenger vehicles.
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Critical Snag Point for SUT

Figure 171. Illustration of potential snag point on the 3-bar transition for the single unit truck.

10.2 Test 4-20
10.2.1 CIP for Test 4-20

The critical impact point for Test 4-20 was determined using FEA with respect to
maximum potential for wheel snag on the first post of the tube-rail section of the transition.
Finite element analysis was used to simulate MASH Test 4-20 at impact points 3.6 ft, 4.0 ft, 4.5
ft, 5.0 ft, 5.5 ft and 6.0 ft from the centerline of the post. These analysis cases were conducted
for 0.15 seconds of impact for the purpose of determining the critical impact point for
maximizing the potential for wheel snag on the first post of the tubular-rail section of the
transition. The results of the six analysis cases are shown in Figure 172. None of the analysis
cases resulted in significant wheel contact with the post; however, impact at 5.5 feet upstream of
the critical post resulted in the greatest chance for wheel contact with the post and was therefore
selected as the CIP for the final evaluation to maximize potential for wheel snag.

P 3.6 ft IP 4.0 ft P45 ft

Figure 172. Results of Test 4-20 CIP evaluations for the 3-bar Transition.

The final analysis was performed for 0.6 seconds of the impact event. The following
sections provide a summary of the results and include a commentary describing the timing and
occurrence of various events during the simulated impact, time-history data evaluation, occupant
risk assessments, and damages sustained by both the barrier and vehicle.
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10.2.2 Summary of Key Phenomenological Events

The sequential views of the impact event are shown in Appendix N in Figures N-1
through N-3 from an overhead viewpoint, downstream and upstream viewpoint, and oblique
viewpoint, respectively. At time equal zero seconds the front bumper of the car contacted the
lower two corrugations of the nested thrie-beam rail at 5.5 feet upstream of Post 4, as illustrated
in Figure 173. Before 0.005 seconds, the front-right tire struck the curb. At 0.01 seconds the
front-right fender contacted the top corrugation of the thrie-beam, the front-right tire contacted
the lower corrugation, and the barrier began to deflect. At 0.025 seconds the front-right tire was
steered parallel to the barrier, and the front bumper of the vehicle was aligned with Post 5. At
0.035 seconds the lower edge of the front-right A-pillar deformed and cracked the lower edge of
the windshield. At 0.05 seconds the front bumper was aligned with Post 4. At 0.06 seconds the
front-right tire was fully mounted onto the curb. At 0.075 seconds the barrier reached maximum
dynamic deflection of 5.8 inches at the lower corrugation of the thrie-beam at the point where the
nested thrie-beam connects to the thrie-beam end shoe; Post 5 deflected 4.69 inches. At 0.076
seconds the occupant struck the right side of the interior at 24.3 ft/s in the longitudinal direction
and 25.9 ft/s in the lateral direction. At 0.085 seconds the front-right tire was aligned with Post 4
(critical snag point) but did not contact the post. At 0.103 seconds the maximum longitudinal
ORA occurred with magnitude 4.2 G. At 0.155 seconds the rear-right tire contacted the curb. At
0.195 seconds the rear-right tire was fully mounted onto the curb. At 0.21 seconds the rear-right
tire contacted the lower tube railing near Post 4. At 0.227 seconds maximum lateral ORA
occurred with magnitude 7.4 G. At 0.26 seconds the vehicle reached a maximum roll angle of
6.2 degrees (away from barrier). At 0.295 seconds the vehicle separated from the barrier at an
exit speed and angle of 43.5 mph and 4 degrees. At 0.48 seconds the vehicle reached a
maximum pitch of 3.9 degrees (rear pitching upward). The vehicle remained stable throughout
post-impact trajectory. The analysis ended at 0.6 seconds, at which time:

e The roll, pitch, and yaw of the vehicle were, respectively, 1.8 degrees (toward
barrier), 2.9 degrees (rear pitching up), and 19.29 degrees (5.71 degrees relative to
and toward barrier).

e The forward velocity of the vehicle was 43 mph (69.1 km/h).

Critical Snag
Point

Figure 173. Impact point for Test 4-20 on the 3-bar transition.
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10.2.3 Time History Data Evaluation

Figures 174 through 176 show the longitudinal, transverse, and vertical acceleration-time

histories, respectively, computed from the center of gravity of the vehicle; Figures 177 through
179 show the comparison of the angular rates and angular displacements (i.e., yaw, roll and
pitch) at the center of gravity of the vehicle.
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Figure 174. 10- and 50-millisecond average X-acceleration from FEA of Test 4-20 on the 3-bar

transition.
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Figure 175. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-20 on the 3-bar

transition.
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Figure 176. 10- and 50-millisecond average Z-acceleration from FEA of Test 4-20 on the 3-bar

transition.
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Figure 177. Yaw rate and yaw angle time-history from FEA of Test 4-20 on the 3-bar transition.
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Figure 178. Roll rate and roll angle time-history from FEA of Test 4-20 on the 3-bar transition.
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Figure 179. Pitch rate and pitch angle time-history from FEA of Test 4-20 on the 3-bar transition.

10.2.4 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 77 shows the results for the occupant risk calculations. The results
indicate that the occupant risk factors meet safety criteria specified in MASH.
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The occupant impact velocities in the longitudinal and transverse directions for the
transition were 24.3 ft/s and 25.9 ft/s, respectively, which were within the recommended limits
specified in MASH. The highest 0.010-second occupant ridedown acceleration in the
longitudinal and transverse directions were 4.2 g and 7.4 g, respectively, which were well within
preferred limits specified in MASH. The maximum 50-ms moving average acceleration values in
the longitudinal and transverse directions were 13.0g and 15.1 g, respectively. The maximum
roll and pitch angles of the vehicle were 6.2 degrees and 3.9 degrees, respectively, which were
well below critical limits in MASH.

Table 77. Summary of MASH occupant risk metrics for Test 4-20 on the 3-bar transition.

Occupant Risk Factors MASHIZ-10 MASH criteria
Test 4-20
Occupant Impact Velocity | x-direction 24.3
#/s) -direction oo <30 ft/s (preferred) v/
. at 0.0761 seconds on right <40 ft/S (Ilmlt)
attime side of interior
THIV 35.1
at 0.0761 seconds on right
(ft/s) side of interior
Ridedown Acceleration x-direction -4.2
(&) (0.0976 - 0.1076 seconds) <15G (preferred) v’
y-direction 74 <20.49 G (limit)
(0.2218- 0.2318 seconds)
PHD 7.5
(g's) (0.2218 - 0.2318 seconds)
ASI 1.99
(0.0151- 0.0651 seconds)
M - i . acc. -1
ax 50-ms moving avg. acc xedirection 3
(g's) (0.0219 - 0.0719 seconds)
y-direction -15.1
(0.0148 - 0.0648 seconds)
. . -3.5
z-direction
(0.5417 - 0.5917 seconds)
Maximum Angular Disp. -6.2
(deg) Roll (0.2565 seconds) <75 deg v
-3.9
Pitch (0.4753 seconds)
-29.4
Yaw (0.2632 seconds)

10.2.5 Occupant Compartment Intrusion

The maximum deformation of the occupant compartment was less than 1 inch at the
lower right-front corner of the toe-pan at the wheel well. Figure 180 shows a view of the vehicle
interior after the impact, with several components removed to facilitate viewing. The
deformation was less than the critical limit of 9 inches specified in MASH for this area of the
occupant compartment.

Maximum OCl was < 1 inch and occurred
at the right-front toe-pan at the wheel
well. Maximum allowable is 9”.

Figure 180. Occupant compartment deformation resulting from Test 4-20 on the 3-bar transition.
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10.2.6 Damages to the Barrier System

The damages to the barrier were minimal. Figure 181 shows an overhead view of the post
impact deformation of the transition indicating the extent of damage. The barrier was deformed
over 16.7 ft of the system with deformation extending from the rail splice at the bridge rail to
Post 11 of the transition. Figure 182 and Figure 183 show images of the maximum dynamic
deflection and permanent deflection of the barrier, respectively, with a contour plot of lateral
displacement on the rail elements. The maximum dynamic and permanent deflections were 5.8
inches and 4.65 inches, respectively, and occurred at the lower corrugation of the thrie-beam at
the point where the nested thrie-beam connects to the thrie-beam end shoe, as illustrated in
Figures 182 - 184.

12.9ft

(vehicle contact)

Figure 181. Overhead view of 3-bar transition after Test 4-20 showing extent of damage.

Maximum dynamic deflection = 5.8 in (148 mm) at 0.06 seconds Y-displacement (mm)
1.480e+02
1.332e+02:l
1.184e+02 _|
1.036e+02 _
8.880e+01
7.400e+01
5.920e+01
4.440e+01
2.960e+01
1.480e+01
0.000e+00 |

Figure 182. Contour plot of lateral displacement for the transition at the time of maximum
dynamic deflection.

Maximum permanent deflection = 4.65 in (118 mm) Y-displacement (mm)
1.260e+02
1.125&02]
1.000e+02
B8.750e+01 _
7.500e+01
6.250e+01
5.000e+01
3.750e+01
2.500e+01
1.260e+01
0.000e+00

Figure 183. Contour plot of maximum permanent deflection for the transition.
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Figure 184. Contours of effective plastic strains on the steel rails and posts for 3-bar transition.

10.2.7 Damages to Vehicle

Figure 185 show contour plots of effective plastic strain for the vehicle, which were used
to identify areas of the vehicle that suffered damage during the simulated impact event. The
most severe damages were to the front fender, the upper and lower control arm of front
suspension, front wheel, lower- impact edge of windshield (cracking), with light damage to the
rear quarter panel of the vehicle.

Effective Plastic Strain
1.000e-01
s.oooe-oz}
8.000e-02 _|
7.0006-02 _
6.000e-02 _
5.000¢-02 _|
4.000e-02 _|
3.000e-02 _|
2.000e02
1.ocme-uz:l
0.000e+00

Figure 185. Damages to vehicle in Test 4-20 analysis of the 3-bar transition.

10.2.8 Exit Box

Figure 186 shows the exit box for Test 4-20 on the transition, where the vehicle was
smoothly redirected and its path was well within the exit box criteria of MASH.
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15 ft.

B=32.38ft.

Figure 186. Exit box for Test 4-20 analysis of the 3-bar transition.

10.2.9 Results Summary

A summary of the MASH Test 4-20 results on the 3-bar transition is shown in Table 78
and Figures 187. The barrier successfully contained and redirected the small car with minimal
damage to the system. There were no detached elements from the barrier that showed potential
for penetrating the occupant compartment or presenting undue hazard to other traffic. The
vehicle remained upright and very stable throughout impact and redirection. The OIV and
maximum ORA values were within recommended limits specified in MASH. Based on the
results of this analysis, the barrier meets all structural and occupant risk criteria in MASH for
Test 4-20 impact conditions.

Table 78. Summary of MASH Test 4-20 results on the 3-bar transition.

Evaluation Factors Evaluation Criteria Results

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

Pass

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, to
occupant compartment should not exceed limits set forth in Section
5.2.2 and Appendix E.

Pass

Occupant

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

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

The longitudinal and lateral occupant impact velocity (OIV) shall
H not exceed 40 ft/s (12.2 m/s), with a preferred limit of 30 ft/s (9.1 Pass
m/s)

The longitudinal and lateral occupant ridedown acceleration (ORA)

shall not exceed 20.49 G, with a preferred limit of 15.0 G Pass
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Time =0.2 sec Time = 0.5 sec

s s i e e e B B R R

B=32.8ft.
General Information Impact Conditions
Analysis Agency ... Roadsafe LLC Speed ... 62 mph Max50-millisecond Avg. (G)
Test Standard Test No. .. MASH Test 4-20 Angle .... 25 degrees Longitudinal ..........ccccee.... 13 g
Analysis NO. ......ccecevereirereveserennnee. NETC18_3BarTrans_T420 Location ........ccccevevvivveennes 5.5 ft upstream of Post 5 Lateral .o.uveeceivenercnercins 15.1¢g
Analysis Date ....cceeeevesirererenevenenen. 4/2/2019 Vertical w..cccoeovevvccierinene. 3.5 8
Test Article Impact Severity ..........ccc....... 59.5 kip-ft Test Article Deflections (in)
TYPE wevtrirsercreecrne e serie .. Bridge Rail Transition Exit Conditions Dynamic ........ccccceevevvveenee. 5.8 inches
Name ....cccoeeeeevireecsncineeveecseseeneeee. NETC 3-Bar Transition Speed .....covvvvvneivcineeee. . 43.5 mph Permanent .........ccceeeueee.. 4.7 inches
Installation Length ...........cc.ccsuue.... 65.8 feet ANGlE v 4 degrees Working Width ................ 19ft
Material or Key Elements ............... TIME covveeeevvevereevsseeeneee. 0.295 seconds Max. OCl .....ccvevreerirece e <1inch
Soil Type and Condition ................. MASH Strong Soil Occupant Risk Values Vehicle Stability
Analysis Vehicle Longitudinal OIV ................ 24 .3 ft/s ROl o, 6.2 degeES
Type / Designation ...........ccccceeereene. 1100C Lateral OIV ....cccocoevevereirennas 25.9 ft/s Pitch oo 3.9 degrees
FEA Model name ... 510_YarisC_V1I_R180228 Longitudinal ORA 42¢g YaW cecveivevercneecinneenenenns. 29.4 degrees
2,595 lb Lateral ORA 74¢
35.1 ft/s
75¢g
1.99

Figure 187. Summary results for MASH Test 4-20 on the 3-bar transition.
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10.3 Test 4-21
10.3.1 CIP for Test 4-21

Finite element analysis was used to simulate MASH Test 4-21 at impact points 5.7 ft, 6.2
ft, 7.2 ft, 8.2 ft, 8.7 ft, 9.2 ft, 9.7 ft, 10.2 ft, 10.7 ft and 11.7 from the end of the tube rail. These
analysis cases were conducted for 0.15 seconds of impact for the purpose of determining the
critical impact point for maximizing vehicle accelerations and maximizing forces on the barrier
at the junction point of the thrie-beam and the tubular rail section. The 0.15 seconds was
sufficient time for the vehicle to reach peak lateral acceleration and almost fully redirect (e.g.,
the yaw angle ranged from 18-20 degrees). The assessment was based on three key factors; 1)
pocketing, 2) peak accelerations, and 3) impact severity at the time when the vehicle approached
the connection point. Vehicle stability was not assessed in these analyses due to the short time
duration of the impact (i.e., 0.15 seconds); however, the roll and pitch angles were relatively low
for all cases.

The potential for pocketing was evaluated by measuring the lateral displacement at six
points on the thrie-beam near the connection point and comparing to the lateral deflection of the
rail at the connection point, as illustrated in Figure 188. The results of the evaluations are shown
in Figures 189 and 190. Based on these results, impact at 9.2 feet upstream of the tubular rails
resulted in the highest relative deflections at Nodes 1 - 4; and was therefore considered the
highest potential for snagging on the ends of the tubular rails related to pocketing.

AR

Ref Node ,90]9147
R
7 ) Node 1 Node 2

Node 3 Node 4 Node 5 Node 6

Figure 188. Measurement points for determining CIP for pocketing for Test 4-21.

Max Pocket 7
P ANode 1 ANode2 ANode3 ANode4 ANode5 ANode 6 = 6
(ft) (in) (in) (in) (in) (in) (in) T s
5.7 ft 0.92 1.33 1.73 1.89 1.76 1.67 % B
6.2 ft 1.02 2.13 2.54 2.74 2.68 2.49 LEL
7.2 ft 1.23 2.04 2.79 3.13 3.16 3.07 g8 3
)
8.2 ft 1.47 2.47 3.44 4.16 4.49 4.51 2z 2
8.7 ft 1.59 2.62 3.72 4.61 5.27 5.40 E h
9.2 ft 1.71 2.86 4.09 5.12 5.80 6.26 IIII | I
0
97ft 153 258 372 472 542 594 ANode 1 ANode 2 ANode 3 ANode 4 ANode 5 ANode 6
10.2 ft 1.60 2.74 4.04 5.16 6.05 6.49
Impact Point W57 ft W62 ft W72t m82ft 87ft
10.7 ft 1.51 2.60 3.84 4.93 5.83 6.54
9.2 ft mo.7ft m10.2 ft 10.7 ft m117ft
11.7 ft 1.36 2.38 3.65 4.78 5.78 6.75

Figure 189. Relative displacements of rail for Test 4-21 simulations in CIP evaluations.
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Figure 190. Plots of relative displacements for Test 4-21 simulations in CIP evaluations.

Figure 191 shows a plot of the total deflection of the transition at the critical snag point
for each of the analysis cases, which indicates that impact at 7.2 feet resulted in the highest
loading on the rail at the critical snag point, with impact at 6.2 feet resulting in the second
highest loading. Figure 192 shows plots of vehicle resultant accelerations and impact severity at
the time when the vehicle bumper is at the critical snag point. The initial peak accelerations are
of similar magnitude and occur at approximately the same time for all cases; the results are also
consistent with typical Test 3-11 or 3-21 results on rigid barriers. The highest resultant
acceleration occurred for impact at 6.2 feet; however, the peak acceleration for that case occurred
at 0.01 seconds before the bumper of the vehicle reached the critical snag point. The second
highest acceleration peak was for the 5.7-ft case and occurred just before the bumper reached the
critical snag point. Although impact at 9.2 feet resulted in the greatest potential for pocketing,
the vehicle accelerations and the impact severity on the barrier was significantly reduced at the
time when the vehicle reached the critical snag point.

Total Deflection at Critcal Snag Point (Node 1)

Displacement (in)

0 0.025 0.05 0.075 0.1 0.125 0.15
Time (sec)
e |P5.7 ft o= |P6.2 ft o |P7.2 ft e |P8.2 ft 1P8.7 ft
1P9.2 ft IP9.7 ft =====|P10.2 ft == |P 10.7 ft

Figure 191. Total deflection of the rail at the critical snag point on the transition for Test 4-21.
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Figure 192. Plots of (a) vehicle accelerations and (b) impact severity at time when vehicle is
positioned at critical snag point.

Based on the analysis results it was determined that there was very low potential for
snags on the end of the transition tube rails, and that the curb sufficiently shields the posts from
contact/snag with vehicle tires. In general, the results showed that:

e Impact at 7.2 ft resulted in largest displacement of rail (at Node 1) approaching
end of transition tube rails

e Impact at 6.2 ft resulted in the highest accelerations and 2nd largest displacement
of rail approaching end of rail tube

e Impact at 5.7 ft resulted in the highest accelerations occurring at time of potential
snag on end of transition rails.

e Impact at 9.2 feet resulted in the greatest relative deflection at the snag point.

The CIP used for NCHRP Report 350 Test 3-21 (i.e., Test 401181-1) on the NETC 2-bar
transition was 5.1 feet.[Alberson06]. The critical impact points used in recent MASH evaluations
of bridge rail transitions included 6.7 feet for Test AGTB-1 [Rosenbaughl8] and 5.5 feet for
simulation of MassDOT AGT [Plaxicol8]; both cases involved a nested thrie-beam transition
section connected to a rigid concrete buttress.

For the current study, two critical impact points were determined. The primary CIP was
6.2 feet upstream of the critical snag point at the end of the tubular rails and was based on overall
results considering equal weight for pocketing and impact severity at time of vehicle approach to
potential snag point. The secondary CIP was determined to be 9.2 feet upstream of the critical
snag point which resulted in the greatest potential for pocketing. Only the primary CIP,
however, was selected for further evaluation.

The final analysis was performed for 0.85 seconds of the impact event. The following
sections provide a summary of the results and include a commentary describing the timing and
occurrence of various events during the simulated impact, time-history data evaluation, occupant
risk assessments, and damages sustained by both the barrier and vehicle.

10.3.2 Summary of Key Phenomenological Events

The 5,001-1b pickup struck the barrier at 6.2 feet upstream of the critical snag point at the
end of the tubular rails at a speed of 62 mph and at an angle of 25 degrees, as illustrated in Figure
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193. The sequential views of the impact event are shown in Appendix O in Figures O-1 through
O-3 from an overhead viewpoint, downstream and upstream viewpoint, and isometric viewpoint,
respectively.

At time equal zero seconds the front bumper of the pickup contacted the lower and
middle corrugation of the thrie-beam, while the front-right fender contacted the upper
corrugation. At 0.01 seconds the front-right tire contacted the curb and the barrier started to
deflect. At 0.02 seconds the front-right tire was compressed to the rim at two points and would
likely have deflated; however, tire deflation was not included in the model. At 0.04 seconds the
front-right tire was fully mounted onto the curb and was steered parallel to the barrier. At 0.055
seconds the front bumper was aligned with Post 5. At 0.06 seconds the front-left tire lifted off
the ground as the vehicle started to roll toward the barrier. At 0.065 seconds the front bumper
was aligned with the end of the transition tube rails, and the front fender slightly snagged on the
top of the blockout of Post 5. This resulted in a peak 10-millisecond average acceleration of 11.8
G in the longitudinal direction. At 0.08 seconds the front bumper was aligned with Post 4. At
0.0925 seconds the occupant struck the right side of the interior at 17.7 ft/s in the forward
direction and 24.6 ft/s in the lateral direction. At 0.095 seconds the rear-left tire lifted off the
ground as the vehicle continued to roll toward the barrier. The roll angle of the pickup at this
time was 4.4 degrees. At 0.11 seconds the front-right tire was aligned with Post 4, but the tire
did not contact the post. At 0.113 seconds the peak occupant ridedown acceleration in the
longitudinal direction occurred with magnitude 5.2 G. At 0.12 seconds the vehicle reached peak
roll angle of 5.8 degrees toward the barrier. At 0.17 seconds the rear-right tire contacted the curb
and the pickup bed contacted the middle and lower corrugations of the thrie-beam. At (.18
seconds the rear bumper contacted the middle corrugation of the thrie-beam at approximately 8.1
feet upstream from the end of the transition tube rails. At 0.185 seconds the vehicle was parallel
to the barrier. At 0.19 seconds the rear-left tire was compressed laterally to the point the tire
debeading would be likely. Also, at this time the front bumper of the vehicle was aligned with
the splice connection at the bridge rail, and the front of the vehicle began to exit the system. At
0.202 the maximum occupant ridedown acceleration in the lateral direction occurred with
magnitude 15.1 G. At 0.21 seconds the rear-left tire was fully mounted onto the curb. At0.31
seconds the vehicle separated from the barrier traveling at 47.5 mph at an exit angle of 3 degrees.
At 0.5 seconds the vehicle reached maximum roll angle of 8.1 degrees away from the barrier. At
0.56 seconds the vehicle reached maximum pitch angle of -3.7 degrees rear pitching up). The
vehicle remained stable throughout post-impact trajectory. The analysis ended at 0.85 seconds,
at which time:

e The roll, pitch, and yaw of the vehicle were, respectively, 0.8 degrees (toward barrier),
1.1 degrees (rear pitching up), and 26.9 degrees (1.9 degrees relative to and away from
the barrier).

e The forward velocity of the vehicle was 45.6 mph (73.3 km/h).
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Figure 193. Impact point for Test 4-21 on the 3-bar transition.

10.3.3 Time History Data Evaluation

Figures 194 through 196 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the center of gravity of the vehicle; Figures 197 through
199 show the angular rates and angular displacement about the x-, y-, and z-axis at the center of
gravity of the vehicle.
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Figure 194. 10- and 50-millisecond average X-acceleration from FEA of Test 4-21 on the 3-bar
transition.
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Figure 195. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-21 on the 3-bar

transition.
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Figure 196. 10- and 50-millisecond average Z-acceleration from FEA of Test 4-21 on the 3-bar
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Figure 197. Yaw rate and yaw angle time-history from FEA of Test 4-21 on the 3-bar transition.
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Figure 198. Roll rate and pitch angle time-history from FEA of Test 4-21 on the 3-bar transition.
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Figure 199. Pitch rate and pitch angle time-history from FEA of Test 4-21 on the 3-bar transition.

10.3.4 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 79 shows the results for the occupant risk calculations. The results
indicate that the occupant risk factors met safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions for the curb-
mounted system were 17.7 ft/s and 24.6 ft/s, respectively, which were within the recommended
limits specified in MASH. The highest 0.010-second occupant ridedown acceleration in the
longitudinal and transverse directions were 5.2 g and 15.1 g, respectively, which were just over
the recommended limit within but with critical limits specified in MASH. The maximum 50-ms
moving average acceleration values in the longitudinal and transverse directions were 7.7 g and
10.6 g, respectively. The maximum roll and pitch angles of the vehicle were 8.1 degrees and 3.7
degrees, respectively, which were well below critical limits in MASH. As mentioned previously
in Section 5, the 2270P vehicle model often over-estimates the lateral ridedown acceleration [see
Appendix E].
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Table 79. Summary of occupant risk metrics for Test 4-11 on the 3-bar transition.

MASH T4-11 MASH Criteria
Test 4-21

Occupant Impact Velocity | x-direction 17.7
(ft/s) y-direction 24.6 <30 ft/S (prEferred) v

at 0.0925 seconds on right < 40 ft/S (Iimit)

side of interior

THIV 30.5
t 0.0925 seconds on right
(ft/s) IO e,
ide of interior
Ridedown Acceleration -5.2

(g's) xedirection | 10g2. 0.1182 seconds) > 15 G (preferred)
-direction 151 <20.49G (limit) v
(0.1973 - 0.2073 seconds)
PHD 15.2
(g's) (0.1973 - 0.2073 seconds)
1.33
(0.0417 - 0.0917 seconds)
Max 50-ms moving avg. acc. N -7.7
x-direction
(g's) (0.0367 - 0.0867 seconds)
-10.6
(0.0419 - 0.0919 seconds)
2.9
(0.2506 - 0.3006 seconds)
Maximum Angular Disp. -8.1
(deg) Roll (0.4977 seconds)
-3.7 <75deg V¥
Pitch (0.5602 seconds)
-29.1
Yaw (0.6542 seconds)

Occupant Risk Factors

at time

ASI

y-direction

z-direction

10.3.5 Occupant Compartment Intrusion

The maximum deformation of the occupant compartment was negligible for this analysis
case. Figure 200 shows a view of the vehicle interior after the impact, with several components
removed to facilitate viewing.

“\\ Effective Plastic Strain
D 1.000e01 OCl was negligible
S e
A
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Figure 200. Occupant compartment deformation resulting from Test 4-21 on the 3-bar transition.

10.3.6 Damages to the Barrier System

The damages to the barrier were moderate. Figure 201 show an overhead view of the post
impact deformation of the transition indicating the extent of damage. The barrier was deformed
over 22.9 ft of the system with deformation extending from the rail splice at the bridge rail to
Post 12 of the transition. The vehicle was in contact with the barrier for approximately 15.6 ft.
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Figure 202 and Figure 203 show images of the maximum dynamic deflection and permanent
deflection of the barrier, respectively, with a contour plot of lateral displacement on the rail
elements. The maximum dynamic and permanent deflections were 7.95 inches and 6.8 inches,
respectively, and occurred at the lower corrugation of the thrie-beam at the point where the
nested thrie-beam connects to the thrie-beam end shoe, as illustrated in Figures 201 - 204.
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2.021e+02
1.819e+02 ]
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2.021e+01
0.000e+00

Figure 202. Contour plot of lateral displacement for Test 4-21 on the 3-bar transition at the time of
maximum dynamic deflection.
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Figure 203. Contour plot of maximum permanent deflection for Test 4-21 on the 3-bar transition.
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Figure 204. Contours of effective plastic strains on the steel rails and posts for Test 4-21 on 3-bar
transition.

10.3.7 Damages to Vehicle

Figure 205 show contour plots of effective plastic strain for the vehicle, which were used
to identify areas of the vehicle that suffered damage during the simulated impact event. The
most severe damages were to the front bumper, the front fender, the upper control arm of front
suspension, front and rear wheels, rear edge of rear door, front edge of truck bed, rear quarter
panel of truck bed and rear bumper.
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Figure 205. Damages to vehicle in Test 4-21 analysis of the 3-bar transition.
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10.3.8 Exit Box

Figure 206 shows the exit box for Test 4-21 on the 3-bar transition system. The vehicle

was smoothly redirected and its path was well within the exit box criteria of MASH.
| |

15.86 ft.

B=3238ft.

Figure 206. Exit box for Test 4-21 analysis of the 3-bar transition.

10.3.9 Results Summary

A summary of the MASH Test 4-21 results on the NETC 3-bar transition is shown in
Table 80 and Figure 207. The barrier successfully contained and redirected the 2270P vehicle
(pickup) with moderate damage to the transition. There were no detached elements from the
barrier that showed potential for penetrating the occupant compartment or presenting undue
hazard to other traffic. The vehicle remained upright and did not experience excessive roll or
pitch angle displacements. The OIV and maximum ORA values were within critical limits
specified in MASH. Based on the results of this analysis, the barrier meets all structural and
occupant risk criteria in MASH for Test 4-21 impact conditions.

Table 80. Summary of MASH Test 4-21 results on the NETC 3-bar transition.

Evaluation Factors Evaluation Criteria Results

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

Pass

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, to
occupant compartment should not exceed limits set forth in Section
5.2.2 and Appendix E.

Pass

Occupant

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

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

The longitudinal and lateral occupant impact velocity (OIV) shall
H not exceed 40 ft/s (12.2 m/s), with a preferred limit of 30 ft/s (9.1 Pass
m/s)

The longitudinal and lateral occupant ridedown acceleration (ORA)

shall not exceed 20.49 G, with a preferred limit of 15.0 G Pass
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Time =0.0 sec

0.2 sec

0.7 sec

15.86 ft.

B=328ft.
General Information Impact Conditions
ANalysis AZENCY .ocvverrerveerrereererirens Roadsafe LLC Speed ... 62 mph Max50-millisecond Avg. (G)
Test Standard Test NO. ....cccoeeuneee MASH Test 4-21 ANgle ..cooevvveveveeveisieneeee. 25 degrees Longitudinal ......cceecvevene. 7.7 8
Analysis No. ....... ... NETC18_3BarTrans_T421 Location .......cccccevvvvvveene. 5.5 ft upstream of Post 5 Lateral .....ccooevvrunnne . 106¢g
Analysis Date . 3/28/2019 Vertical ........ ... 29g
Test Article Impact Severity ..........c......... 114.7 kip-ft Test Article Deflections (in)
TYPE ceveeeeeseinecre e e cireeeneseneeee e Bridge Rail Transition Exit Conditions Dynamic ......ccceveeveveeenenn. 7.95 inches
Name ...ccoccovvevverererernevcesreeseenneeee. NETC 3-Bar Transition Speed .....ccovevvvvinevincvenen. 47.5 mph Permanent ............ 6.8 inches
Installation Length ...... . 65.8 feet Angle . 3 degrees Working Width . 2.06 ft
Material or Key Elements ............... Time ...... 0.31 seconds Max. OCl .......ccoeeevvevvveeencnen. < 1 inch
Soil Type and Condition ........c.ecevverurerunees MASH Strong Soil Occupant Risk Values Vehicle Stability
Analysis Vehicle Longitudinal OIV .... 17.7 ft/s ROIl v 8.1 degees
Type / Designation ... 2270P Lateral OIV ...... . 246ft/s Pitch . .. 3.7 degrees
FEA Model name ......... . SilveradoC_V3a_V180201_TireRS_35psi Longitudinal ORA .............. 52g Yaw .......... .. 29.1 degrees
MESS wcvvevvercrieeieececeseeeervevenesse oo e 5,001 b Lateral ORA ......cccccoecvveenee. 15,1 8
THIV oo 30.5 /s
PHD 15.2¢
ASI ......... 1.33

Figure 207. Summary results for MASH Test 4-21 on the 3-bar transition system
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10.4 Test 4-22
10.4.1 CIP for Test 4-22

The critical impact point for Test 4-22 was determined using FEA with respect to
maximum potential for vehicle snag on the end of the bridge rail at the splice connection
between transition rails and bridge rail, as illustrated in Figure 208. Finite element analysis was
used to simulate MASH Test 4-22 at impact points 5 ft, 6 ft, 7 ft, 8 ft and 9.0 ft from the mid-
point of the splice connection. These analysis cases were conducted for 0.4 seconds of impact
which was sufficient to evaluate potential snags regarding both the front and rear of the vehicle.

Critical Snag Point for SUT 5ft 7ft 9ft
CIP 6 ft| 8ft

Figure 208. Illustration of potential snag point for Test 4-22 on the 3-bar transition and impact
points evaluated.

The longitudinal, lateral and resultant forces on the barrier for each case is shown in
Figure 209, and an overlay of all cases is shown in Figure 210. The force magnitudes were very
similar for all cases. The impact at 9 feet upstream of the splice, however, resulted in the
greatest potential for the cargo-box of the truck to extend over the top of the rail and snag on the
tops of the bridge rail posts as the truck rolled toward and over the bridge rail, as illustrated in
Figure 211. It was assumed that the potential for the vehicle bed extending over the rail and the
potential for the vehicle rolling over the barrier would further increase as the impact point moved
farther upstream onto the lower height section of the transition (e.g., thrie-beam section is 34
inches tall). However, at some point, the transition itself moves from a TL4 design to a TL3
design where it would not be expected or required to meet TL4. Therefore, the evaluations only
considered impacts on the downstream section of the transition leading up to the TL4 bridge rail
(i.e., the tubular transition section).

Based on these results, impact at 9 feet upstream of the bridge rail splice was selected as
the critical impact point to maximize potential for vehicle snag on the end of the bridge rail and
to also maximize potential for vehicle roll angle and contact between cargo-box and bridge rail
posts. The analysis was performed for 1.5 seconds of the impact event. The following sections
provide a summary of the results and include a commentary describing the timing and
occurrence of various events during the simulated impact, time-history data evaluation, occupant
risk assessments, and damages sustained by both the barrier and vehicle.
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Figure 209. Longitudinal, lateral and resultant forces on barrier for each analysis case.
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Figure 210. Overlay of force-time history for all cases.

Figure 211. Cargo-box bed rails snag on top of bridge rail posts.
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10.4.2 Summary of Key Phenomenological Events

The 22,198-1b single unit truck struck the barrier at 9.0 feet upstream of the bridge rail
splice at a speed of 56 mph and at an angle of 15 degrees, as illustrated in Figure 208. The
sequential views of the event are shown in Appendix P in Figures P-1 through P-3 from an
overhead viewpoint, downstream and upstream viewpoint, and an oblique viewpoint,
respectively.

At time equal zero seconds the front bumper of the vehicle made slight contact with the
top and middle corrugations of the thrie-beam end shoe, and then immediately lost contact as the
vehicle moved forward toward the tubular rail section of the transition. At 0.01 seconds the
front-right tire made slight contact with the lower and middle corrugations of the thrie-beam end
shoe, and the front bumper contacted the tubular section of the transition at Post 4. Also, at this
time, the tire contacted the curb. At 0.015 seconds the front bumper contacted the upper and
middle tube rails of the transition, and at 0.02 seconds the front fender contacted the upper rail
tube. At 0.025 seconds the system started to deflect. At 0.035 seconds the front-right tire started
to steer away from the barrier, and the front bumper was aligned with Post 3 of the transition. At
0.055 seconds the front-right tire was fully mounted onto the curb, and the front bumper was
aligned with Post 2 of the transition. At 0.065 seconds the tire had steered parallel to the barrier.
At 0.08 seconds the front bumper was aligned with Post 1 of the transition. At 0.105 seconds the
front bumper moved across the splice connection of the middle rail tube to the bridge rail. At
0.12 seconds the front fender moved across the splice connection of the top tube rail. At 0.125
seconds the front-right wheel began to move across the splice connection of the lower tube rail.
At 0.145 seconds the front-lower edge of the cargo-box passed over the top of the top rail just
upstream of Post 3 of the transition. At 0.215 seconds the lower-leading edge of the cargo-box
contacted the top of the tube rails at the splice connection. At 0.22 seconds the rear-right wheel
contacted the curb. At 0.23 seconds the lower-leading edge of the cargo-box contacted the first
post of the bridge rail and began to deform. At 0.24 seconds the rear-right wheel simultaneously
contacted the thrie-beam end shoe and all three tube rails of the transition. Also, at this time, the
lower edge of the cargo-box contacted the top of Post 1 of the transition. At 0.245 seconds the
lower-edge of the cargo-box snagged on Post 1 of the bridge rail, and the post began to twist and
deflect longitudinally. The under-side of the cargo-box then remained in contact with the top of
the bridge rail and continued to snag on the tops of the bridge rail posts until the truck exited the
end of the bridge rail. At 0.265 seconds the rear-right tire was fully mounted onto the curb. At
0.304 seconds the vehicle was parallel to the barrier. At 0.335 seconds the rear-right tire began
to pass the splice connection with no snag with the splice. At 0.365 seconds the lower-side of the
cargo-box contacted and snagged the top of Post 2 of the bridge rail. At 0.455 seconds the
lower-side of the cargo-box contacted and snagged the top of Post 3 of the bridge rail. At 0.6
seconds the vehicle exited the rail as the cargo-box slide off the end of the bridge rail a 44.4 mph
with yaw angle of 5.5 degrees toward the barrier. At 0.76 seconds the truck cabin reached
maximum roll angle of 26.3 degrees. At 0.81 seconds the cargo box reached peak pitch angle of
11.8 degrees wit rear pitching upward. At 0.82 seconds the cargo-box reached peak roll angle of
34 degrees toward the barrier. At 0.873 seconds the truck cabin reached maximum pitch angle of
11.9 degrees with rear pitching upward. The vehicle remained upright and relatively stable
throughout impact, although post trajectory indicated that the vehicle would likely roll onto its
side. The analysis ended at 1.5 seconds, at which time:
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e The roll, pitch, and yaw of the truck cabin were, respectively, 16.7 degrees
(toward barrier), 0.82 degrees (rear pitching up), and 35.2 degrees (20.2 degrees

relative to and toward barrier).

e The roll, pitch, and yaw of the cargo-box were, respectively, 14.2 degrees (toward
barrier), 1.94 degrees (rear pitching up), and 33.6 degrees (18.6 degrees relative to

and toward barrier).

e The forward velocity of the vehicle was 48.6 mph (78.1 km/h).

10.4.3 Time History Data Evaluation

Acceleration-time histories and angular rate-time histories were collected at two locations
on the vehicle: (1) on the cargo box at the center of gravity of the vehicle, and (2) a point inside
the cabin of the truck, as shown in Figure 111. The acceleration and angular rate data used for
the occupant risk measures came from the cabin location. Figures 212 through 214 show the
longitudinal, transverse, and vertical acceleration-time histories, respectively, computed from
near the center of gravity of the vehicle which falls inside the cargo-box near the front of the
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Figure 212. 10- and 50-millisecond average X-acceleration from FEA of Test 4-22 on the 3-bar
transition (c.g. accelerometer).
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Figure 213. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-22 on the 3-bar
transition (c.g. accelerometer).
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Figure 214. 10- and 50-millisecond average Z-acceleration from FEA of Test 4-22 on the 3-bar

transition (c.g. accelerometer).

Figures 215 through 217 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the inside the cabin of the vehicle; Figures 218 through
220 show the comparison of the angular rates and angular displacements about the x-, y-, and z-
axis from the cabin location. These data are used for calculating the occupant risk metrics.
MASH does not require that occupant risk be evaluated; however, they are reported herein for
completeness (see following section).
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Figure 215. 10- and 50-millisecond average X-acceleration from FEA of Test 4-22 on the 3-bar

transition (cabin accelerometer).
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Figure 216. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-22 on the 3-bar

transition (cabin accelerometer).
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Figure 217. 10- and 50-millisecond average Z-acceleration from FEA of Test 4-22 on the 3-bar
transition (cabin accelerometer).

120 20

Test 4-22 15 - Test 4-22

=
o
L

Yaw (deg)
w

Yaw Rate (deg/s)

o

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 059 1
Time (seconds) Time (seconds)

Figure 218. Yaw rate and yaw angle time-history from FEA of Test 4-22 on the 3-bar transition
(cabin accelerometer).
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Figure 219. Roll rate and roll angle time-history from FEA of Test 4-22 on the 3-bar transition
(cabin accelerometer).
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Figure 220. Pitch rate and pitch angle time-history from FEA of Test 4-22 on the 3-bar transition
(cabin accelerometer).

10.4.4 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected from inside the
truck cabin were used to evaluate occupant risk metrics according to the procedures outlined in
MASH. Table 81 shows the results for the occupant risk calculations. The results indicate that
the occupant risk factors met safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions were 2.3 ft/s
and 14.8 ft/s, respectively. The highest 0.010-second occupant ridedown acceleration in the
longitudinal and transverse directions were 8.9 g and 5.5 g, respectively. The maximum 50-ms
moving average acceleration values in the longitudinal and transverse directions were 2.9 g and
5.9 g, respectively. The maximum roll and pitch angles of the vehicle were 26.3 degrees and
11.9 degrees, respectively. All metrics were within recommended limits specified in MASH.

Table 81. Summary of occupant risk metrics for Test 4-22 on the 3-bar transition.

. MASH MASH Criteria
Occupant Risk Factors
Test 4-22
i -di i 2
Occupant Impact Velocity | x- di.rectl.on <30 ft/S (preferred) v
(ft/s) y-direction -14.8 o
. t0.1553 seconds on left < 40 ft/s (limit)
attime B
side of interior

THIV 151
at 0.1553 seconds on left
(ft/s) ide of interior

Ridedown Acceleration x-direction -8.9 v
(g's) (0.3536 - 0.3636 seconds) <15 G (preferred)

55 <20.49 G (limit)

y-direction
(1.4779 - 1.4879 seconds)

PHD 9
(g's) (0.3536 - 0.3636 seconds)
Asl 0.69
(0.0757 - 0.1257 seconds)
Max 50-ms moving avg. acc. -2.9
B 3VE- 3CC- |y direction
(g's) (0.1877- 0.2377 seconds)
y-direction 59
(0.0750 - 0.1250 seconds)
z-direction 3.7
(0.0552 - 0.1052 seconds)
Maximum Angular Disp. -26.3
(deg) Roll (0.7569 seconds)
=g <75deg Vv
Pitch (0.8730 seconds)

-35.3
Yaw (1.4987 seconds)

10.4.5 Occupant Compartment Intrusion

The maximum deformation of the occupant compartment for impact on the 3-bar
transition was approximately 2.6 inches. The maximum deformation occurred at the lower right-
front corner of the toe-pan and the wheel well. Figure 221 shows a view of the vehicle interior
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after the impact, with several components removed to facilitate viewing. The maximum
deformation was less than the critical limit of 9 inches specified in MASH for this area of the
occupant compartment.

Maximum OCl was = 2.6 inch (66 mm) and
occurred at the lower right-front corner
of the toe-pan at wheel well.

Figure 221. Occupant compartment deformation resulting from Test 4-12 on the NETC 3-bar
bridge rail system.

10.4.6 Damages to the Barrier System

Figure 222 shows images of the barrier at the time of maximum deflection with a contour
plot of lateral displacement on the rail elements. The maximum dynamic deflection was 4.29
inches and occurred on the top rail at the critical splice connection. Figure 223 shows contour
plots of the maximum permanent deflection. The maximum permanent deflection was 2.8
inches.

Maximum dynamic deflection = 4.29 in (109 mm)
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Figure 222. Contour plot of lateral displacement for the 3-bar transition for Test 4-22 at the time of
maximum dynamic deflection.
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Maximum permanent deflection of rail = 2.8 in (71 mm)
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Figure 223. Contour plot of permanent deflection for the 3-bar transition for Test 4-22.

Figure 224 shows contours of true effective plastic strains on the steel components of the
transition and bridge rail. The plastic deformations were primarily limited to the top of Post 1 of
the transition and to the three bridge rail posts. The plastic deformations of the transition rail
elements were minimal. The damage to the posts were due to the bottom of the cargo-box
snagging on the top of the posts. This caused torque rotation and lateral deformation of the posts.
There was also soil displacement at transition Posts 1 through 6.

Figure 224. Contours of effective plastic strains on the transition and bridge rail for Test 4-22 on
the 3-bar transition.

The vehicle was in contact with the barrier from the point of contact until the truck box
slid off the end of the bridge rail at 0.55 seconds. The maximum working width prior to exiting
the barrier was 3.9 ft resulting from the top of the cargo box extending over the bridge rail, as
illustrated in Figure 225.

10.4.7 Peak Forces on Barrier

The longitudinal, lateral and resultant force-time history results are shown in Figure 226
including the force data filtered with cutoff frequency of 60 Hz. The maximum impact forces
occurred when the rear tandem wheel set impacted against the transition, with approximate
magnitudes of 38 kips, 75 kips, and 80 kips for the longitudinal, lateral and resultant
components, respectively.
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Working width

Figure 225. Working width for Test 4-22 on 3-bar transition.
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Figure 226. Longitudinal, lateral and resultant force-time history between vehicle and barrier for
Test 4-22 on the 3-bar transition.

10.4.8 Damages to Vehicle

Figure 227 shows contour plots of effective plastic strain for the vehicle, which were
used to identify areas of the vehicle that suffered damage during the simulated impact event.
The damages to the truck included the front bumper, the front fender, the front impact-side
suspension, the front axle and wheel, and rear wheel. The damages to the cargo-box included
lower-front corner of the box, the lateral floor beams, main bed rail, wood flooring, and the
exterior lower side-rail of the box.
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Figure 227. Damages to vehicle in Test 4-22 analysis of the 3-bar transition.
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10.4.9 Exit Box

Figure 228 shows the exit box for Test 4-22 on the 3-bar transition. Although the exit
box analysis is not required in MASH, it was included here for completeness. The vehicle was
smoothly redirected, and the vehicle path was well within the exit box criteria of MASH. The
vehicle remained upright during the 1.5 seconds of the impact evaluated; however, the roll rate at
the termination of the analysis indicated that it was probable that the vehicle would roll onto its
side.

26.95 ft.

B=65.6 ft.

Figure 228. Exit box for Test 4-22 for the 3-bar transition.

10.4.10Test 4-22 Results Summary

A summary of the MASH Test 4-22 results on the 3-bar transition is shown in Table 82
and Figure 229. The barrier adequately contained and redirected the 10000S vehicle (single unit
truck) with low to moderate damage to the transition. The damages to the bridge rail posts were
significant due to the bottom of the cargo-box leaning over the rail and snagging on the tops of
the posts. The maximum dynamic and permanent deflections of the railing were 4.3 inches and
2.8 inches, respectively. There were no detached elements from the barrier that showed potential
for penetrating the occupant compartment or presenting undue hazard to other traffic. The
vehicle remained upright during the 1.5 seconds of the impact evaluated; however, the roll rate at
the termination of the analysis indicated that it was probable that the vehicle would roll onto its
side. It is preferred that the vehicle remain upright, but not required. Based on the results of this
analysis, the barrier meets all structural and occupant risk criteria in MASH for Test 4-22 impact
conditions.
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Table 82. Summary of MASH Test 4-12 results on the curb-mounted bridge rail.

Evaluation Factors Evaluation Criteria Results

Test article should contain and redirect the vehicle or bring the
Structural A vehicle to a controlled stop; the vehicle should not penetrate,
Adequacy underride, or override the installation although controlled

lateral deflection of the test article is acceptable.

Pass

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
Occupant traffic, pedestrians, or personnel in a work zone. Deformations
Risk of, or intrusions into, to occupant compartment should not
exceed limits set forth in Section 5.2.2 and Appendix E.

Pass

It is preferable, although not essential, that the vehicle remain
upright during and after collision.

Probable Fail
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General Information
Analysis Agency
Test Standard Test NO. ....ccceeuenee.

ANalySis NO. .covevveveirecre e

ANalysis Date ......coceevveereresieriennnans
Test Article

TYPE ettt

Name .o

Installation Length ........cceouveeuiene.

Material or Key Elements ...............
Soil Type and Condition ........ceeeevvvvnuene
Analysis Vehicle

Type / Designation ............

FEA Model name ...............

IMASS ettt

Impact Conditions

Roadsafe LLC Speed .. 56 mph
MASH Test 4-22 15 degrees
NETC18_3BarTrans_T422 Location ..cceeveeeeceieeen. 9.0 feet upstream of bridge
4/20/2019 rail
Impact Severity ...........cccoeveuee. 155.6 kip-ft
Bridge Rail Transition Exit Conditions
. NETC 3-Bar Transition Speed ....ccovivevinevnenenee. 44.4 mph
65.8 feet 5.5 degrees toward barrier
Time ... 0.6 seconds
MASH Strong Soil Occupant Risk Values
Longitudinal OIV ................ 2.3 ft/s
10000S Lateral OIV .....ccocevvvvvnen. 14.8 ft/s
F800_No-Box_181114_UboltFOp17 Longitudinal ORA ............... 89¢g
502_TruckBox_181114 Lateral ORA ........cccceueeeeee.. 5.5 8
THIV .... 15.1 ft/s
22,198 b PHD. 9.0¢g
ASl ... 0.69

Max50-millisecond Avg. (G)

Longitudinal ......ccccoveeveee. 2.9 8
Lateral ...cocceeeveiveniverene. 598
Vertical ....cccoecevvcvcvvine. 3.7 8
Test Article Deflections (in)
DyNnamic .......ccceeveeureseeineen. 7.6 inches
Permanent ...........ccceeeeee.... 5.7 inch
Working Width .... 23.3 inches
Max. OCl .......ccceeeunee. . =linch
Vehicle Stability
ROIl e ¥26.3 degees
Pitch ....... . 11.9 degrees

-35.3 degrees

* Value coresponds to peak roll angle
during interaction with barrier. At
termination of analysis, the vehicle was
rolling the opposite direction and 90
degree roll was considered probable.

Figure 229. Summary results for MASH Test 4-22 on the 3-bar transition.
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10.5 Conclusions for MASH TL4 Evaluation of the 3-Bar Transition

Based on the results of this analysis, the 3-bar transition is expected to meet all structural
and occupant risk criteria in MASH Test Level 4.

10.5.1 Structural Adequacy: (PASS)
e The barrier successfully contained and redirected the vehicle in all test cases.
e There was low-to-moderate damage to the transition in all cases.

e Test 4-22 resulted in the bottom of the cargo-bed contacting and snagging on the tops of
the bridge rail posts and deforming those posts.

10.5.2 Occupant Risk (PASS)
e Occupant compartment intrusion was well below allowable limits for all cases
e OIV and ORA

o Test 4-20 (small car): OIV and ORA were within preferred limits (values highly
dependent on time of occupant impact); however, peak accelerations were below
critical limits throughout the acceleration-time history.

o Test4-21 (pickup): OIV was within preferred limits; ORA was within critical
limits
10.5.3 Vehicle Trajectory (PASS)
e Vehicle remained upright through impact and redirection.

¢ Roll and Pitch for Tests 4-20 (small car) and 4-21 (pickup) were relatively low.

e Roll and pitch for Test 4-22 (SUT) were relatively high. Final vehicle stability was
undetermined at 1.5 seconds; however, MASH states that it is preferred that the vehicle
remain upright, but it is not required.

11 EVALUATION OF THE NETC 4-BAR BRIDGE RAIL FOR MASH TL4

The FEA model of the sidewalk-mounted NETC 4-bar bridge rail was developed and
validated in Section 6. The model was updated with modifications described in Section 9,
including:

e Updated splice model (refer to Figure 54),

e Moved rail splice to opposite side of post to permit CIP for splice from primary direction
impact, and

e Revised anchor plate model.

The FEA model for the NETC 4-bar bridge rail is shown in Figure 230. The dimensions
of the sidewalk and reinforcing were modeled based on the NHDOT design (refer to Appendix
B), as illustrated in Figures 56 and 57. To maximize the potential for snags on the tube-rail
splice, reverse-direction impact cases were simulated by moving the splice to the opposite side of
the post, as described in Section 9.
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Figure 230. FEA model of sidewalk-mounted NETC 4-Bar bridge rail.

FEA was used to evaluate the crash performance of the NETC 4-bar bridge rail based on
structural adequacy, vehicle stability during and after redirection, and occupant risk factors using
criteria specified in MASH for Test Level 4. Three impact cases were evaluated:

e Simulation of Test 4-10 included the 1100C Yaris model ballasted to 2,595 1b (1177 kg)
impacting the barrier at 62.2 mph and 25 degrees. The critical impact point was selected
as 3.6 feet (1.1 m) upstream of a bridge rail post.

e Simulation of Test 4-11 included the 2270P Chevrolet Silverado model ballasted to
5,0011b (2,269 kg) impacting the railing at 62.2 mph and 25 degrees. The critical impact
point was selected as 4.3 feet (1.3 m) upstream of a bridge rail post.

e Simulation of Test 4-12 included the 10000S model ballasted to 22,198 1b (10,068 kg)
impacting at 56 mph and 15 degrees. Cargo-bed height = 47.5 inches. The impact point
was set to 5.0 feet (1.52 m) upstream of a bridge rail post.

The analysis in all cases was performed using LS-DYNA version mpp_s_R8.0.0 revision
number 95309. The analysis was conducted with a time-step of 1.0 microsecond for a time
period of 0.8 seconds for Test 4-10, 1.0 seconds for Test 4-11, and 1.5 seconds for Test 4-12.

11.1 Test 4-10

The critical impact condition for Test 4-10 was selected based the MASH recommended
CIP for rigid barrier tests with a target impact point of 3.6 feet upstream of Post 7 to maximize
potential for snagging at the post, while also providing adequate opportunity for snag at the
splice connection the tubular rails.[4A4ASHTO16] The splice is located 1.5 feet upstream of the
post. The vehicle was backed up to the face of the sidewalk curb, as shown in Figure 231, for
the initial start point of the impact event. After crossing the curb, the vehicle struck the bridge at
3.8 feet upstream of Post 7, as shown in Figure 232. The following sections provide a summary
of the results and include a commentary describing the timing and occurrence of various events
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during the simulated impact, time-history data evaluation, occupant risk assessments, and
damages sustained by both the barrier and vehicle.

Post 15

Figure 231. Initial starting point and target impact point for Test 4-10 on the NETC 4-bar bridge
rail.

3.8ft

Figure 232. Actual impact point on barrier for test 4-10 on the NETC 4-bar bridge rail.

11.1.1 Summary of Key Phenomenological Events

The sequential views of the impact event are shown in Appendix Q in Figures Q-1
through Q-3 from an overhead viewpoint, downstream and upstream viewpoint, and oblique
viewpoint, respectively.

The front impact side tire of the vehicle model struck the sidewalk curb within a few
milliseconds of the start of the analysis at a speed and angle of 62.1 mph and 25 degrees,
respectively. At 0.005 seconds, the front-right tire compressed at the point of contact with the
curb, and at 0.01 seconds the wheel rim was noticeably deformed from the impact. At 0.03
seconds the tire had fully mounted the sidewalk and the vehicle began to roll away from the
barrier. The tire was, at this time, compressed fully flat. The ability of the tire to deflate was not
incorporated into the model; therefore, the tire immediately began to rebound from the top of the
sidewalk and lift the front of the vehicle. The rear-right tire began to lift off the ground at 0.06
seconds. At 0.065 seconds the front-right tire rebounded off the sidewalk. At 0.095 seconds, the
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rear-right tire contacted the curb and was fully mounted onto the sidewalk at 0.115 seconds.
Also, at this time, the front-left tire impacted against the curb face of the sidewalk. At 0.125, the
front-left rim was significantly deformed at the point of contact with the curb; also, at this time,
the rear-right tire rebounded off the sidewalk. At 0.13 seconds the lower edge of the front
bumper contacted the lower-middle railing of the barrier 3.8 ft upstream of Post 7 traveling at
60.3 mph and 24.9 degrees. Immediately afterward, the front fender contacted the upper-middle
railing and the front-right tire contacted the lower railing. At 0.145 seconds the front-right tire
was fully mounted on the sidewalk. Also, at this time, Post 7 began to deflect back. At 0.155
seconds the vehicle’s right fender was fully engaged with the top railing and the front-right tire
was steered parallel to the barrier. At 0.17 seconds the front-left tire rim snagged on the rail tube
at the splice connection resulting in maximum vehicle accelerations peaks of 21.6 G and 25.8 G
in the longitudinal and lateral directions, respectively. At 0.19 seconds Post 7 reached maximum
dynamic deflection of 2.57 inches, and the vehicle reached peak roll angle of 10.8 degrees away
from the barrier. At 0.1971 seconds the vehicle occupant contacted the right side of the interior
with OIV’s in the longitudinal and lateral directions of 24.0 ft/s and of 31.5 fts/s, respectively.
At 0.2 seconds the vehicle reached a peak pitch angle of 4.3 degrees (front pitching upward). At
0.206 seconds the maximum ORA in the longitudinal direction occurred with magnitude 7.1 G.
At 0.25 seconds the front of the car lost contact with the barrier as the rear of the vehicle
continued to yaw toward the barrier. At 0.294 seconds the vehicle was parallel to the barrier. At
0.32 seconds the rear fender of the car contacted the upper-middle rail just downstream of Post 7.
At 0.325 seconds the rear-right tire contacted the lower and lower-middle railings. At 0.352
seconds the maximum ORA in the lateral direction occurred with magnitude 10.3 G. At 0.4
seconds the vehicle lost contact with the barrier traveling at 43.4 mph with an exit angle of 13.3
degrees (53 percent of the impact angle). At 0.603 seconds the vehicle reached maximum pitch
angle of 6.5 degrees (rear pitching up). At 0.7 seconds the vehicle reached maximum roll angle
of 10.9 degrees (rolling away from the barrier). The vehicle remained stable throughout post-
impact trajectory. The analysis ended at 0.8 seconds, at which time:

e The roll, pitch, and yaw of the vehicle were, respectively, 7.1 degrees (toward
barrier), 2.6 degrees (rear pitching up), and 51.8 degrees (26.8 degrees relative to
and away from barrier).

e The forward velocity of the vehicle was 43.2 mph (69.5 km/h).

11.1.2 Time History Data Evaluation

Figures 233 through 235 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the center of gravity of the vehicle; Figures 236 through
99 show the comparison of the angular rates and angular displacements (i.e., yaw, roll and pitch)
at the center of gravity of the vehicle.
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Figure 233. 10- and 50-millisecond average X-acceleration from FEA of Test 4-10 on the NETC 4-

bar bridge rail.
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Figure 234. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-10 on the NETC 4-
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bar bridge rail.
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Figure 235. 10- and S0-millisecond average Z-acceleration from FEA of Test 4-10 on the NETC 4-

bar bridge rail.
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Figure 236. Yaw rate and yaw angle time-history from FEA of Test 4-10 on the NETC 4-bar bridge

rail.
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Figure 237. Roll rate and roll angle time-history from FEA of Test 4-10 on the NETC 4-bar bridge

rail.
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Figure 238. Pitch rate and pitch angle time-history from FEA of Test 4-10 on the NETC 4-bar
bridge rail.

11.1.3 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 83 shows the results for the occupant risk calculations. The results
indicate that the occupant risk factors meet safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions were 24.0 ft/s
and 31.5 ft/s, respectively, which were within critical limits specified in MASH. The highest
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0.010-second occupant ridedown acceleration in the longitudinal and transverse directions were
7.1 gand 10.3 g, respectively, which were within preferred limits specified in MASH. However,
as in previous test 4-10 cases, these values are highly dependent on time of occupant impact with
the interior, as shown in Figures 233 and 234. The maximum 50-ms moving average acceleration
values in the longitudinal and transverse directions were 12.9 g and 17.1 g, respectively. The
maximum roll and pitch angles of the vehicle were 10.9 degrees and 6.5 degrees, respectively,
which were well below critical limits in MASH.

Table 83. Summary of MASH occupant risk metrics for Test 4-10 on the NETC 4-bar bridge rail.

o .
Occupant Risk Factors MASHT4-10 MAS H crlterla
NETC 3-Bar
Occupant Impact Velocity |x-direction 24.0
pantimp ¥ > 30 ft/s (preferred)
(ft/s) y-direction 315 <40 ft/S (llmlt) v
t ti at0.1971 seconds on
atume | ohtside of interior
THIV 39.4
at0.1971 seconds on
(ft/s) right side of interior
Ridedown Acceleration -direction
(g's) (0.2064 - 0.2164 seconds) <15G (preferred) v
-direction -103 <20.49 G (limit)
(0.3473 - 0.3573 seconds)
PHD 10.3
(g's) (0.3473 - 0.3573 seconds)
Asl 214
(0.1550 - 0.2050 seconds)
Max 50-ms moving avg. acc. x-direction -12.9
(g's) (0.1453 - 0.1953 seconds)
y-direction -17.1
(0.1550 - 0.2050 seconds)
z-direction 29
(0.1463 - 0.1963 seconds)
Maximum Angular Disp. -10.9
de Roll (0.6998 ds)
(deg) seconds <75deg v
-6.5
Pitch (0.6029 seconds)
-51.8
Yaw (0.7996 seconds)

11.1.4 Occupant Compartment Intrusion

The maximum deformation of the occupant compartment was approximately 3.4 inches
at the lower right-front corner of the toe-pan at the wheel well. Figure 239 shows a view of the
vehicle interior after the impact, with several components removed to facilitate viewing. The
deformation was less than the critical limit of 9 inches specified in MASH for this area of the
occupant compartment.

Maximum OCI of the floor, doors, and
side panels was =3.4 inches (87 mm) and
occurred at the right-front toe-pan at the
wheel well.

Maximum allowable is 9”.

Figure 239. Occupant compartment deformation resulting from Test 4-10 on the NETC 4-bar
bridge rail.
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11.1.5 Damages to the Barrier System

The damages to the barrier were low with the highest deflection occurring on the top
railing at the splice connection upstream of the Post 7. Figure 240 and Figure 241 show images
of the maximum dynamic deflection and permanent deflection of the barrier, respectively, with a
contour plot of lateral displacement on the rail elements. The maximum dynamic and permanent
deflections were 2.8 inches and 1.25 inches, respectively, and occurred at the top tube rail at the
splice.

Maximum dynamic deflection = 2.8 in (72 mm) at 0.19 seconds

Y-displacement (mm)
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1.400e+01
7.000e+00
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Figure 240. Contour plot of lateral displacement for the bridge rail for Test 4-10 at the time of
maximum dynamic deflection.

Maximum permanent deflection = 1.25 in (32 mm)
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Figure 241. Contour plot of maximum permanent deflection of the bridge rail for Test 4-10.

Figure 242 shows contours of true effective plastic strains on the bridge rail. There was
low to moderate damage to the post, and baseplate and rails. The damage was primarily limited
to plastic deformations of the lower-middle rail at the splice connection, as well as, the post and
the baseplate at Post 7. The maximum vertical dynamic deflection of the baseplate was 0.41
inches (10.5 mm) and the maximum permanent deflection of the baseplate was 0.18 inches (4.5
mm).
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Figure 242. Contours of effective plastic strains for Test 4-10 on the NETC 4-bar bridge rail.

Figure 243 shows contours of 1% principal strain with contours cut off at strains of 0.1.
The 1% Principal strain values for the concrete in these cases was 0.046 dynamic strain and was
0.0 permanent, which indicates a relatively low probability for concrete failure.

1st Principal Strain-Infinitesimal
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1.000e-02 :I
0.000e+00

Figure 243. Contours of 1* principal strains for concrete at the critical post for Test 4-10 on the
NETC 4-bar bridge rail.

11.1.6 Damages to Vehicle

Figure 244 shows contour plots of effective plastic strain for the vehicle, which were
used to identify areas of the vehicle that suffered damage during the simulated impact event.
The most severe damages were to the front fender, the upper and lower control arm of front
suspension, front wheel, and the leading edge of the front door on the impact side.
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Figure 244. Damages to vehicle in Test 4-10 analysis of the NETC 4-bar bridge rail.

11.1.7 Exit Box

Figure 245 shows the exit box for Test 4-10 on the bridge rail, where the vehicle was
smoothly redirected, and its path was well within the exit box criteria of MASH.

B=328ft.

Figure 245. Exit box for Test 4-10 analysis of the NETC 4-bar bridge rail.

11.1.8 Results Summary

A summary of the MASH Test 4-10 results on the NETC 4-bar bridge rail is shown in
Table 84 and Figure 246. The barrier successfully contained and redirected the small car with
minimal damage to the system. There were no detached elements from the barrier that showed
potential for penetrating the occupant compartment or presenting undue hazard to other traffic.
The vehicle remained upright and very stable throughout impact and redirection. The OIV was
within critical limits and the maximum ORA values were within recommended limits specified
in MASH. Based on the results of this analysis, the barrier meets all structural and occupant risk
criteria in MASH for Test 4-10 impact conditions.

As discussed in Section 11.1.1, the trajectory of the vehicle was affected by the tire
rebound after it impacted and traversed the sidewalk. The tire model for this vehicle is very
simplistic and does not have enough detail to accurately simulate tire compression, debeading
and/or deflation. It is expected that the vehicle would likely impact much lower on the bridge
rail in a full-scale test, in which the barrier damage and vehicle response would be similar to that
reported for the NETC 3-bar bridge rail in Section 9.1.
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Table 84. Summary of MASH Test 4-10 results on the NETC 4-bar bridge rail.

Evaluation Factors

Evaluation Criteria

Results

Structural
Adequacy

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

Pass

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, to occupant compartment should not
exceed limits set forth in Section 5.2.2 and Appendix E.

Pass

Occupant
Risk

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

Pass

The longitudinal and lateral occupant impact velocity (OIV)
shall not exceed 40 ft/s (12.2 m/s), with a preferred limit of 30
ft/s (9.1 m/s)

Pass

The longitudinal and lateral occupant ridedown acceleration
(ORA) shall not exceed 20.49 G, with a preferred limit of 15.0
G

Pass
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Time =0.0 sec

General Information

Analysis Agency ....
Test Standard Test No. .....ccceuueeee.

Analysis No. ..

Analysis Date .........

Test Article

TYPE ettt

Name ...............

Installation Length

Roadsafe LLC

MASH Test 4-10

... NETC18_4BarBR_T410
rvreessresnenenenes 4/10/2019

Bridge Rail
. NETC 4-Bar
120 feet

Material or Key Elements ...............

Soil Type and Condition
Analysis Vehicle

Type / Designation ........c.eeeeeene.
FEA Model name ...

........................ N.A.

1100C
510_YarisC_V1l_R180228
2,595 Ib

Impact Conditions

Location .....cccveveecevrnnenne

Impact Severity .......cccoceeen.
Exit Conditions

SPEEA oot

ANGIE oot
TIME e
Occupant Risk Values
Longitudinal OIV ................
Lateral OV ......ccocevvuverinene
Longitudinal ORA ...............
Lateral ORA .....ccovcvivevncennes

62 mph
25 degrees
3.6 ft upstream of Post 7

59.5 kip-ft

43.4 mph
13.3 degrees

0.4 seconds

24.0 ft/s
31.5 ft/s
71¢g
103 g
39.4 ft/s
103 g
2.14

Max50-millisecond Avg. (G)

Longitudinal ........cceevee... 129 g
Lateral ..... . 171g
Vertical v iveive e 29¢g

Test Article Deflections (in)
Dynamic ......ccoeeevveervreeene. 2.8 inches
. 1.25inches

Permanent .... .

Working Width ................
Max. OCl ..o
Vehicle Stability

ROIl e

YaW oo

3.4 inch

10.9 degees
6.5 degrees

51.8 degrees

Figure 246. Summary results for MASH Test 4-10 on the NETC 4-bar bridge rail.
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11.2 Test 4-11

The critical impact condition for MASH Test 4-11 was selected based the MASH
recommended CIP for rigid barrier tests. The target impact point was 4.3 feet upstream of Post
7, as shown in Figure 130, and was selected to maximize potential for snagging at the post, while
also providing adequate opportunity for snag at the splice connection of the tubular rails.
[AASHTOI16] The vehicle was backed up to the face of the sidewalk curb, as shown in Figure
247, as the initial start point of the impact event. After crossing the curb, the vehicle struck the
bridge at 4.23 feet upstream of Post 7, as shown in Figure 248. The following sections provide a
summary of the results and include a commentary describing the timing and occurrence of
various events during the simulated impact, time-history data evaluation, occupant risk
assessments, and damages sustained by both the barrier and vehicle.

4.3 ft

Figure 247. Initial starting point and target impact point for Test 4-11 on the NETC 4-bar bridge
rail.

Post 10 9 8 6 5 4 3

Figure 248. Actual impact point on barrier for test 4-11 on the NETC 4-bar bridge rail.
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11.2.1 Summary of Key Phenomenological Events

The sequential views of the impact event are shown in Appendix R in Figures R-1
through R-3 from an overhead viewpoint, downstream and upstream viewpoint, and oblique
viewpoint, respectively.

The 5,001-1b pickup struck the curb-face of the sidewalk at a speed of 62 mph and at an
angle of 25 degrees per MASH Test 4-11 specifications. The impact point of the front-right tire
with the curb was approximately 15.1 feet upstream of Post 7, the front bumper was 14.3 feet
upstream of Post 7 at this time. At 0.005 seconds, the front-right tire compressed at the point of
contact with the curb. At 0.015 seconds the deformation of the tire indicated that deflation was
likely; however, tire deflation was not included in the model. At 0.03 seconds the tire had fully
mounted the sidewalk, and the vehicle began to roll away from the barrier. The tire rebounded
slightly from the sidewalk at 0.040 seconds but then recontacted the sidewalk at 0.060 seconds
and remained in contact until impact with the barrier. At 0.125 seconds the front bumper
impacted against the two middle rails at 4.3 feet upstream of Post 7. The speed and angle of the
vehicle at the time of impact was 61.9 mph and 24.8 degrees, as illustrated in Figure 248. At
0.13 seconds the front-right corner of the vehicle impacted the upper-middle rail, and the front-
right tire impacted the two lower rails, and the bridge rail began to deflect. At 0.135 seconds the
front fender contacted the upper rail. At 0.14 seconds the front-left tire and the rear-right tire
contacted the sidewalk curb simultaneously. At 0.155 seconds the front-right tire was parallel to
the barrier. The rear-right tire was fully mounted onto the sidewalk at 0.165 seconds. At 0.15
seconds the lower wheel joint on the front-right tire failed. At 0.175 seconds, the rear-right tire
lifted off the sidewalk. Also, at 0.175 seconds, the front-left tire partially mounted onto the
sidewalk. At 0.185 seconds Post 7 reached an initial peak lateral deflection of 3.43 inches. At
0.2039 seconds the vehicle occupant contacted the right side of the vehicle interior, with a
maximum longitudinal and lateral OIV of 17.7 ft/s and 26.6 ft/s, respectively. At 0.291 seconds
the vehicle was parallel to the barrier traveling at 49.3 mph. At 0.295 seconds the rear quarter
panel of the pickup contacted the two upper rails (i.e., Rails 3 and 4), and the rear-right tire
contacted the three lower rails (i.e., Rails 1, 2 and 3). At 0.32 seconds the barrier reached
maximum dynamic deflection of 5.4 inches at the splice connection between Post 6 and 7. At
0.321 seconds the maximum longitudinal acceleration occurred with magnitude 13.8 g. At 0.325
seconds Post 7 reached a second peak dynamic deflection of 4.1 inches, and Post 6 reached a
peak dynamic deflection of 2 inches. The peak dynamic deflection of Post 8 downstream of the
impact was 1.18 inches; while the deflection of Post 5 upstream of the impact was negligible. At
0.331 seconds the maximum lateral acceleration occurred with magnitude 18 g. At 0.395
seconds the vehicle separated from barrier at 47.2 mph and 5.9 degrees. At 0.465 seconds the
lower control arm of the vehicle contacted the top of the sidewalk. At 0.595 seconds the front-
left tire recontacted the roadway. At 0.75 seconds the rear-right tire recontacted the top of the
sidewalk and the rear left tire recontacted the roadway. At 0.83 seconds the front right tire
dropped off the sidewalk. At 0.91 seconds the rear right tire dropped off the sidewalk. The
analysis ended at 1.0 seconds, at which time:

e The roll, pitch, and yaw of the vehicle were 2.63 degrees (toward the barrier),
3.75 degrees (rear pitching up), and 30.4 degrees (5.4 degrees relative to and
away from the barrier), respectively.

e The forward velocity of the vehicle was 41.3 mph (66.6 km/h).
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11.2.2 Time History Data Evaluation

Figures 249 through 251 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the center of gravity of the vehicle; Figures 252 through
254 show the comparison of the angular rates and angular displacements (i.e., yaw, roll and
pitch) at the center of gravity of the vehicle.
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Figure 249. 10- and 50-millisecond average X-acceleration from FEA of Test 4-11 on the NETC 4-
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Figure 250. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-11 on the NETC 4-

bar bridge rail.
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Figure 251. 10- and S0-millisecond average Z-acceleration from FEA of Test 4-11 on the NETC 4-

bar bridge rail.
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Figure 252. Yaw rate and yaw angle time-history from FEA of Test 4-11 on the NETC 4-bar bridge

rail.
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Figure 253. Roll rate and roll angle time-history from FEA of Test 4-11 on the NETC 4-bar bridge
rail.
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Figure 254. Pitch rate and pitch angle time-history from FEA of Test 4-11 on the NETC 4-bar
bridge rail.

11.2.3 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 85 shows the results for the occupant risk calculations. The results
indicate that the occupant risk factors meet safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions were 17.7 ft/s
and 26.6 ft/s, respectively, which were within recommended limits specified in MASH. The
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highest 0.010-second occupant ridedown acceleration in the longitudinal and transverse
directions were 13.8 g and 18 g, respectively, which were within critical limits specified in
MASH. The maximum ORA occurred when the rear tire rim snagged on the splice connection
upstream of Post 7. The maximum 50-ms moving average acceleration values in the longitudinal
and transverse directions were 8 g and 18 g, respectively. The maximum roll and pitch angles of
the vehicle were 7.2 degrees and 8.3 degrees, respectively, which were well below critical limits
in MASH.

Table 85. Summary of MASH occupant risk metrics for Test 4-11 on the NETC 4-bar bridge rail.

Occupant Risk Factors MASHT4-11 MASH c"te"a
Test4-11
Occupant Impact Velocity | x-direction 17.7
(ft/s) y-direction 26.6 <30 ft/S (preferred) v
attime | 202039 seconds on right <40 ft/s (limit)
side of interior

THIV 32.2
at0.2039 seconds on right

(ft/s)

ide of interior

Ridedown Acceleration edirection -13.8
(g's) (0.3157 - 0.3257 seconds) >15G (preferred)

18 <20.49G (limit) v

y-direction
(0.3264- 0.3364 seconds)

PHD 20.8
(g's) (0.3268- 0.3368 seconds)
Asl 1.61
(0.1482 - 0.1982 seconds)
Max 50- il . acc. -8
ax 50-ms moving avg. acc. | L oo
(g's) (0.1589 - 0.2089 seconds)
y-direction 127
(0.1512 - 0.2012 seconds)
z-direction 4.9
(0.1487 - 0.1987 seconds)
Maximum Angular Disp. -7.2
(deg) Roll (0.1642 seconds) <75 deg v
-8.3
Pitch (0.5264 seconds)

-31.4
Yaw (0.3422 seconds)

11.2.4 Occupant Compartment Intrusion

The maximum deformation of the occupant compartment was approximately 2.2 inches
at the right-front toe pan at the wheel well. Figure 255 shows a view of the vehicle interior after
the impact, with several components removed to facilitate viewing. The deformation was less
than the critical limit of 9 inches specified in MASH for this area of the occupant compartment.

Maximum OCl was =2.2 inches (57 mm)
and occurred at the right-front toe-pan at
the wheel well.

Figure 255. Occupant compartment deformation resulting from Test 4-11 on the NETC 4-bar
bridge rail.
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11.2.5 Damages to the Barrier System

The damages to the barrier were moderate. Figure 256 and Figure 257 show images of
the maximum dynamic deflection and permanent deflection of the barrier, respectively, with a
contour plot of lateral displacement on the rail elements. The maximum dynamic and permanent
deflections were 5.4 inches and 2.4 inches, respectively, and occurred at the top rail tube at the
splice.

Maximum dynamic deflection = 5.4 in (138 mm) @ 0.32 seconds
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Figure 256. Contour plot of lateral displacement for the bridge rail for Test 4-11 at the time of
maximum dynamic deflection.

Maximum permanent deflection = 2.4 in (61.3 mm)
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Figure 257. Contour plot of maximum permanent deflection of the bridge rail for test 4-11.

Figure 258 shows contours of true effective plastic strains on the bridge rail. There was
moderate damage to the rail tubes between Post 6 and 7, with additional damage at the end of the
lower-middle and lower rails at the splice. There was moderate damage to Post 6 and 7 and their
baseplates. The true plastic strain at the outer edge of post flange at the weld of Post 7 was 0.34,
which indicates possible material failure at those points (refer to Figure 257). The vertical
deflection of baseplate at Post 6 was 0.29 inches (7.5 mm) dynamic deflection and 0.13 inches
(3.4 mm) final permanent deflection. The vertical deflection of baseplate at Post 7 was 0.6
inches (15 mm) dynamic deflection and 0.31 ( 8 mm) final permanent deflection.
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Figure 258. Contours of effective plastic strains for Test 4-11 on the NETC 4-bar bridge rail.

Figure 259 shows contours of 1% principal strain with contours cut off at strains of 0.1
The 1% Principal strain values for the concrete in these cases was 0.048 dynamic strain with final
permanent strain of 0.024, which indicated no damage to the concrete sidewalk/deck.
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Figure 259. Contours of 1* principal strains for concrete at the critical post for Test 4-11 on the
NETC 4-bar bridge rail.

11.2.6 Damages to Vehicle

Figure 260 shows contour plots of effective plastic strain for the vehicle, which were
used to identify areas of the vehicle that suffered damage during the simulated impact event.
The most severe damages were to the front bumper, front fender, lower edge of the passenger
front door, the upper and lower control arm of front suspension, front wheel, rear wheel, rear
edge of truck cabin, rear fender, rear quarter panel and rear bumper on the impact side.
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Figure 260. Damages to vehicle in Test 4-11 analysis of the NETC 4-bar bridge rail.

11.2.7 Exit Box

Figure 144 shows the exit box for Test 4-11 on the bridge rail, where the vehicle was
smoothly redirected, and its path was well within the exit box criteria of MASH.

™

15.86 ft.
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Figure 261. Exit box for Test 4-11 analysis of the NETC 4-bar bridge rail.

11.2.8 Results Summary

A summary of the MASH Test 4-11 results on the NETC 4-bar bridge rail is shown in
Table 86 and Figure 262. The barrier successfully contained and redirected the pickup with
moderate damage to the system. There were no detached elements from the barrier that showed
potential for penetrating the occupant compartment or presenting undue hazard to other traffic.
The vehicle remained upright and very stable throughout impact and redirection. The OIV was
within preferred limits and the ORA was within critical limits as specified in MASH. Based on
the results of this analysis, the barrier meets all structural and occupant risk criteria in MASH for
Test 4-11 impact conditions.
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Table 86. Summary of MASH Test 4-11 results on the NETC 4-bar bridge rail.

Evaluation Factors

Evaluation Criteria

Results

Structural
Adequacy

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

Pass

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, to
occupant compartment should not exceed limits set
forth in Section 5.2.2 and Appendix E.

Pass

Occupant
Risk

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

Pass

The longitudinal and lateral occupant impact velocity
(OIV) shall not exceed 40 ft/s (12.2 m/s), with a
preferred limit of 30 ft/s (9.1 m/s)

Pass

The longitudinal and lateral occupant ridedown
acceleration (ORA) shall not exceed 20.49 G, with a
preferred limit of 15.0 G

Pass
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B=32.38ft.

General Information
Analysis Agency
Test Standard Test No. ......

ANalysis NO. coovueeieveirece e
ANalysis DAte ....cccceveveireeeesenirerenienne

Test Article

TYPE o
Name ..o
Installation Length ......ccccovevveevviennes
Material or Key Elements ...............

Soil Type and Condition ........cceeevveeneee
Analysis Vehicle
Type / Designation .........ceveeeevenne
FEA Model name
MaSS .

Roadsafe LLC

MASH Test 4-11
NETC18_4BarBR_T411
4/8/2019

Bridge Rail
NETC 4-Bar
120 feet

N.A.

2270P

SilveradoC_V3a_V180201_TireRS_35psi

5,001 Ib

Impact Conditions
Speed ..
Angle ..........

Location ......cccceveeiveeneenenes

Impact Severity ........ccccceeenn.

Exit Conditions

SPEEA e
ANBIE v
TIME i
Occupant Risk Values
Longitudinal OIV ................
Lateral OIV ........
Longitudinal ORA ....
Lateral ORA ......

62 mph
25 degrees
4.23 ft upstream of Post 7

114.7 kip-ft

47.5 mph
5.88 degrees
0.4 seconds

17.7 ft/s
26.6 ft/s
13.8¢g
18.0¢g
32.2 ft/s
208¢g
1.61

Max50-millisecond Avg. (G)

Longitudinal .........ccoeeuunee.
Lateral .cccoeeeeveiveie v,

Vertical c..ooveeeeeeeennns

Test Article Deflections (in)
Dynamic .....cccevveevrevcenens
Permanent .......ccceeeennn
Working Width ................

Max. OCI ...
Vehicle Stability

ROIN oo
YaW e

Figure 262. Summary results for MASH Test 4-11 on the NETC 4-bar bridge rail.
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11.3 Test 4-12

The critical impact condition for MASH Test 4-12 was selected based the MASH
recommended CIP for rigid barrier tests. The target impact point was 5.0 feet upstream of Post
7, as shown in Figure 263 and was selected to maximize loading on the post.[AASHTO16] The
vehicle was backed up to the face of the sidewalk curb, as shown in Figure 263(a), as the initial
start point of the impact event. After crossing the curb, the vehicle struck the bridge at 4.4 feet
upstream of Post 7, as shown in Figure 263(b).

Ford 800 Surrogate Ford 800 Surrogate

(b)

Figure 263. (a) Target and (b) actual impact point for Test 4-12 on the NETC 4-bar bridge rail.

The analysis of NETC 3-bar bridge (see Section 9) included single unit truck vehicles
with two different cargo-bed heights. The results of that analysis indicated that the loading on
the barrier was similar for both cases; therefore, only one analysis case was performed for the
NETC 4-bar bridge rail. The cargo-bed height for the FEA model was 47.5 inches measured
from the ground to the top of the cargo-bed floor, consistent with the Ford 800 which was the
basis for the model. The following sections provide a summary of the results and include a
commentary describing the timing and occurrence of various events during the simulated impact,
time-history data evaluation, occupant risk assessments, and damages sustained by both the
barrier and vehicle.

11.3.1 Summary of Key Phenomenological Events

The sequential views of the Case 1 impact event are shown in Appendix S in Figures S-1
through S-3 from an overhead viewpoint, downstream and upstream viewpoint, and an oblique
viewpoint, respectively.

At 0.005 seconds, the front-right tire compressed at the point of contact with the sidewalk
curb, and at 0.04 seconds the tire had fully mounted the sidewalk and the vehicle began to roll
away from the barrier. The tire model for the SUT is relatively stiff and immediately rebounded
of the surface of the sidewalk. At 0.08 seconds the front-right tire recontacted the sidewalk as
the vehicle was yawing slightly counter-clockwise away from the barrier. At 0.205 seconds the
rear-right tire contacted the curb face of the sidewalk. At 0.22 seconds the front bumper
impacted against the upper-middle railing and the front fender impacted against the upper railing
of the bridge rail at 4.4 feet upstream of Post 7, as illustrated in Figure 263, at a speed of 55.3
mph and impact angle of 14.1 degrees. At 0.225 seconds the barrier began to deflect. At 0.245
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seconds the rear-right tire was fully mounted onto the sidewalk. At 0.265 seconds the front-right
tire was parallel to the bridge rail. At 0.3 seconds the front-right tire was centered with Post 7
and the vehicle started to roll toward the barrier. Also, at this time, one of the u-bolts connecting
the front axle to the front-right suspension failed and the wheel began to push back in the rear of
the wheel well. At 0.345 seconds the lower, front corner of the cargo-box impacted the top rail.
This event corresponded to the maximum lateral acceleration of at the c.g. of the vehicle (e.g.,
located inside the cargo-box) with magnitudes of 15 G and 5.8 G for the 10-ms running average
and 50-ms running average, respectively. At 0.352 seconds the theoretical occupant struck the
right side of the interior at a longitudinal and lateral velocity of 3.9 ft/s and 16.7 ft/s,
respectively. At 0.355 seconds the front-left tire and the rear-left tires lifted off the roadway as
the vehicle continued to roll toward the barrier. At 0.378 seconds the maximum longitudinal
ORA o0f 4.3 g occurred, and at 0.384 seconds the maximum lateral ORA of 6.7 g occurred, both
measured from inside the truck cabin. At 0.46 seconds the rear-right tandem wheel set impacted
against the barrier at 35 inches upstream of Post 7. At 0.475 seconds the rear lower edge of the
cargo-box impacted against the top rail of the barrier. At 0.5 inches Post 5 reached a peak lateral
deflection of 1.5 inches. At 0.504 seconds the truck was parallel to the barrier traveling at 50.6
mph. At 0.505 seconds Post 6 reached a peak lateral deflection of 5.7 inches. At 0.51 seconds a
maximum dynamic deflection of 8.15 inches occurred at the splice connection on the top rail. At
0.515 seconds Post 7 reached a peak lateral deflection of 7.6 inches. At 0.56 seconds Posts 8 and
9 reached peak lateral deflections of 5.7 inches and 1.52 inches, respectively. The vehicle
separated from the barrier at 0.71 seconds but continued to roll toward the barrier. At 0.72
seconds the cargo-box reached a maximum pitch angle of 3.5 degrees; and at 0.81 seconds the
cabin reached a maximum pitch angle of 5.6 degrees (rear pitching up). At 0.82 seconds the
cargo-box reached a maximum roll angle of 21.3 degrees; and at 0.91 seconds the cabin reached
a maximum roll angle of 18.8 degrees toward the barrier. This resulted in the top of the cargo
box extending 29 inches behind the face of the bridge rail. At 0.935 seconds the front-right tire
dropped off the sidewalk curb; at 0.97 seconds the tire recontacted the roadway. At 1.07 seconds
the front-left tire recontacted the roadway. At 1.29 seconds the rear-left tire recontacted the
roadway. The analysis was terminated at 1.5 seconds, at which time:

e The roll, pitch, and yaw angles for the truck cabin were 3.9 degrees (toward
barrier and stable), 0.31 degrees (front pitching upward and stable), and 39.7
degrees (24.7 degrees relative to and away from barrier), respectively.

e The roll, pitch, and yaw angles for the cargo box were 5.6 degrees (toward barrier
and stable), 1.5 degrees (front pitching upward and stable), and 40.8 degrees (25.8
degrees relative to and away from barrier), respectively.

e The forward velocity was 50.9 mph (81.9 km/hr).

11.3.2 Time History Data Evaluation

Acceleration-time histories and angular rate-time histories were collected at two locations
on the vehicle: (1) on the cargo box at the center of gravity of the vehicle, and (2) a point inside
the cabin of the truck, as shown in Figure 111. The acceleration and angular rate data used for
the occupant risk measures came from the cabin location. Figures 264 through 266 show the
longitudinal, transverse, and vertical acceleration-time histories, respectively, computed from
near the center of gravity of the vehicle which falls inside the cargo-box near the front of the
ballast.
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Figure 264. 10- and 50-millisecond average X-acceleration from FEA of Test 4-12 on the NETC 4-
bar bridge rail (c.g. accelerometer).
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Figure 265. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-12 on the NETC 4-
bar bridge rail (c.g. accelerometer).
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Figure 266. 10- and 50-millisecond average Z-acceleration from FEA of Test 4-12 on the NETC 4-
bar bridge rail (c.g. accelerometer).

Figures 267 through 269 show the longitudinal, transverse, and vertical acceleration-time

histories, respectively, computed from the inside the cabin of the vehicle; Figures 270 and 272
show the comparison of the angular rates and angular displacements about the x-, y-, and z-axis
from the cabin location. These data are used for calculating the occupant risk metrics. MASH
does not require that occupant risk be evaluated; however, they are reported herein for
completeness (see following section).
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Figure 267. 10- and 50-millisecond average X-acceleration from FEA of Test 4-12 on the NETC 4-

bar bridge rail (cabin accelerometer).
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Figure 268. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-12 on the NETC 4-

bar bridge rail (cabin accelerometer).
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Figure 269. 10- and S50-millisecond average Z-acceleration from FEA of Test 4-12 on the NETC 4-

bar bridge rail (cabin accelerometer).
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Figure 270. Yaw rate and yaw angle time-history from FEA of Test 4-12 on the NETC 4-bar bridge

rail (cabin accelerometer).
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Figure 271. Roll rate and roll angle time-history from FEA of Test 4-12 on the NETC 4-bar bridge

rail (cabin accelerometer).
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Figure 272. Pitch rate and pitch angle time-history from FEA of Test 4-12 on the NETC 4-bar

11.3.3 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected from inside the
truck cabin were used to evaluate occupant risk metrics according to the procedures outlined in
MASH. Table 87 shows the results for the occupant risk calculations. The results indicate that
the occupant risk factors met safety criteria specified in MASH.

bridge rail (cabin accelerometer).

The occupant impact velocities in the longitudinal and transverse directions were 3.9 ft/s
and 16.7 ft/s, respectively. The highest 0.010-second occupant ridedown acceleration in the
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longitudinal and transverse directions were 4.3 g and 6.7 g, respectively. The maximum 50-ms
moving average acceleration values in the longitudinal and transverse directions were 1.9 g and
6.9 g, respectively. The maximum roll and pitch angles of the vehicle were 18.8 degrees and 5.6
degrees, respectively. All metrics were within recommended limits specified in MASH.

Table 87. Summary of occupant risk metrics for Test 4-12 on the NETC 4-bar Bridge Rail.

MASH Criteria

Pitch

(0.8050 seconds)

Yaw

39.7

(1.4987 seconds)

11.3.4 Occupant Compartment Intrusion

Occupant Risk Factors MASHIT4:12
Test4-12
[o] ti t Velocit, -directi 3.9
ccupant Impact Velocity | x: |.rec |-on <30 ft/S (preferred) v
(ft/s) y-direction -16.7 .
tti at 0.3519 seconds on left <40 ft/S (Ilmlt)
attime side of interior
THIV 17.4
at0.3519 seconds on left
(ft/s) ide of interior
Ridedown Acceleration -4.3
-directi
(g's) Yealreetion | o 3734 03834 seconds) <15G (preferred) v/
y-direction 6.7 <20.49 G (limit)
(0.3793 - 0.3893 seconds)
PHD 6.7
(g's) (0.3791 - 0.3891 seconds)
ASI 0.77
(0.2828 - 0.3328 seconds)
M. - i . acc. -1
ax 50-ms moving avg. acc xedirection 1.9
(g's) (0.2735- 0.3235 seconds)
. N 6.9
y-direction
(0.2823- 0.3323 seconds)
z-direction 17
(0.5674 - 0.6174 seconds)
Maximum Angular Disp. -18.8
(deg) Roll (0.9140 seconds)
5.6 <75 deg v

The maximum deformation of the occupant compartment for impact on the NETC 4-bar
bridge rail was approximately 1 inch and occurred at the lower right-front corner of the toe-pan
and the wheel well. Figure 273 shows a view of the vehicle interior after the impact, with
several components removed to facilitate viewing. The maximum deformation was less than the
critical limit of 9 inches specified in MASH for this area of the occupant compartment.

Maximum OCl was = 1 inch (23 mm) and
occurred at the lower right-front corner
of the top-pan at the wheel well.

Figure 273. Occupant compartment deformation resulting from Test 4-12 on the NETC 4-bar

bridge rail system.

243



11.3.5 Damages to the Barrier System

The extent damage was 48 feet starting at approximately 2.8 feet upstream of Post 5, as
shown in Figure 274. There was moderate damage to the rail tubes between Post 5 and 9. The
vehicle was in contact with the barrier for 53.25” starting at the point of impact and extending to
Post 13. Figure 275 shows images of the barrier at the time of maximum deflection with a
contour plot of lateral displacement on the rail elements. The maximum dynamic deflection was
8.15 inches and occurred on the top rail at the splice connection upstream of Post 7 when the rear
of the cargo-box impacted the railing. Figure 276 shows a contour plot of maximum permanent
deflection which was 5.8 inches.

le 48’ J‘

(extent of damage)

53.25’ —'I

To Post 13 (Length of Vehicle Contact)

Figure 274. Extent of damage to the bridge rail for Test 4-12 on the NETC 4-bar bridge rail
system.

Maximum dynamic deflection = 8.15 in (207 mm) @ 0.32 seconds
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Figure 275. Contour plot of lateral displacement for the bridge rail from Test 4-12 at the time of
maximum dynamic deflection for the NETC 4-bar bridge rail.

Maximum permanent deflection = 5.8 in (147 mm)
Y-displacement (mm)
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Figure 276. Contour plot of permanent deflection for the bridge rail from Test 4-12 for the NETC
4-bar bridge rail.

244



Figure 277 shows contours of true effective plastic strains on the bridge rail post and
baseplate for the two analysis cases, which resulted in significant damage to post and baseplate at
Posts 6 - 8. The post flanges buckled near the welded connection to the baseplate, and the front-
center edge of the baseplate was deflected upward. The maximum vertical dynamic deflections
of the baseplates were 0.82 inches, 1.11 inches and 0.78 inches, for Posts 6-8 respectively. The
maximum permanent deflections of the baseplates were 0.53 inches, 0.82 inches and 0.52 inches,
respectively. The vertical deflection of the baseplate caused a stress concentration at the outer
edges of the front flange of the post at the weld location. The maximum effective true plastic
strain values were 0.29, 0.33 and 0.28 for Posts 6 — 8, respectively, which correspond to nominal
strain values that exceeds the necking point for the material, as indicated on the nominal stress-
strain curve for the material in Figure 160. The forces on the welds were not collected during the
analysis, but they may be of concern for these analysis cases given that the welds on the front
flange are in tension.

Effective Plastic Strain
2.000e-01
1.800e-01 ]
1.600e-01 _
1.400e-01

g200e-01

G00e-01

6:000e-02 _|
4.000e-02

2.000e-02 :I
0.000e+00

Post 8 Post 7 Post 6

Figure 277. Contours of effective plastic strains on the critical post for Test 4-12 on the NETC 4-
bar bridge rail.

Figure 278 shows contours of 1% principal strain with contours cut off at strains of 0.1.
The 1% Principal strain value for the concrete was 0.079 at the front anchor bolt locations at Post
7, which indicates probable crack opening in the concrete at those locations.

1st Principal Strain-Infinitesimal
1.000e-01

9.000e-02] } Significant

Crack Opening
8.000e-02
. l 7.000e-02 } Crack Opening
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]

Dynamic at time = 0.515 seconds Final Static

Figure 278. Contours of 1% principal strains for concrete at the critical post for Test 4-12 on the
NETC 4-bar bridge rail.
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11.3.6 Peak Forces on Barrier

The impact force between the vehicle and the barrier was computed to determine the peak
loading on the barrier which could then be compared to the design strength of the bridge rail.
The longitudinal and lateral force-time history results are shown in Figure 279 including the
force data filtered with cutoff frequency of 60 Hz, the 25-millisecond moving average force and
the 50-millisecond moving average force. The maximum lateral impact force occurred when the
rear tandem wheel set impacted against the bridge rail. The maximum 25-ms moving average
force was 110 kips; the maximum 50-ms moving average force was 97 kips, which are both
greater than the calculated strength of the barrier in Section 3.4.2.3 (see Table 13). Since the
peak lateral forces result from the “backslap” rather than the front of the vehicle, then the vehicle

would already be passing (or passed) the damaged section as the failure was occurring, thus
containment was successful.

Longitudinal Impact Force on Barrier

Lateral Impact Force on Barrier

140

120

100

80

Force (kips)

60 Hz Filter
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———25ms Avg
10 40
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5 20
0

0

60 Hz Filter
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———25 ms Avg
———50 ms Avg.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Time (sec) Time (sec)

Figure 279. Longitudinal and lateral force-time history between vehicle and barrier for Test 4-12
on NETC 4-bar bridge rail.

11.3.7 Damages to Vehicle

Figure 280 shows contour plots of effective plastic strain for the vehicle, which were
used to identify areas of the vehicle that suffered damage during the simulated impact event.
The most severe damages were to the front bumper, the front fender, the front impact-side
suspension, the front axle, the longitudinal rail at the lower edge of the cargo box, and the rear
wheel. These are typical damages for Test 4-12 on post-and-beam bridge rails.
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Figure 280. Damages to vehicle in Test 4-12 analysis of NETC 4-bar bridge rail.
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11.3.8 Exit Box

Figure 281 show the exit box for Test 4-12 on the NETC 4-bar bridge rail system.
Although the exit box analysis is not required in MASH, it was included here for completeness.

The vehicle was smoothly redirected and the vehicle path was well within the exit box criteria of
MASH.

B=65.6 ft.

Figure 281. Exit box for Test 4-12 for Case 1 on the NETC 4-bar bridge rail.

11.3.9 Test 4-12 Results Summary

A summary of the MASH Test 4-12 results on the NETC 4-bar bridge rail is shown in
Table 88 and Figure 282. The barrier adequately contained and redirected the 10000S vehicle
(single unit truck) with moderate to extensive damage to the bridge rail. The damage included
plastic deformation of posts and baseplates with high stress concentrations for the welds at the
outside edges of the front flange at three post locations. The analysis also indicated probable
concrete damage around the front anchor bolts. The maximum dynamic and permanent
deflections of the railing were 8.2 inches and 5.8 inches, respectively. There were no detached
elements from the barrier that showed potential for penetrating the occupant compartment or
presenting undue hazard to other traffic. The vehicle remained upright and stable throughout
impact and post trajectory. Based on the results of this analysis, the barrier meets all structural
and occupant risk criteria in MASH for Test 4-12 impact conditions.
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Table 88. Summary of MASH Test 4-12 results on the sidewalk-mounted NETC 4-bar bridge rail.

Evaluation Factors Evaluation Criteria Results

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

Pass

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
Occupant traffic, pedestrians, or personnel in a work zone. Deformations
Risk of, or intrusions into, to occupant compartment should not
exceed limits set forth in Section 5.2.2 and Appendix E.

Pass

It is preferable, although not essential, that the vehicle remain
upright during and after collision.

Fail
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B=656ft.

General Information Impact Conditions
Analysis AgeNCY .....ccceceveverireenennn. ROAdsafe LLC Speed ... 56 mph Max50-millisecond Avg. (G)
Test Standard Test NO. .....cccveenee. MASH Test 4-12 Angle ......cccocevevcevinecsennene. 15 degrees Longitudinal ........ccccceoe... 1.9 g
Analysis NO. .......ccceeveveenererereinieennen.. NETC18_4BarBR_T411 Location .....cceeeeivevcienene Target: 5 feet upstream of Lateral ....cccceevvevvvecinee. 6.9°8
ANAIYSiS DALE v 4/16/2019 Post7 Vertical . 178
Actual: 4.4 ft
Test Article Impact Severity 155.6 kip-ft Test Article Deflections (in)
TYPE vttt s Bridge Rail Exit Conditions Dynamic ......cecceeeveeirreeenne. 8.15 inches
NAME ..ovoeerriieviriesercsiereesssseeneneeee. NETC 4-Bar Speed ....covvevvieiiveiinen. 49.8 mph Permanent ..........cceuuveee. 5.8 inch
Installation Length ............... . 120 feet Angle .... 4.3 degrees Working Width . 2.4 feet
Material or Key Elements Time .. we.. 0.725 seconds Max. OCl ........cccureee . =linch
Soil Type and Condition e NA. Occupant Risk Values Vehicle Stability
Analysis Vehicle Longitudinal OIV ................ 3.9 ft/s ROl .oeeireviveciire v, 18.8 degees
Type / Designation ... 10000S Lateral OIV ............. 16.7 ft/s Pitch .... 5.6 degrees
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Figure 282. Summary results for MASH Test 4-12 on the NETC 4-bar bridge rail.
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11.4 Conclusion for TL4 Evaluation of NETC 4-Bar Bridge Rail

Based on the results of this analysis, the NETC 4-bar bridge rail meets all structural and
occupant risk criteria in MASH Test Level 4; however, relatively high barrier damages are likely
under these conditions. The barrier system meets MASH TL3 criteria with only moderate barrier
damages.

11.4.1 Structural Adequacy: (PASS)

e The barrier successfully contained and redirected the vehicle in all test cases, but with
significant barrier deflections for Test 4-12.

e The barrier experienced moderate plastic deformations of the posts, rails and baseplates
for Test 4-11 (Pickup), but more significant damage for Test 4-12 (SUT).

e Lateral deflections were relatively high for 4-12 (e.g., 8.2”)

e Concrete curb damage at Post 7 was likely for Test 4-12. The damages corresponded to
potential cracks around the front anchor bolts and/or pryout damage.

11.4.2 Occupant Risk (PASS)
e Occupant compartment intrusion was well below allowable limits for all cases

e OIV and ORA

o Small Car: OIV (within critical limits); ORA (within preferred limits) (values
highly dependent on time of occupant impact)

o Pickup: OIV (within preferred limits); ORA (within critical)

11.4.3 Vehicle Trajectory (PASS)

e Vehicle remained upright and stable through impact and redirection, with relatively low
angular displacements for all cases.

12 EVALUATION OF THE CONCRETE TRANSITION TO THRIE-BEAM

FOR 4-BAR BRIDGE RAILS
12.1 Model Development

The FEA model of the MaineDOT Concrete Transition Barrier and the Bridge Transition
Type 1 was developed based on the MaineDOT standard drawings (see Appendix A). Elevation
views of the transition system are shown in Figures 283 and 284. This system is used in Maine
for all the NETC steel post-and-beam bridge rail designs and is installed with either a 9-inch tall
curb or with a 5-ft wide sidewalk with 9-inch curb face. Only the sidewalk case was evaluated
here since it provided the greatest opportunity for snags on the concrete buttress. The 9-inch
curb face for these designs begins at the end of the concrete transition nose and tapers to the
height of the approach curb over a 7-ft distance. The height of the approach curb varies
depending on site details. For these evaluations, the approach curb was modeled as 7 inches.
The analyses presented herein only involve evaluations of the crashworthiness of the transition
from the thrie beam section to the buttress. The evaluations for the transition from the w-beam
to the thrie beam section have been presented elsewhere. [FHWA12]
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Figure 283. Elevation view of the concrete transition barrier for the NETC 4-bar bridge rail.
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Figure 284. MaineDOT Bridge Transition Type 1.

The transition design includes four primary elements: (1) 10-gauge w-beam to thrie-beam
transition with “half post-spacing”, (2) a two-layer, 12-gauge thrie-beam section with further
decreased post spacing, (3) a 10-gauge thrie-beam terminal connector, and (4) a shaped concrete
buttress, as illustrated in Figure 285. The concrete strength for the buttress and bridge deck was
modeled with an unconfined compressive strength of 5000 psi. The transition posts are all W6x9
and 7 feet long with post spacing as shown in Figure 286. The material for the posts conformed
to AASHTO M183. This part of the transition is identical to that of the 3-bar transition
evaluated in Section 10.
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12 ga. W-beam
Guardrail

10 ga. transition beam

10 ga. Terminal
connector

Concrete Buttress (2 layers) 12 ga. thrie beam
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Figure 285. FEA model illustrating the various components of the system.
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Figure 286. FEA model illustrating the post types and post spacing.

The model included 37.5 feet of w-beam guardrail and transition elements; and included
22.9 feet of the NETC 4-bar bridge rail, as illustrated in Figure 287. The bridge rail overlaps the
buttress 12 inches at the recessed section of the buttress.

Figure 287. Complete FEA model of the MaineDOT transition and bridge rail.

The soil was modeled using two different methods depending on post location. Discrete
elements (i.e., springs and dampers) were used to model the soil in the w-beam section for
computational efficiency. Solid elements were used in the impact region on the transition where
the posts were closely spaced (i.e., thrie-beam sections). The continuum soil model was 16.7
feet long, 8.34 feet wide and 7 feet deep and included a 2:1 slope starting just behind the thrie-
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beam posts. A section view of the soil model is shown in Figure 288. Both models were
calibrated to the MGSATB test series performed by MwRSF (refer to Task 2b for details).

Figure 288. Soil continuum model from an oblique and section view.

The model for the shaped concrete buttress section was developed based on the drawing
details in the MaineDOT standard drawings (see Appendix A). Figures 289 and 290 show the
FEA model of the buttress, illustrating the overall dimensions, steel reinforcement details and
anchorage details. The concrete was modeled using Mat RHT in LS-DYNA with properties
consistent with 5000-psi concrete. The material properties for the reinforcing steel conformed to
ASTM A615 Grade 60 steel with properties measured at Turner Fairbanks Highway Research
Center.[TFHRC15] The stress-strain characterization is shown in Figure 58. The buttress
includes two bar sizes. The “dark shaded” bars in Figure 289 are #6 bars, and the lighter shaded

bars are #5 bars.
76"

44"

«—12"—>

Plan View

42.5”

30”
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bhbobpg

Elevation View

Figure 289. FEA model of transition buttress with dimensions and steel reinforcement details.
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Figure 290. FEA model of buttress illustrating attachment details to thrie-beam and bridge deck.

The end of the w-beam in the model was not constrained for simulations of Test 4-20
(small car test) and Test 4-21 (pickup test). The lateral deflection of the rail in those cases was
small enough to not warrant an end treatment on the rail. In a field installation, however, the rail
would either continue on upstream or be terminated with a guardrail anchor system. For
simulation of Test 4-22, the upstream end of the unanchored w-beam experienced relatively large
longitudinal deflection. It was therefore necessary to include an end-treatment model for the rail
for evaluation of Test 4-22 that accurately simulates the force-deflection response of a generic
end-terminal with anchor cable and groundline strut.

The anchor was modeled as a nonlinear spring attached to the end of the w-beam rail with
a force-deflection response developed and calibrated based on full-scale low-speed tests on a
generic anchor system shown in Figure 291, which was performed at the Federal Outdoor Impact
Laboratory (FOIL) test facility at the Federal Highway Administration’s Turner Fairbank
Highway Research Center (TFHRC) in McLean, Virginia, as part of NCHRP Project 22-
28.[Plaxicol5] Chapter 9, as well as Chapter 13, of that report discusses the testing and

Figure 291. Test set-up for measuring force-deflection response of a standard two-post guardrail
end-terminal anchor.
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The force-deflection response of the anchor test is shown in Figure 292. The effect of
loading rate on the anchor response was accounted for in the finite element model using a
dynamic magnification factor of 1.5 to scale the quasi-static force-deflection curve.
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Figure 292. Measured and approximated force-deflection response for the end-anchor.

12.2 Test 4-20
12.2.1 CIP for Test 4-20

The critical impact point for all cases were designed to maximize potential for snag on
the end of the concrete buttress. FEA was used to simulate impact of the 1100C vehicle into the
transition system under MASH Test 4-20 conditions. Five analysis cases were performed which
included impact at 4.0 ft, 4.5 ft, 5.0 ft, 5.5 ft, and 6.0 ft from the end of the concrete buttress.
These analysis cases were conducted for 0.15 seconds of impact for the purpose of determining
the critical impact point for maximizing vehicle accelerations and maximizing forces on the
barrier at the junction point of the thrie-beam and the concrete buttress.

Figure 293 shows the results of the Test 4-20 simulations showing the deformation and
position of the vehicle just before the tire impacted against the buttress in each case. Figure 294
shows the longitudinal and lateral 10-ms running average acceleration-time history data collected
at the center of gravity of the vehicle in each case. Figure 295 shows plots of the OIV and
maximum ORA values for each case.

From visual inspection of the analysis videos, the greatest potential for the wheel of the
vehicle to snag on the abutment was at IP 5.5 ft, which corresponded to the greatest penetration
of the wheel underneath the thrie-beam rail at the time of impact with the buttress. In all cases
the OIVs were at or just above recommended limits. The longitudinal ORA was relatively high
for impact points between 5 — 6 feet upstream of the buttress; however, impact at 5.5 feet
resulted in ORA of 26 G (thus failing MASH criteria), and impact at 6.0 feet resulted in
longitudinal ORA near critical limits.

Based on the results of these analyses the CIP for Test 4-20 was selected as 5.5 ft
upstream of the buttress, which corresponds to the greatest potential for pocketing and highest
ORA. This CIP is consistent with that determined for a similar system tested by MwRSF, which
involved a shaped concrete transition to thrie-beam.[Rosenbaugh19]
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IP 5.0 ft

IP 6.0 ft

Figure 293. Results of the Test 4-20 simulations showing the deformation and position of the
vehicle just before the tire impacted against the buttress for each case.
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Figure 294. Acceleration data collected at the c.g. of the vehicle for each case.
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Figure 295. Plots of OIV and maximum ORA for each case.

12.2.2 Summary of Key Phenomenological Events

The sequential views of the impact event are shown in Appendix T in Figures T-1
through T-3 from an overhead viewpoint, downstream and upstream viewpoint, and isometric
viewpoint, respectively. For this analysis case, the vehicle was not repositioned to the edge of
the sidewalk, based on previous analysis results with this vehicle model that suggested that the
tire interaction with the curb likely over-exaggerated the vertical trajectory of the vehicle (see
Section 11.1.8).

At time equal zero seconds the vehicle struck the rail at 62.1 mph and 25 degrees. The
front bumper of the car contacted the lower two corrugations of the nested thrie-beam rail at 5.5
feet upstream of the concrete buttress, as illustrated in Figure 296. At 0.005 seconds, the front-
right tire contacted the lower corrugation of the thrie-beam, and the front-right fender contacted
the top corrugation of the thrie-beam. At 0.01 seconds the barrier began to deflect. At 0.015
seconds the front-right tire began to steer away from the barrier, and at 0.02 seconds the tire was
parallel to the barrier. At 0.04 seconds the top-back edge of the front fender kinked and cracked
the lower edge of the windshield. At 0.05 seconds the front bumper of the vehicle was at the
edge of the buttress, and the front-right tire was pushed underneath the rail between Posts 2 and
3. At 0.55 seconds the passenger side window failed, but the failure was not due to direct
contact with the barrier. At 0.07 seconds the right-front tire was pushed underneath the thrie-
beam rail approximately 12 inches, which was the maximum lateral position of the tire. Also, at
this time, the rail reached maximum lateral deflection of 6.93 inches at the lower corrugation of
the thrie-beam at the upstream edge of Post 2. At 0.0767 seconds the occupant struck the right
side of the interior at 29.2 ft/s in the longitudinal direction and 32.8 ft/s in the lateral direction.
At 0.08 seconds the wheel rim of the vehicle contacted and snagged the leading edge of the
buttress. At 0.0837 seconds the maximum lateral ORA occurred with magnitude 7.9 G. At
0.087 seconds the maximum longitudinal ORA occurred with magnitude 26 G, which exceeded
the maximum allowable limit of 20.49 G in MASH. At 0.085 seconds a substantial portion of the
windshield had cracked due to the deformations of the fender and lower portion of the A-pillar.
At 0.135 seconds the front of the vehicle separated from the barrier (the front-right tire was at the
end of the thrie-beam terminal connector). At 0.25 seconds the vehicle reached maximum pitch
angle of 6.8 degrees (rear of vehicle pitching upward). At 0.345 seconds the rear bumper of the
vehicle contacted the bridge rail just upstream of Post 1 of the bridge rail on the two upper rails.
The rear bumper remained in contact with the bridge rail until 0.47 seconds, at which time the
vehicle exited the system at 36.3 mph and 35 degrees. At 0.63 seconds the vehicle reached a
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maximum roll angle of 5.4 degrees (toward barrier). The vehicle remained stable throughout
post-impact trajectory. The analysis ended at 0.63 seconds, at which time:

e The roll, pitch, and yaw of the vehicle were, respectively, 5.4 degrees (toward
barrier), 4.1 degrees (rear pitching up), and 73.7 degrees (48.7 degrees relative to
and away from barrier).

e The roll and pitch rate were stable at termination; however, the yaw rate was
relatively high at 73.2 deg/s.

e The forward velocity of the vehicle was 34.7 mph (55.9 km/h).

Concrete
Abutment F 55 ft

Critical Snag
Point

Neglecting Curb

Figure 296. Impact point for Test 4-20 on the MaineDOT transition for 4-bar bridge rail.

12.2.3 Time History Data Evaluation

Figures 297 through 299show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the center of gravity of the vehicle; Figures 300 through
302 show the comparison of the angular rates and angular displacements (i.e., yaw, roll and
pitch) at the center of gravity of the vehicle.
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Figure 297. 10- and S0-millisecond average X-acceleration from FEA of Test 4-20 on the
MaineDOT transition.
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Figure 298. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-20 on the
MaineDOT transition.
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Figure 299. 10- and 50-millisecond average Z-acceleration from FEA of Test 4-20 on the
MaineDOT transition.
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Figure 300. Yaw rate and yaw angle time-history from FEA of Test 4-20 on the MaineDOT
transition.
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Figure 301. Roll rate and roll angle time-history from FEA of Test 4-20 on the MaineDOT
transition.
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Figure 302. Pitch rate and pitch angle time-history from FEA of Test 4-20 on the MaineDOT
transition.

12.2.4 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 89 shows the results for the occupant risk calculations. The results
indicate that the longitudinal ORA does not meet safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions for the
transition were 29.2 ft/s and 32.8 ft/s, respectively, which were within the critical limits specified
in MASH. The highest 0.010-second occupant ridedown acceleration in the longitudinal and
transverse directions were 26 g and 7.9 g, respectively, which exceeded the maximum critical
limit of 20.49 g specified in MASH. The maximum 50-ms moving average acceleration values in
the longitudinal and transverse directions were 18.4 g and 17.4 g, respectively. The maximum
roll and pitch angles of the vehicle were 5.4 degrees and 6.8 degrees, respectively, which were
well below critical limits in MASH.
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Table 89. Summary of MASH occupant risk metrics for Test 4-20 on the MaineDOT transition.

12.2.5 Occupant Compartment Intrusion

Occupant Risk Factors MASH MASH Criteria
Test 4-20
Occupant Impact Velocity | x-direction 29.2
(ft/s) y-direction 32.8 >30 ft/S (preferred)
tti at 0.0767 seconds on right <40 ft/S (Iimit) v
attime side of interior
THIV 43.3
at 0.0767 seconds on right
(ft/s) ide of interior
R Accelerati i 26
(g's) (0.0816- 0.0916 seconds) > 15 G (preferred)
y-direction -7.9 >20.49G (llmlt)
(0.0787 - 0.0887 seconds)
PHD 26.4
(g's) (0.0814- 0.0914 seconds)
ASI| 237
(0.0371- 0.0871 seconds)
Max 50-ms moving avg. acc. . R -18.4
x-direction
(g's) (0.0427 - 0.0927 seconds)
y-direction -17.4
(0.0225- 0.0725 seconds)
z-direction -3:5
(0.0605 - 0.1105 seconds)
Maximum Angular Disp. 5.4
(deg) Roll (0.6324 seconds)
6.8 <75deg Vv
Pitch (0.2502 seconds)
-73.7
Yaw (0.6324 seconds)

The maximum deformation of the occupant compartment was approximately 3.4 inches
at the lower right-front corner of the toe-pan at the wheel well. The deformation was less than
the critical limit of 9 inches specified in MASH for this area of the occupant compartment. The

lateral deformation of the A-pillar was 2 inches, which was less than the critical limit of 3 inches
for this area of the vehicle. Figure 180 shows a view of the vehicle interior after the impact, with
several components removed to facilitate viewing.

Effective Plastic Strain
1.000e-01
9.000e-02 :I

8.000e-02 _| .

7.000e-02 _

Maximum OCI of the floor, doors, and
side panels was =3.4 inches (87 mm)
and occurred at the right-front toe-pan
at the wheel well

(Maximum allowable is 9”).
The lateral deformation of the A-pillar
was 2 inches

(Maximum allowable = 3”)

3.000e-02

2.000e-02 .
1.000e-02
0.000e+00

Figure 303. Occupant compartment deformation resulting from Test 4-20 on the MaineDOT
transition.

12.2.6 Damages to the Barrier System

The damages to the transition were moderate to significant, but within expectations, and
included kinking of the thrie-beam, lateral deflection of several posts and corresponding soil
displacement at those posts. Figure 304 shows an overhead view of the post impact deformation
of the transition indicating the length of vehicle contact. The vehicle was in contact with the
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barrier system for 19.9 feet, although much of the contact on the bridge rail section was from
light contact with the rear of the vehicle. Primary plastic deformations of the steel components
of the transition were limited to the thrie-beam and thrie-beam terminal connector, with a sharp
kink in the rail at the edge of the buttress, as shown in Figure 305. There was also soil
displacement at Posts 1 — 6 approaching the buttress. Figure 306 and Figure 307 show contour
plots of the maximum dynamic and permanent lateral deflection of the barrier, respectively,
which occurred at the lower corrugation of the thrie-beam at the upstream edge of the blockout at
Post 2. The maximum dynamic deflection was 6.73 inches, and the maximum permanent
deflection was 5.7 inches. Figure 308 shows a contour plot of 1* principle strain on the concrete
buttress. The damage to the concrete was negligible with strains limited to the joint connection
between the buttress and bridge deck. The maximum dynamic strain was 0.054 at the vertical
rebar joint on the upstream end of the buttress on the traffic side.

19.9 ft >

(vehicle contact)

Figure 304. Overhead view of MaineDOT transition after Test 4-20 showing extent of damage.
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Figure 305. Contours of effective plastic strains on the steel rails and posts for Test 4-20 on the
MaineDOT transition.
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Figure 306. Contour plot of lateral displacement for the MaineDOT transition at the time of

maximum dynamic deflection.
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Figure 307. Contour plot of maximum permanent deflection for the MaineDOT transition.
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Figure 308. Contour plot of 1% principle strain on concrete buttress.
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12.2.7 Damages to Vehicle

Figure 309 shows contour plots of effective plastic strain for the vehicle, which were
used to identify areas of the vehicle that suffered damage during the simulated impact event.
There was significant damages to the front-right corner of the vehicle, including the front fender,
the front suspension, front wheel, and the leading edge of the front door on the impact side, the
A-pillar, both passenger windows, and the right edge of the windshield at the A-pillar on the
impact side.

tive Plastic Strain
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Figure 309. Damages to vehicle in Test 4-20 analysis of the MaineDOT transition.

12.2.8 Exit Box

Figure 310 shows the exit box for Test 4-20 on the MaineDOT transition, where the
vehicle was redirected with its path within the exit box criteria of MASH,; however, the yaw
angle (i.e., 48.7 degrees relative to the barrier) and the yaw rate (i.e., 75 deg/s) were somewhat
aggressive during post trajectory as the vehicle was redirected toward traffic lanes.

B=328ft.

Figure 310. Exit box for Test 4-20 analysis of the 3-bar transition.

12.2.9 Results Summary

A summary of the MASH Test 4-20 results on the MaineDOT transition is shown in
Table 90 and Figure 311. The barrier contained and redirected the small car with significant
deformations to the thrie-beam section of the transition. There were no detached elements from
the barrier that showed potential for penetrating the occupant compartment or presenting undue
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hazard to other traffic. The vehicle remained upright and stable throughout impact and

redirection. The OIV metrics were within critical limits; but the longitudinal ORA value of 26 G
exceeded the maximum limit of 20.49 G. Based on the results of this analysis, the barrier does
not meet the occupant risk criteria in MASH for Test 4-20 impact conditions.

Table 90. Summary of MASH Test 4-20 results on the MaineDOT transition for 4-bar bridge rail.

Evaluation Factors

Evaluation Criteria

Results

Structural
Adequacy

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

Pass

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, to occupant compartment should not
exceed limits set forth in Section 5.2.2 and Appendix E.

Pass

Occupant
Risk

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

Pass

The longitudinal and lateral occupant impact velocity (OIV)
shall not exceed 40 ft/s (12.2 m/s), with a preferred limit of 30
ft/s (9.1 m/s)

Pass

The longitudinal and lateral occupant ridedown acceleration
(ORA) shall not exceed 20.49 G, with a preferred limit of 15.0
G

Fail
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264¢g
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Figure 311. Summary results for MASH Test 4-20 on the 3-bar transition.
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12.2.10 Comparison to MASH Test 4-20 on Similar AGT System

Since the results of the analysis indicated poor performance for the concrete transition, it
is meaningful to compare the results of the analysis to those of a full-scale test on a similar
concrete AGT system. On May 9, 2017 the MwRSF conducted a MASH Test 4-20 on a 34-inch
tall concrete AGT, which is shown in Figure 312. This design incorporates a taper at the nose of
the concrete transition buttress to help mitigate wheel snag and uses W6x15 posts spaced at 3’-
1.5” on center at the approach to the buttress. Additional details of the MwWRSF AGT can be
found in Rosenbaugh et.al. [Rosenbaugh8; Rosenbaughl9] The designs are not the same for
these two systems; however, they are similar in that they both entail a relatively stiff, nested
thrie-beam section connected to a rigid concrete buttress, and they both resulted in the tire of the
vehicle pushing underneath the thrie-beam and snagging on the end of the concrete buttress. The
resulting vehicle accelerations were also similar in both cases, as shown in Figure 315.
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Figure 312. Concrete AGT tested by MwRSF (Test 34AGT-2). [Roenbaughl9]

The full-scale test involved a 2,420-1b small car impacting at 62.1 mph and 25.5 degrees
at 5.41-ft upstream from the nose of the MwRSF buttress; whereas, the FEA involved a 2,595-1b
small car impacting at 62.1 mph and 25 degrees at 5.5 ft upstream from the nose of the
MaineDOT buttress. For the full-scale test the acceleration-time histories of the vehicle were
collected from two accelerometer blocks. One of the blocks was located at the vehicle c.g. (i.e.,
Slice-2), and the other was located near the c.g. (Slice-1). The longitudinal and lateral
acceleration-time histories from these two blocks are overlaid with each other in Figure 315, and
the occupant risk metrics from each data set is shown in Table 91.
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Figure 314. Overlay of the accelerations from Slice 1 and Slice 2 from full-scale test 34AGT-2.
[Rosenbaugh19]

Table 91. Occupant risk metrics from Test 34AGT-2 and the FEA analysis.

Test 34AGT-2 MEDOT
Slice -2 MASH 2016
Evaluation Criteria Slice-1 |(Primary) FEA Limit
OIV |Longitudinal 20.5 22.7 29.5 +40
ft/s |Lateral 35.3 32.7 32.8
ORA |Longitudinl -25.6 -10.84 -26.0 £20.49
g's |lateral -12.7 +14.7 7.9
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Although the acceleration-time histories are very similar for the two acceleration blocks,
the resulting ORA values are very different for Slice-1 and Slice-2. It is assumed, based on the
plot overlays, that the likely cause for these differences is that the theoretical occupant would
have contacted the interior slightly sooner for Slice-1 than Slice-2, since the acceleration peaks
were higher magnitude for Slice-1.

Figure 315 shows an overlay of the FEA results with each of the test accelerometers. The
vertical line in each of the plots in Figure 315 represents the time of occupant impact with the
interior as determined from the FEA analysis. The acceleration trace for the FEA is similar to the
test in each case, with the exception that the peak acceleration occurs approximately 0.01
seconds sooner in the test because the impact point in the test was nearer to the buttress (e.g.,
5.41 ft vs. 5.5 ft). The time of occupant impact was not reported for the full-scale test; however,
based on the FEA results the time of occupant impact occurs at approximately the same time of
the peak acceleration in the test. So, a very slight delay in the time of occupant impact could
result in a significant reduction in ORA for the test, which appears to be the case based on the
time of ORA for the two acceleration blocks in the test, as indicated in Figure 315. For the
longitudinal ORA it was a difference of -25.6 G vs. -10.8 G; and for the lateral ORA it was a
difference of -12.7 G vs. +14.7 G. The longitudinal ORA for the FEA was essentially the same
as Slice-1 in the test (i.e., 26 G vs. 25.6 G).

FEA vs. Test (SLICE 1)

FEA vs. Test (SLICE 2)
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Figure 315. Overlay of acceleration-time histories for FEA and tests.
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Figure 316. Comparison of vehicle damage for FEA (MaineDOT transition) and full-scale test
(MwRSF transition).

12.3 Test 4-21
12.3.1 CIP for Test 4-21

Finite element analysis was used to simulate MASH Test 4-21 at impact points 5.5 ft, 6.0
ft, 6.5 ft, 7.0 ft and 7.5 from the end of the nose of the buttress. These analysis cases were
conducted for 0.15 seconds of impact for the purpose of determining the critical impact point for
maximizing the potential for snagging on the upstream end of the buttress. For computational
efficiency the dynamic effects of the vehicle crossing the sidewalk were neglected, and the
vehicle was positioned on top of the sidewalk with the bumper a few millimeters away from the
barrier at the target impact point. The assessment was based on five key factors:

1. Pocketing — Maximum relative deflection between thrie-beam and buttress

2. Peak accelerations relative to critical snag point — Peak longitudinal acceleration
(e.g., generally identifies snag), and peak lateral acceleration (e.g., point of
highest lateral force)

3. OIV and ORA — These metrics are used directly in crashworthy assessments in
MASH

4. Impact severity and kinetic energy at time of impact with critical snag point

5. Maximize potential for component failure — maximizing forces on the barrier at
the junction point of the thrie-beam and the concrete buttress. Also, the strains in
concrete were evaluated to determine potential for cracking and spalling.

The potential for pocketing was evaluated by measuring the lateral displacement of the
thrie-beam at 12 inches upstream of the nose of the buttress, as illustrated in 271Figure 188. The
results of the evaluations are shown in Figure 318, which also includes plots of impact severity
and kinetic energy of the vehicle at the time of impact with the buttress. Based on these results,
impact at 7.0 feet upstream of the buttress resulted in the highest relative deflections and was
therefore considered the highest potential for snagging on the ends of the buttress.
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Figure 317. Measurement points for determining CIP for pocketing for Test 4-21.
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Figure 318. (a) Relative displacements of rail and (b) impact severity and kinetic energy at time of
impact with buttress for Test 4-21 CIP evaluations.

Figure 319 shows plots of the 10-millisecond running average accelerations and the 50-
millisecond running average accelerations measured at the center of gravity of the vehicle for the
longitudinal and lateral directions for each of the analysis cases. The highest longitudinal
acceleration occurring at the time when the vehicle impacts the buttress occurred for impact case
6.5 feet. The highest lateral accelerations at the time of impact with the buttress were highest for
impact cases 5.5 — 6.5 feet, each with similar magnitudes.
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Figure 319. Plots of longitudinal and lateral accelerations indicating the time of vehicle contact
with the buttress.

Figure 320 shows a comparison of the occupant risk metrics computed using the TRAP
software, including the OIV, ORA, THIV, PHD, ASI, and 50-millisecond average accelerations.
The highest values for some of the key metrics are circled on the plots. Note that the rear of the
vehicle had not impacted the rail at the time of analysis termination, so maximum ORA in the
lateral direction was not yet determined. The impact case at 6.5 feet resulted in the highest
values for each of the key metrics, although the OI'V, THIV and ASI were very similar for all
cases.
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Figure 320. Comparison of occupant risk metrics computed in TRAP for Test 4-21.
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Figure 321 and Figure 322 show contour plots of 1% principle strain for the buttress and
the bridge deck, respectively, with the maximum values identified for each case. The damage to
the buttress was limited to the rebar-joint between the buttress and the curb at two stirrup
locations on the upstream end of the buttress on the traffic side. The magnitude of the strains on
the buttress for impact cases 5.5 — 7.0 feet indicated that concrete failure around the first two or
three stirrups on the traffic side was likely, with the highest strains occurring for the impact case
at 6.5 feet. Similarly, the damage to the concrete deck was limited to the rebar-joint at three
stirrup locations at the upstream end of the buttress on the field side. The magnitude of the
strains for impact cases at 5.5 feet and 6.5 feet indicated that significant cracks were likely for
the concrete deck at the upstream stirrups on the field side.

Based on the analysis results it was determined that the impact case at 7.0 ft upstream of
the buttress provided the greatest potential for pocketing, and the impact case at 6.5 ft provided
the highest occupant risk (e.g., ORA). Thus, the CIP was selected as the midpoint between those
two cases at 6.75 ft upstream of the buttress. The local damages to the concrete buttress and
sidewalk did not significantly influence the crashworthiness of the system.

The final analysis was performed with the pickup moved back to the curb-face of the
sidewalk with a target impact point on the transition at 6.75 feet upstream of the buttress. The
analysis was performed for 0.9 seconds of the impact event. The following sections provide a
summary of the results and include a commentary describing the timing and occurrence of
various events during the simulated impact, time-history data evaluation, occupant risk
assessments, and damages sustained by both the barrier and vehicle.

IP5.5 ft IP 6.0 ft
, Max Strain = 0.109 ... MaxStrain=0.094

IP 7.0 ft IP 7.5 ft
w0 Max Strain = 0.101.,,......... Case IP 3.5t - 7.0ft indicate
concrete failure around first 2-3

stirrups on traffic side of abutment

Figure 321. Contour plots of 1* principle strain for the buttress.
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=\

Case IP 5.5ft and 6.5ft significant
cracking of concrete sidewalk/deck
on field side of abutment

k Max Strain = 0.074 k Max Strain = 0.057
Figure 322. Contour plots of 1% principle strain for the deck.

12.3.2 Summary of Key Phenomenological Events

The sequential views of the impact event are shown in Appendix U in Figures U-1
through U-3 from an overhead viewpoint, downstream and upstream viewpoint, and isometric
viewpoint, respectively. For this analysis case, the vehicle was repositioned to the edge of the
sidewalk with a target impact point of 6.75 feet upstream of the nose of the concrete buttress, as
illustrated in Figure 323.

The 5,001-1b pickup struck the curb-face of the sidewalk at a speed of 62 mph and at an
angle of 25 degrees per MASH Test 4-21 specifications. The impact point of the front-right tire
with the curb was approximately 16.5 feet upstream of the concrete buttress, the front bumper
was 15.2 feet upstream of the buttress at this time. At 0.005 seconds, the front-right tire
compressed at the point of contact with the curb. At 0.015 seconds the deformation of the tire
indicated that deflation was likely; however, tire deflation was not included in the model. At
0.03 seconds the tire had fully mounted the sidewalk, and the vehicle began to roll away from the
barrier. The tire rebounded slightly from the sidewalk at 0.040 seconds but then recontacted the
sidewalk at 0.060 seconds and remained in contact until impact with the barrier. At0.11 seconds
the front bumper impacted against the two lower corrugations of the nested thrie-beam rails at
6.5 feet upstream of the buttress. The speed and angle of the vehicle at the time of impact was
61.4 mph and 24.8 degrees, as illustrated in Figure 324. The roll and pitch angle of the vehicle
was 4.25 deg (rolling away from the barrier) and 0.86 degrees (front pitching up), respectively.
At 0.115 seconds the front-right fender contacted the top corrugation of the thrie-beam. At 0.12
seconds the barrier began to deflect. At 0.13 seconds the front-right tire began to steer away
from the barrier, and at 0.14 seconds the tire was parallel to the barrier. At 0.135 seconds the
rear-right tire contacted the curb-face of the sidewalk and began to mount the curb. At 0.145
seconds the front-left tire contacted the curb-face of the sidewalk and began to steer away (the
tire did not mount the curb). At 0.165 seconds the front fender extended over the top of the thrie
beam and impacted against the blockout at Post 2. Also, at this time, the rear-right tire was fully
mounted onto the sidewalk, and the front-left tire was steered parallel to the sidewalk. At 0.17
seconds the front bumper of the pickup contacted the leading edge of the buttress. At 0.175
seconds the barrier experienced a maximum dynamic deflection of 8.11 inches at the lower
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corrugation of the thrie-beam at 35.2 inches upstream of the buttress. At 0.19 seconds the ball-
joint of the lower control arm on the front-left wheel failed. At 0.1943 seconds the occupant
struck the right side of the interior at 21.0 ft/s in the longitudinal direction and 28.2 ft/s in the
lateral direction. At 0.195 seconds the front fender extended over the top of the thrie beam and
impacted against the blockout at Post 1 and the top edge of the buttress. At 0.2 seconds the
front-left tire was pressed slightly underneath the thrie-beam and contacted the lower edge of the
buttress. The maximum longitudinal ORA of 9.4 G also occurred at this time. At 0.305 seconds
the rear-right tire contacted the two lower corrugations of the thrie-beam and the bumper
contacted the top corrugation. The barrier again began to deflect. At 0.335 seconds Posts 1 and
2 reached a maximum lateral deflection of 6.9 inches, resulting in a barrier working width of
24.2 inches. At 0.345 seconds the rear-right tire contacted the buttress, and at 0.36 seconds the
vehicle reached a peak lateral acceleration of 17.3 G due to impact with the buttress, resulting in
the maximum ORA. At 0.42 seconds the vehicle separated from the barrier at a speed and angle
of 42.6 mph and 8.9 degrees as the rear bumper was passing the thrie-beam terminal connector
on the buttress. At 0.69 seconds the vehicle reached a maximum roll angle of 15.4 degrees
(toward barrier). At 0.74 seconds the vehicle reached maximum pitch angle of 9.6 degrees (rear
of vehicle pitching upward). The vehicle remained stable throughout post-impact trajectory.
The analysis ended at 0.9 seconds, at which time:

e The roll, pitch, and yaw of the vehicle were, respectively, 0.9 degrees (toward
barrier), 3.5 degrees (rear pitching up), and 8.84 degrees (16.16 degrees relative to
and toward barrier).

e The roll and pitch rate were stable at termination.
e The forward velocity of the vehicle was 37.5 mph (60.4 km/h).

Concrete

Abutment . 6.75 ft

Critical Snag
Point

Figure 323. Starting point and target impact point for Test 4-21 on the MaineDOT transition for 4-
bar bridge rail.

Concrete

Abutment ) 6.5 ft

Critical Snag
Point

Figure 324. Actual impact point for Test 4-21 on the MaineDOT transition for 4-bar bridge rail.
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12.3.3 Time History Data Evaluation

Figures 325 through 327 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the center of gravity of the vehicle; Figures 328 through
330 show the angular rates and angular displacement about the x-, y-, and z-axis at the center of
gravity of the vehicle.
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Figure 325. 10- and S50-millisecond average X-acceleration from FEA of Test 4-21 on the
MaineDOT transition.
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Figure 326. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-21 on the
MaineDOT transition.
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Figure 327. 10- and 50-millisecond average Z-acceleration from FEA of Test 4-21 on the
MaineDOT transition.
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Figure 328. Yaw rate and roll angle time-history from FEA of Test 4-21 on the MaineDOT
transition.
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Figure 329. Roll rate and pitch angle time-history from FEA of Test 4-21 on the MaineDOT
transition
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Figure 330. Pitch rate and yaw angle time-history from FEA of Test 4-21 on the MaineDOT
transition.

12.3.4 Occupant Risk Measures
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The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 92 shows the results for the occupant risk calculations. The results
indicate that the occupant risk factors met safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions were 21.0 ft/s
and 28.2 ft/s, respectively, which were within the recommended limits specified in MASH. The
highest 0.010-second occupant ridedown acceleration in the longitudinal and transverse
directions were 9.4 g and 17.3 g, respectively, which were over the recommended limit within
but with critical limits specified in MASH. The maximum 50-ms moving average acceleration
values in the longitudinal and transverse directions were 10.2 g and 13.3 g, respectively. The
maximum roll and pitch angles of the vehicle were 15.4 degrees and 9.6 degrees, respectively,
which were well below critical limits in MASH. As mentioned previously in Section 5, the
2270P vehicle model often over-estimates the lateral ridedown acceleration [see Appendix E].

Table 92. Summary of occupant risk metrics for Test 4-21 on the MaineDOT transition.

S —— MASH MASH Criteria
Test 4-21
Occupant Impact Velocity | x-direction 21.0
(ft/s) y-direction 28.2 <30 ft/S (preferred) v
N at0.1943 seconds on right < 40 ft/s (limit)
attime side of interior
THIV .
at 0.1943 seconds on right
(ft/s) ide of interior
idedown A i edirecti 9.4
(g's) (0.1970- 0.2070 seconds) >15G (preferred)
y-direction -17.3 <20.49 G (limit) 14
(0.3543 - 0.3643 seconds)
PHD 17.6
(g's) (03543 - 0.3643 seconds)
ASl 172
(0.1474 - 0.1974 seconds)
Max 50-ms moving avg. acc. -direction -10.2
(g's) (0.1496 - 0.1996 seconds)
y-direction 133
(0.1470- 0.1970 seconds)
z-direction 52
(0.1721- 0.2221 seconds)
Maximum Angular Disp. 15.4
(deg) Roll (0.6858 seconds)
96 <75deg Vv
Pitch (0.7410 seconds)
-36.8
Yaw (0.3638 seconds)

12.3.5 Occupant Compartment Intrusion

The maximum deformation of the occupant compartment was approximately 1 inch.
Figure 331 shows a view of the vehicle interior after the impact, with several components
removed to facilitate viewing.

Effective Plastic Strain

1.000e-01 OCl was = 1 inch (23 mm)
9.000e-02

and occurred at the lower
right-front corner of the
top-pan at the wheel well.
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Figure 331. Occupant compartment deformation resulting from Test 4-21 on the MaineDOT
transition.
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12.3.6 Damages to the Barrier System

The damages to the barrier were moderate to significant but considered typical for this
type of system. Figure 332 shows an overhead view of the post impact deformation of the
transition indicating the extent of damage. The barrier was deformed over 14.2 feet of the
system with deformation extending from Post 7 to the end of the thrie-beam terminal connector.
The vehicle was in contact with the barrier for approximately 10.2 feet. The maximum working
width for the system was 24.2 inches, measured as the maximum dynamic lateral position of Post
3 (top-back of post) relative to the initial face of the thrie-beam. The maximum deflection of the
system occurred on the lower corrugation of the thrie-beam at the upstream end of the blockout
at Post 2. Figure 333 and Figure 334 show contour plot images of the 1% peak dynamic
deflection and maximum dynamic deflection, respectively. The first peak deflection was 8.11
inches resulting from the front of vehicle impacting the system, and the maximum dynamic
deflection was 8.34 inches resulting from the rear of the vehicle impacting the system. Figure
335 shows a contour plot of final permanent lateral displacement of the system, which was 7.17
inches. Figure 336 shows a contour plot of effective plastic strain on the steel components of the
transition. The plastic deformations were limited to the thrie-beam and thrie-beam terminal
connector. There was also soil displacement at 7 posts approaching the concrete buttress.
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1t Peak dynamic deflection = 8.11in (206 mm)

Figure 333. Contour plot of lateral displacement for Test 4-21 on the MaineDOT transition at the
1% peak deflection.
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Maximum dynamic deflection = 8.34 in (212 mm)

Figure 334. Contour plot of lateral displacement for Test 4-21 on the MaineDOT transition at
maximum dynamic deflection.
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Maximum permanent deflection = 7.17 in (182 mm)

Figure 335. Contour plot of maximum permanent deflection for Test 4-21 on the MaineDOT
transition.

Effective Plastic Strain
1.000e-01
9.0000-&2:'
8.000e-02 _!
7.000e-02 _
6.000e-02
5.000e-02
4.000e-02
3.000e-02
2.000e-02
1.000e-02
0.000e+00 _|

Figure 336. Contours of effective plastic strains on the steel rails and posts for Test 4-21 on
MaineDOT transition.
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12.3.7 Damages to Vehicle

Figure 337 shows contour plots of effective plastic strain for the vehicle, which were
used to identify areas of the vehicle that suffered damage during the simulated impact event.
The most severe damages were to the front bumper, the front fender, the upper control arm of
front suspension, fail ball joint on lower control arm, front and rear wheels, rear edge of rear
door, front edge of truck bed, rear quarter panel of truck bed and rear bumper.
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Figure 337. Damages to vehicle in Test 4-21 analysis of the MaineDOT transition.

12.3.8 Exit Box

Figure 338 shows the exit box for Test 4-21 on the MaineDOT transition system. The
vehicle was redirected within the exit box criteria of MASH and the vehicle did not show signs of
re-entering traffic lanes at aggressive angle.

15.86 ft.

B=328ft.

Figure 338. Exit box for Test 4-21 analysis of the MaineDOT transition.

12.3.9 Results Summary

A summary of the MASH Test 4-21 results on the MaineDOT transition is shown in
Table 93 and Figure 339. The barrier successfully contained and redirected the 2270P vehicle
(pickup) with significant damage to the transition. There were no detached elements from the
barrier that showed potential for penetrating the occupant compartment or presenting undue
hazard to other traffic. The vehicle remained upright and did not experience excessive roll or
pitch angle displacements. The OIV and maximum ORA values were within critical limits
specified in MASH. Based on the results of this analysis, the barrier meets all structural and
occupant risk criteria in MASH for Test 4-21 impact conditions.
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Table 93. Summary of MASH Test 4-11 results on the MaineDOT transition.

Evaluation Factors Evaluation Criteria

Results

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

Pass

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, to occupant compartment should not
exceed limits set forth in Section 5.2.2 and Appendix E.

Pass

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

Occupant F
Risk

Pass

The longitudinal and lateral occupant impact velocity (OIV)
H shall not exceed 40 ft/s (12.2 m/s), with a preferred limit of 30
ft/s (9.1 m/s)

Pass

The longitudinal and lateral occupant ridedown acceleration
I (ORA) shall not exceed 20.49 G, with a preferred limit of 15.0
G

Pass
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Figure 339. Summary results for MASH Test 4-21 on the MaineDOT transition system
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12.4 Test 4-22
12.4.1 CIP for Test 4-22

The critical impact point for Test 4-22 was determined using FEA with respect to
maximum potential for vehicle snag on the end of the transition buttress, as illustrated in Figure
340. Finite element analysis was used to simulate MASH Test 4-22 at impact points 9 ft, 10 ft,
11 ft and 12 ft from the end of the buttress nose. The effects of the sidewalk on vehicle
dynamics prior to impact were ignored for the CIP determination. These analysis cases were
conducted for 0.4 seconds of impact which was sufficient to evaluate potential snags regarding
both the front and rear of the vehicle.

Critical Snag Point

Figure 340. Illustration of potential snag point for Test 4-22 on the MaineDOT transition and
impact points evaluated.

The longitudinal, lateral and resultant forces on the barrier for each case is shown in
Figure 341. The impact force from the rear tandem wheel set was essentially equal for all cases
except for impact at 11 feet. In all cases, the rear suspension failed when the right tire of the
tandem wheel set impacted the end of the buttress; however, for impact at 11 feet the suspension
failed during impact against the blockout on Post 1 of the transition, which resulted in lower
forces when the tire subsequently contacted the buttress. Figure 342 shows an overhead image
for each impact case with the cargo-box components shown as transparent to facilitate viewing
the interaction between the rear wheel set and the end of the concrete buttress.

The impact at 12 feet upstream of the splice resulted in the highest force resulting from
the front of the cargo box impacting against the top surface of the concrete buttress, and the
greatest potential for the cargo-box of the truck to extend over the top of the rail and snag on the
tops of the bridge rail posts as the truck rolled toward and over the bridge rail, as illustrated in
Figure 343.

Based on these results, impact at 12 feet upstream of the buttress was selected as the
critical impact point to maximize potential for vehicle snag on the end of the buttress and to also
maximize potential for vehicle roll angle and contact between cargo-box and bridge rail posts.
The analysis was performed for 1.5 seconds of the impact event. The following sections provide
a summary of the results and include a commentary describing the timing and occurrence of
various events during the simulated impact, time-history data evaluation, occupant risk
assessments, and damages sustained by both the barrier and vehicle.
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Figure 341. Longitudinal, lateral and resultant forces on barrier for each analysis case.
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Figure 342. Overhead images with transparent cargo-box showing the interaction of the rear wheel
set and the concrete buttress.
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Figure 343. Cargo-box bed rails snag on top of bridge rail posts.

12.4.2 Summary of Key Phenomenological Events

The 22,198-1b single unit truck struck the curb-face of the sidewalk at 28.5 feet upstream
of the end of the concrete buttress at a speed of 56 mph and at an angle of 15 degrees, as
illustrated in Figure 344, with a target impact point on the barrier of 12 feet upstream of the end
of the buttress. The sequential views of the impact event are shown in Appendix V in Figures V-
22 through V-24 from an overhead viewpoint, downstream and upstream viewpoint, and
isometric viewpoint, respectively.

n
|

Te =

Critical snag point

Figure 344. Initial impact point on the curb-face for Test 4-22 on the sidewalk-mounted
MaineDOT transition.
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Figure 345. Impact point on the barrier for Test 4-22 on the sidewalk-mounted MaineDOT
transition.

At 0.005 seconds, the front-right tire compressed at the point of contact with the sidewalk
curb, and at 0.04 seconds the tire had fully mounted the sidewalk and the vehicle began to roll
away from the barrier. The tire model for the SUT is relatively stiff and immediately rebounded
of the surface of the sidewalk. At 0.09 seconds the front-right tire recontacted the sidewalk as
the vehicle was yawing slightly counter-clockwise away from the barrier. At 0.205 seconds the
rear-right tire contacted the curb face of the sidewalk; also, at this time, the front bumper of the
truck impacted the top and middle corrugations of the thrie-beam at 11.5 feet upstream of the end
of the buttress, traveling at 55.1 mph and 14.5 degrees, as shown in Figure 345. At 0.21 seconds
the front-right tire impacted the lower two corrugations of the thrie-beam, and at 0.215 seconds
the tire began to steer counter-clockwise (away from the barrier). At 0.25 seconds the rear-right
tandem wheel was fully mounted onto the sidewalk. At 0.28 seconds one of the u-bolts
connecting the front axle to the right suspension failed. At 0.335 seconds the second u-bolt
failed connecting the front axle to the right suspension. At 0.37 seconds the front-left tire
contacted the curb face of the sidewalk and began to slowly climb the curb. At 0.43 seconds the
rear-left tandem wheel set lifted off the ground, and the front-left wheel began to push away
from the curb face. At 0.42 seconds the front bumper of the truck began to pass the downstream
end of the buttress. At 0.46 seconds the front-right tire began to pass the downstream end of the
buttress and continued in contact with the barrier onto the bridge rail. At 0.47 seconds the rear-
right wheel set impacted the thrie-beam at approximately 8.85 feet upstream of the buttress, and
the posts began to deflect back at this section of the barrier. Also, at this time, the front-lower
edge of the cargo box struck the top surface of the buttress at 20 inches from the end of the
buttress nose. The lower edge of the cargo box deformed as it rode up the sloped surface of the
buttress. At 0.51 seconds the longitudinal deflection of the transition rail began to increase
significantly due to pocketing of the thrie-beam as the rear tandem wheel set approached the end
of the buttress. At 0.55 seconds, Post 4 reached peak dynamic lateral deflection of 12.28 inches,
and the truck cabin experienced maximum lateral acceleration of 7.9 g. At 0.565 seconds the
wheel rim on the rear-right wheel deformed during interaction with the post blockout at Post 2,
and the truck experienced maximum lateral acceleration of 10.8 g at the center of gravity of the
vehicle. At 0.57 seconds the rear-right tandem wheel set began to climb the thrie-beam rail as
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the tires approached closer to the buttress, resulting in significant damage to the truck suspension
and causing increased pitch of the rear of the truck bed. At 0.58 seconds, Post 3 reached peak
dynamic lateral deflection of 14.17 inches. At 0.59 seconds, the maximum lateral deflection of
the barrier was 17 inches and occurred at the front-top corner of the blockout at Post 2. Also, at
this time, Post 2 reached peak dynamic lateral deflection of 15.83 inches. At 0.595 seconds the
rear tandem wheel set contacted and snagged on the end of the buttress, causing failure of the
leaf spring at the forward connection bracket. At 0.6 seconds the maximum longitudinal
deflection of the terminal-end of the transition occurred with magnitude 6.2 inches. At 0.605
seconds, Post 1 reached peak dynamic lateral deflection of 10.79 inches. At 0.614 seconds the
truck experienced maximum longitudinal acceleration of 16.8 g at the center of gravity of the
vehicle. At 0.62 seconds the lower edge of the cargo box contacted the top of the bridge rail near
the first post in the bridge rail section. The lower edge of the cargo box was extended over the
top of the rail approximately 19 inches, and the cargo box snagged slightly on Post 1. At 0.637
seconds the truck cabin experienced maximum longitudinal acceleration of 13.9 g. At 0.67
seconds the bottom of the cargo box snagged slightly on the top of Post 2 of the bridge rail and
continued to these snags until 0.755 seconds. At 0.745 seconds the front of the truck was passing
the downstream end of the bridge rail. The yaw angle of the vehicle resulted in the vehicle
moving toward the field-side as it progressed forward. At 0.79 seconds the front-lower edge of
the cargo box impacted against the 3" post of the bridge rail, resulting in a significant snag with
the post. The snag resulted in shearing post-bolts and significantly deforming the Post 3, but also
bending Posts 1 and 2 of the bridge rail. At 0.842 seconds the vehicle reached maximum roll
angle of 17.8 degrees (toward barrier). At 1.01 seconds the vehicle exited the barrier at 35.8
mph and 8.49 degrees toward the barrier as the lower edge of the truck box slid off the end of the
railing. At 1.081 seconds the vehicle reached maximum pitch angle of -13.4 degrees (rear
pitching up). The analysis was terminated at 1.35 seconds, at which time:

e The roll, pitch, and yaw angles for the truck cabin were -8.7 degrees and increasing, -2.25
degrees (rear pitching upward) and stable, and 30.4 degrees (toward field-side) and
increasing, respectively.

e The roll, pitch, and yaw angles for the cargo box were 3.81 degrees (toward the field-
side) and decreasing, -4.4 degrees (rear pitching upward) and stable, and 25.9 degrees
(toward field-side) and increasing, respectively.

e It is possible that the vehicle would have rolled onto its side if the analysis had continued.

e The SUT was no longer in contact with the barrier as it reached the end of the bridge rail
and was moving toward the field-side.

e The forward speed of the vehicle was 37.5 mph (60.42 km/hr)

12.4.3 Time History Data Evaluation

Acceleration-time histories and angular rate-time histories were collected at two locations
on the vehicle: (1) on the cargo box at the center of gravity of the vehicle, and (2) a point inside
the cabin of the truck, as shown in Figure 111. The acceleration and angular rate data used for
the occupant risk measures came from the cabin location. Figures 346 through 348 show the
longitudinal, transverse, and vertical acceleration-time histories, respectively, computed from
near the center of gravity of the vehicle which falls inside the cargo-box near the front of the
ballast.

289



x-acc (10-ms Avg.) x-acc (50-ms Avg.)

=
o

v
L

-10 - ——Test 4-22

-15 ——Test 4-22

X-acceleration (G's)
(92]
50-ms avg. X-acceleration (G's)
o U b W N R O R N
.

-20

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Time (seconds) Time (seconds)

Figure 346. 10- and S50-millisecond average X-acceleration from FEA of Test 4-22 on the
MaineDOT transition (c.g. accelerometer).
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Figure 347. 10- and S50-millisecond average Y-acceleration from FEA of Test 4-22 on the
MaineDOT transition (c.g. accelerometer).
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Figure 348. 10- and S50-millisecond average Z-acceleration from FEA of Test 4-22 on the
MaineDOT transition (c.g. accelerometer).

Figures 349 through 351 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the inside the cabin of the vehicle; Figures 352 through
354 show the comparison of the angular rates and angular displacements about the x-, y-, and z-
axis from the cabin location. These data are used for calculating the occupant risk metrics.
MASH does not require that occupant risk be evaluated; however, they are reported herein for
completeness (see following section).
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Figure 349. 10- and S0-millisecond average X-acceleration from FEA of Test 4-22 on the
MaineDOT transition (cabin accelerometer).
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Figure 350. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-22 on the
MaineDOT transition (cabin accelerometer).
z-acc (10-ms Avg.) z-acc (50-ms Avg.)
4
o ——Test 4-22
——Test 4-22 g ®
= S 2
5 g
] 3
g § o1
3 N
3
o
g
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09

Time (seconds)

Time (seconds)

Figure 351. 10- and 50-millisecond average Z-acceleration from FEA of Test 4-22 on the
MaineDOT transition (cabin accelerometer).
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Figure 352. Yaw rate and yaw angle time-history from FEA of Test 4-22 on the MaineDOT
transition (cabin accelerometer).
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Figure 353. Roll rate and roll angle time-history from FEA of Test 4-22 on the MaineDOT
transition (cabin accelerometer).
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Figure 354. Pitch rate and pitch angle time-history from FEA of Test 4-22 on the MaineDOT
transition (cabin accelerometer).

12.4.4 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected from inside the
truck cabin were used to evaluate occupant risk metrics according to the procedures outlined in
MASH. Table 94 shows the results for the occupant risk calculations. The results indicate that
the occupant risk factors met safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions were 8.9 ft/s
and 14.4 ft/s, respectively. The highest 0.010-second occupant ridedown acceleration in the
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longitudinal and transverse directions were 13.9 g and 8.7 g, respectively. The maximum 50-ms
moving average acceleration values in the longitudinal and transverse directions were 5.6 g and 5
g, respectively. The maximum roll and pitch angles of the vehicle were 8.7 degrees and 12.0
degrees, respectively. All metrics were within recommended limits specified in MASH.

Table 94. Summary of occupant risk metrics for Test 4-22 on the MaineDOT transition.

) MASH IMASH Criteria
Occupant Risk Factors -_—
Test 4-22
[o] t | t Velocit -directi 8.9
ccupant Impact Velocity | x: l.rec I-on <30 ft/S (preferred) v
(ft/s) y-direction 14.4 L.
t ti at 0.3726 seconds on right < 40 ft/S (Ilmlt)
attime side of interior
THIV 16.4
it 0.3726 seconds on right
(ft/s) arhares seconds
ide of interior
Ridedown Acceleration xdirection -13.9 v
(g's) (0.6320- 0.6420 seconds) <15G (preferred)
y-direction 8.7 < 20.49 G (limit)
(0.6419- 0.6519 seconds)
PHD 15
(g's) (0.6322- 0.6422 seconds)
ASI 0.66
(0.6306 - 0.6806 seconds)
Max 50- i . acc. -5.6
ax 50-ms moving avg. acc x-direction
(g's) (0.5916 - 0.6416 seconds)
y-direction 5
(0.6284 - 0.6784 seconds)
z-direction 34
(0.6310- 0.6810 seconds)
Maximum Angular Disp. -8.7
(deg) Roll (1.3455 seconds)
“12 <75 deg v
Pitch (0.9437 seconds)
30.4
Yaw (1.3455 seconds)

12.4.5 Occupant Compartment Intrusion

The maximum deformation of the occupant compartment for impact on the MaineDOT
transition was approximately 5.5 inches. The maximum deformation occurred at the lower right-
front corner of the toe-pan at the wheel well. Figure 355 shows a view of the vehicle interior
after the impact, with several components removed to facilitate viewing. The maximum
deformation was less than the critical limit of 9 inches specified in MASH for this area of the
occupant compartment.

Maximum OCl was = 5.5 inch (139 mm)
and occurred at the lower right-front
corner of the toe-pan at wheel well.

Figure 355. Occupant compartment deformation resulting from Test 4-22 on the MaineDOT
transition.
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12.4.6 Damages to the Barrier System

Figure 356 shows images of the barrier at maximum deflection and final displacement
with a contour plot of lateral displacement on the rail elements. The maximum dynamic
deflection was 17 inches and occurred at the top of Post 2 on the thrie-beam section of the
transition. The maximum permanent deflection was 15.4 inches at the same location.

Maximum dynamic deflection = 17 in (433 mm)
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Figure 356. Contour plot of lateral displacement for the MaineDOT transition for Test 4-22 at the
time of maximum dynamic deflection.

Figure 357 shows contours of true effective plastic strains on the steel components of the
transition and bridge rail with contour range cut off at 0.2. Figure 358 shows a close-up view of
the bridge rail end-post and the thrie-beam rail at the buttress. Plastic deformations of the thrie-
beam rail were significant at, and near to, the end of the buttress. The maximum effective plastic
strain was 0.5 at the top edge of the thrie-beam where the rail was pressed against the top corner
of the buttress. Several of the transition posts near the buttress were deformed. The bridge rail
was also damaged, due to the bottom of the cargo box snagging on the tops of the posts. The
most significant damage to the bridge rail was to the downstream end post, in which the rail
mounting bolts sheared off, and the post bent along the longitudinal direction of the rail.
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Figure 357. Contours of effective plastic strains on the transition and bridge rail for Test 4-22 on
the MaineDOT transition.
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Bridge Rail Post Thrie-Beam and Buttress

Figure 358. Close-up view of end-post on bridge rail and the high deformation area of the thrie-
beam at the buttress.

The vehicle was in contact with the barrier from the point of contact until the truck box
slid off the end of the bridge rail at 1.01 seconds. The maximum working width prior to exiting
the barrier was 3.88 ft resulting from the top-front corner of the cargo box extending over the
bridge rail, as illustrated in Figure 359.

Figure 359. Working width for Test 4-22 on MaineDOT transition.

12.4.7 Peak Forces on Barrier

The longitudinal, lateral and resultant force-time history results are shown in Figure 360
with data filtered with cutoff frequency of 60 Hz. The peak forces are annotated with images
showing truck at time of peak force. The maximum impact force occurred when the rear tandem
wheel set impacted against the transition, with approximate magnitudes of 100 kips, 85 kips, and
135 kips for the longitudinal, lateral and resultant components, respectively.
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Figure 360. Longitudinal, lateral and resultant force-time history between vehicle and barrier for
Test 4-22 on the MaineDOT transition.

12.4.8 Damages to Vehicle

Figure 361Figure 227 shows contour plots of effective plastic strain for the vehicle,
which were used to identify areas of the vehicle that suffered damage during the simulated
impact event. The damages to the truck included the front bumper, front fender, front-right
suspension failure, front axle and wheel, side step, lower edge of door and cabin, frame rails, rear
suspension failure, and rear outside tandem wheel. The damages to the cargo-box included
Front-lower corner of box, lateral floor beams, main bed rail, wood flooring, and side rail.

Effective Plastic Strain
1.000e-01
9.000e-02 }
8.000e-02
7.000e-02
6.000e-02
5.000e-02
4.000e-02
3.000e-02
2.000e-02
1.000e-02 :I
0.000e+00

Figure 361. Damages to vehicle in Test 4-22 analysis of the MaineDOT transition.

296



12.4.9 Exit Box

Figure 362 shows the exit box for Test 4-22 on the MaineDOT transition. Although the
exit box analysis is not required in MASH, it was included here for completeness. The vehicle
was smoothly redirected, and the vehicle path was well within the exit box criteria of MASH.
The vehicle remained upright during the 1.35 seconds of the impact evaluated; however, the roll
rate and yaw angle at the termination of the analysis indicated that it was probable that the
vehicle would roll onto its side. If a greater length of the bridge rail had been modeled, the
contact between the truck and barrier would have reduce the yaw angle and improved the post
trajectory of the vehicle.

26.95 ft.

B=65.6 ft.

Figure 362. Exit box for Test 4-22 for the MaineDOT transition.

12.4.10Test 4-22 Results Summary

A summary of the MASH Test 4-22 results on the MaineDOT transition is shown in
Table 95 and Figure 363. The analysis showed that the barrier contained and redirected the
10,000S vehicle, but with significant damage to the transition and bridge rail elements. The
damages to the transition included lateral soil displacement at 6 posts, significant plastic
deformation of barrier thrie-beam components, with maximum dynamic deflection of 17 inches
at Post 2 in transition. The maximum plastic strain on the thrie-beam was 0.5, which indicates
possible rail rupture. The damages to the bridge rail posts were due to the bottom of the cargo-
box leaning over the rail and snagging on the tops of the posts. There were no detached elements
from the barrier that showed potential for penetrating the occupant compartment or presenting
undue hazard to other traffic. The vehicle remained upright during the 1.5 seconds of the impact
evaluated; however, the roll rate at the termination of the analysis indicated that it was probable
that the vehicle would roll onto its side. It is preferred that the vehicle remain upright, but not
required. Based on the results of this analysis, the barrier marginally meets all structural and
occupant risk criteria in MASH for Test 4-22 impact conditions.
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Table 95. Summary of MASH Test 4-12 results on the concrete transition to thrie-beam.

Evaluation Factors Evaluation Criteria Results

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

Marginal

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
Occupant traffic, pedestrians, or personnel in a work zone. Deformations
Risk of, or intrusions into, to occupant compartment should not
exceed limits set forth in Section 5.2.2 and Appendix E.

Pass

It is preferable, although not essential, that the vehicle remain
upright during and after collision.

Probable Fail
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Figure 363. Summary results for MASH Test 4-22 on the MaineDOT transition.
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12.5 Conclusions for MASH TL4 Evaluation of the Concrete Transition to Thrie-Beam
System

Based on the results of this analysis, the concrete transition to thrie-beam system is not
expected to meet MASH safety criteria for Test Level 3 or 4.

12.5.1 Structural Adequacy: (Marginal Pass)

e The barrier contained and redirected the vehicle for Tests 4-20 and 4-21, but containment
was marginal for Test 4-22.

e There was moderate to significant damage to the transition for Tests 4-20 and 4-21, but
highly significant damage for Test 4-22.

e Test 4-22 also resulted in the bottom of the cargo-bed contacting and snagging on the
tops of the bridge rail posts and deforming those posts.

12.5.2 Occupant Risk (Fail)
e Occupant compartment intrusion was below allowable limits for all cases
e OIV and ORA
o Small Car : OIV was within critical limits, but ORA exceeded critical limits.
o Pickup: OIV was within preferred limits; ORA was within critical limits

12.5.3 Vehicle Trajectory (PASS)

e Roll and Pitch for Tests 4-20 (small car) and 4-21 (pickup) were relatively low, and the
vehicle remained upright through impact and redirection.

e Roll and pitch for Test 4-22 (SUT) were relatively low through 1.34 seconds of the
impact event; however, given the final orientation, speed and roll rate of the vehicle, it is
likely that the tuck will roll over onto its side.

13 EVALUATION OF THE NETC 2-BAR BRIDGE RAIL FOR MASH TL3

The finite element model of the NETC 3-bar bridge rail was developed in Tasks 3. That
model was used as a baseline for developing the NETC 2-bar bridge rail. In the 3-bar model, the
deck and granite curb extension were modeled based on RIDOT design, as shown in Figure 113
(see Appendix D for drawings), in which adjacent surfaces between the granite curb and the
concrete curb were not connected and the vertical leg of the hoop steel was positioned near to
front anchor rods. Other states such as Vermont and New Hampshire use an integral concrete
curb extension, as shown in Figure 364. Based on recommendations from the technical advisory
committee for the project, the 2-bar bridge rail was modeled with the integral curb, as illustrated
in Figure 364.
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Figure 364. Section view drawing and the FEA model of the NETC 2-Bar bridge rail.

As with the 3-bar design, the splice for the tubular rails are placed on the downstream
side of the posts to minimize potential for vehicles snagging at the joint in primary-direction
impacts. The critical impact condition for the splice is therefore a reverse-direction impact
where the vehicle impacts from the opposite direction. To simulate reverse-direction impact
cases, the splice was moved to the opposite side of the post, consistent with the analysis of the 3-
bar design.

FEA was used to evaluate the crash performance of the NETC 2-bar bridge rail based on
structural adequacy, vehicle stability during and after redirection, and occupant risk factors using
criteria specified in MASH for Test Level 3. Two impact cases were evaluated:

e Simulation of Test 3-10 included the 1100C Yaris model ballasted to 2,595 1b (1177 kg)
impacting the barrier at 62.2 mph and 25 degrees. The critical impact point was selected
as 3.6 feet (1.1 m) upstream of a bridge rail post.

e Simulation of Test 3-11 included the 2270P Chevrolet Silverado model ballasted to
5,0011b (2,269 kg) impacting the railing at 62.2 mph and 25 degrees. The critical impact
point was selected as 4.3 feet (1.3 m) upstream of a bridge rail post.

The analysis in all cases was performed using LS-DYNA version mpp_s R8.1.0 revision

number 105896. The analysis was conducted with a time-step of 1.0 microsecond for a time
period of 1.0 seconds for Test 3-10 and 0.9 seconds for Test 3-11.

13.1 Test 3-10

The critical impact condition for Test 3-10 was selected based the MASH recommended
CIP for rigid barrier tests (see Table 2-7 of MASH). [AASHTO16] The target impact point was
3.6 feet upstream of Post 7 and was selected to maximize potential for snagging at the post,
while also providing adequate opportunity for snag at the splice connection for the tubular rails.
The splice is located 1.5 feet upstream of the post. The following sections provide a summary of
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the results and include a commentary describing the timing and occurrence of various events
during the simulated impact, time-history data evaluation, occupant risk assessments, and
damages sustained by both the barrier and vehicle.

Post 11 10 9 8
e
Splice curb /

Figure 365. Impact point for Test 3-10 on the NETC 2-bar bridge rail.

13.1.1 Summary of Key Phenomenological Events

The sequential views of the impact event are shown in Appendix W in Figures W-1
through W-3 from an overhead viewpoint, downstream and upstream viewpoint, and oblique
viewpoint, respectively. At time equal zero seconds the front-right tire contacted the curb, and
0.01 seconds the front bumper contacted the lower railing. At 0.015 seconds the front fender
contacted the top railing. Also, at this time, the front-right tire was deformed enough to indicate
debeading and deflation; however, that attribute was not included in the FEA model. At 0.02
seconds the middle and lower railings began to deflect. At 0.025 seconds the front bumper
contacted the splice but did not snag; also, at this time, Post 7 began to deflect. At 0.035 seconds
the front bumper was aligned with Post 7, and the front-right tire was fully mounted onto the
curb. At 0.04 seconds the front bumper contacted Post 7 but did not snag on the post. At 0.045
seconds the front-right tire contacted and snagged the splice on the lower rail, which resulted in
deforming the wheel, but vehicle deceleration was mostly unaffected. At 0.06 seconds the lower
railing reached maximum dynamic deflection of 3.6 inches at the splice, and Post 7 reached
maximum dynamic deflection of 1.75 inches. Also, at this time, the vehicle reached maximum
longitudinal and lateral acceleration values of 26.2 G and 29.6 G, respectively. At 0.065 seconds
the front-right tire contacted Post 7 but did not snag on the post. Also, at this time, the
deformation at the lower edge of the A-Pillar caused the windshield to crack. At 0.0793 seconds
the vehicle occupant contacted the right side of the interior at longitudinal velocity of 26.2 ft/s
and lateral velocity of 33.1 fts/s. At 0.0862 seconds the maximum ORA in the longitudinal
direction occurred with magnitude 5.5 G. At 0.13 seconds the front of the vehicle separated
from the barrier. At 0.15 seconds the rear-right tire contacted the curb. At 0.165 seconds the
rear-right tire rim began to bend. At 0.166 seconds the vehicle was parallel to the barrier. At
0.185 seconds the rear quarter panel and rear bumper contacted the upper and lower railings,
respectively, at Post 7. Also, at this time the tire damage indicated that tire deflation was likely.
At 0.2 seconds the rear-left tire lifted of the ground. At 0.205 seconds the rear-right tire was
fully mounted onto the curb. At 0.222 seconds the maximum ORA in the lateral direction
occurred with magnitude 6.4 G. At 0.28 seconds the vehicle separated from the barrier traveling
at 42.1 mph with exit angle of 10.7 degrees (42.8 percent of impact angle). At 0.375 seconds the
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vehicle reached a maximum pitch of 5.4 degrees (rear pitching upward). At 0.529 seconds the
vehicle reached a maximum roll angle of 7.0 degrees (toward barrier). The vehicle remained
stable throughout post-impact trajectory. The analysis ended at 1.0 seconds, at which time:

The roll, pitch, and yaw of the vehicle were, respectively, 0.3 degrees (toward
barrier), 1.3 degrees (rear pitching up), and 27.7 degrees (2.7 degrees relative to

and away from barrier).

The forward velocity of the vehicle was 39.5 mph (63.6 km/h).

13.1.2 Time History Data Evaluation

Figures 366 through 368 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the center of gravity of the vehicle; Figures 369 through
371 show the comparison of the angular rates and angular displacements (i.e., yaw, roll and
pitch) at the center of gravity of the vehicle.
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Figure 366.

bar bridge rail.

10- and 50-millisecond average X-acceleration from FEA of Test 3-10 on the NETC 2-
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Figure 367. 10- and 50-millisecond average Y-acceleration from FEA of Test 3-10 on the NETC 2-

bar bridge rail.
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Figure 368. 10- and S50-millisecond average Z-acceleration from FEA of Test 3-10 on the NETC 2-
bar bridge rail.
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Figure 369. Yaw rate and yaw angle time-history from FEA of Test 3-10 on the NETC 2-bar bridge

rail.
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Figure 370. Roll rate and roll angle time-history from FEA of Test 3-10 on the NETC 2-bar bridge

rail.
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Figure 371. Pitch rate and pitch angle time-history from FEA of Test 3-10 on the NETC 2-bar
bridge rail.

13.1.3 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 96 shows the results for the occupant risk calculations. The results
indicate that the occupant risk factors meet safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions were 26.2 ft/s
and 33.1 ft/s, respectively, which were within critical limits specified in MASH. The highest
0.010-second occupant ridedown acceleration in the longitudinal and transverse directions were
5.5 gand 6.4 g, respectively, which were well within preferred limits specified in MASH.
However, these values are highly dependent on time of occupant impact with the interior, as
shown in Figures 366 and 367. The maximum 50-ms moving average acceleration values in the
longitudinal and transverse directions were 14.8 g and 19.8 g, respectively, which are considered
relatively high. The maximum roll and pitch angles of the vehicle were 7.0 degrees and 5.4
degrees, respectively, which were well below critical limits in MASH.
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Table 96. Summary of MASH occupant risk metrics for Test 3-10 on the NETC 2-bar bridge rail.

Occupant Risk Factors MASH MAS H c"te"a
Test 3-10

Occupant Impact Velocity | x-direction 26.2
(ft/s) y-direction 33.1 >30 ft/S (pTEfGTTEd)
at time at 0.07?3 sec9nds_on right <40 ft/s ("mit) v
side of interior
THIV 42.0
at 0.0793 seconds on right
(ft/s) side of interior ’
Ridedown Acceleration N -5.5
(g's) x-direction | 12 00912 seconds) <15G (preferred) v’
6.4 <20.49 G (limit)
(0.2169 - 0.2269 seconds)
PHD 6.4
(g's) (0.2169- 0.2269 seconds)
2.51
(0.0257 - 0.0757 seconds)
Max 50-ms moving avg. acc. ) . -14.8
x-direction
(g's) (0.0241 - 0.0741 seconds)
-19.8
(0.0263 - 0.0763 seconds)
-3.2
(0.0603 - 0.1103 seconds)
Maximum Angular Disp. 7
(deg) Roll (0.5291 seconds) <75 deg v
-5.4
Pitch (0.3745 seconds)
-39.8
Yaw (0.4896 seconds)

y-direction

ASI

y-direction

z-direction

13.1.4 Occupant Compartment Intrusion

The maximum deformation of the occupant compartment was approximately 3.3 inches
at the lower right-front corner of the toe-pan at the wheel well. Figure 372 shows a view of the
vehicle interior after the impact, with several components removed to facilitate viewing. The
deformation was less than the critical limit of 9 inches specified in MASH for this area of the
occupant compartment.

Maximum OClI of the floor, doors, and
side panels was =3.3 inches (85 mm)and
occurred at the right-front toe-pan at the
wheel well.

Maximum allowable is 9”.

Figure 372. Occupant compartment deformation resulting from Test 3-10 on the NETC 2-bar
bridge rail.
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13.1.5 Damages to the Barrier System

The damages to the barrier were minimal. Figure 373 shows an overhead view of the
post impact deformation of the bridge rail. The vehicle was in contact with the barrier for 11
feet, with damages limited to region between Posts 6 and 7. Figure 374 and Figure 375 show
images of the maximum dynamic deflection and permanent deflection of the barrier,
respectively, with a contour plot of lateral displacement on the rail elements. The maximum
dynamic and permanent deflections were 3.6 inches and 2.03 inches, respectively, and occurred
at the lower tube rail at the splice.

Post 8 7 6

11ft
(Vehicle Contact)

Figure 373. Overhead view of NETC 3-bar bridge rail after Test 3-10 showing extent of damage.

Maximum dynamic deflection = 3.6 in (91.9 mm) at 0.06 seconds
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Figure 374. Contour plot of lateral displacement for the bridge rail for Test 3-10 at the time of
maximum dynamic deflection.

Maximum permanent deflection = 2.03 in (51.5 mm)
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Figure 375. Contour plot of maximum permanent deflection of the NETC 2-bar bridge rail for test
3-10.
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Figure 376 shows contours of true effective plastic strains on the bridge rail and of
vertical displacement on the baseplate. The damage was limited to deformations of the lower rail
at the splice connection, as well as, the post and the baseplate at the critical post location. The
plastic strain values for those components were well below critical values. The maximum
vertical dynamic deflection of the baseplate was 0.49 inches (12.4 mm), and the maximum
permanent deflection of the baseplate was 0.16 inches (4.1 mm).

2Z-displacement (mm)
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1.000e+01
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0.000e+00
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4.000e-02

2.000e-02 ]
/ 0.000e+00 _|

Figure 376. Contours of (a) vertical displacement on baseplate and (b) effective plastic strains on
barrier for Test 3-10 on the NETC 2-bar bridge rail.
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Figure 377 shows contours of 1% principal strain with contours cut off at strains of 0.1.
The 1% Principal strain values for the concrete in these cases was 0.073 dynamic strain and was
0.02 permanent, which indicates a slight possibility for crack openings in the concrete curb near
the front anchor rods.

1st Principal Strain-Infinitesimal

1.000e-01

7.000e-02 _

9.000e-02 :I}
8.000e-02

Significant
Crack Opening
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4.000e-02 _|
3.000e-02 _|
2.000e-02
1.000e-02 :I
0.000e+00

Figure 377. Contours of 1% principal strains for concrete at the critical post for Test 3-10 on the
NETC 2-bar bridge rail.

13.1.6 Damages to Vehicle

Figure 378 shows contour plots of effective plastic strain for the vehicle, which were
used to identify areas of the vehicle that suffered damage during the simulated impact event.
The most severe damages were to the front fender, the upper and lower control arm of front
suspension, front wheel, and the leading edge of the front door on the impact side. The impact-
side windows were broken, and the windshield was fractured on the impact side caused from
vehicle deformation. The rear-left wheel was also deformed resulting from impact with the curb.
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Figure 378. Damages to vehicle in Test 3-10 analysis of the NETC 2-bar bridge rail.

13.1.7 Exit Box
Figure 379 shows the exit box for Test 3-10 on the bridge rail, where the vehicle was
smoothly redirected, and its path was well within the exit box criteria of MASH.

M s s T s T s T s T e e T

—

15 ft.

B=328ft.

Figure 379. Exit box for Test 3-10 analysis of the NETC 2-bar bridge rail.

13.1.8 Results Summary

A summary of the MASH Test 3-10 results on the NETC 2-bar bridge rail is shown in
Table 97 and Figure 380. The barrier successfully contained and redirected the small car with
minimal damage to the system. There were no detached elements from the barrier that showed
potential for penetrating the occupant compartment or presenting undue hazard to other traffic.
The vehicle remained upright and very stable throughout impact and redirection. The OIV
values were within critical limits, and the maximum ORA values were within recommended
limits specified in MASH. Based on the results of this analysis, the barrier meets all structural
and occupant risk criteria in MASH for Test 3-10 impact conditions.
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Table 97. Summary of MASH Test 3-10 results on the NETC 2-bar bridge rail.

Evaluation Factors

Evaluation Criteria

Results

Structural

Adequacy 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.

Pass

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, to occupant compartment should not
exceed limits set forth in Section 5.2.2 and Appendix E.

Pass

Occupant F
Risk

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

Pass

The longitudinal and lateral occupant impact velocity (OIV)
shall not exceed 40 ft/s (12.2 m/s), with a preferred limit of 30
ft/s (9.1 m/s)

Pass

The longitudinal and lateral occupant ridedown acceleration
(ORA) shall not exceed 20.49 G, with a preferred limit of 15.0
G

Pass
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Figure 380. Summary results for MASH Test 3-10 on the NETC 2-bar bridge rail.
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13.2 Test 3-11

The critical impact condition for MASH Test 3-11 was selected based the MASH
recommended CIP for rigid barrier tests. The target impact point was 4.3 feet upstream of Post
7, as shown in Figure 381, and was selected to maximize potential for snagging at the post, while
also providing adequate opportunity for snag at the splice connection of the tubular rails.
[AASHTO16] The following sections provide a summary of the results and include a
commentary describing the timing and occurrence of various events during the simulated impact,
time-history data evaluation, occupant risk assessments, and damages sustained by both the
barrier and vehicle.

Post 11 M 0 i 9 8 i
ﬁ 1l ‘ L 1l ﬂ 1 ﬁ 1
SpliceJ

=

Figure 381. Impact point for Test 3-11 on the NETC 2-bar bridge rail.

13.2.1 Summary of Key Phenomenological Events

The sequential views of the impact event are shown in Appendix X in Figures X-1
through X-3 from an overhead viewpoint, downstream and upstream viewpoint, and oblique
viewpoint, respectively. At time equal zero seconds the front-right tire contacted the curb, and
the front bumper contacted the upper and lower railing. At 0.005 seconds the front fender
contacted the top railing. At 0.01 seconds the front-right tire contacted the lower railing, and
Post 7 began to deflect. At 0.015 seconds the tire front-right tire contacted the middle railing.
Also, at this time, the tire was deformed enough to indicate debeading and deflation; however,
that attribute was not included in the FEA model. At 0.03 seconds the front-right tire was fully
mounted onto the curb. At 0.035 seconds the front-right tire was steered parallel to the barrier.
At 0.04 seconds the front bumper was aligned with Post 7. At 0.05 seconds the rim of the front-
right tire snagged on the end of the lower rail at the splice connection. Also, at this time, the
lower control arm joint failed. At 0.065 seconds the rail reached an initial peak dynamic
deflection of 2.7 inches at the splice connection on the top rail. At 0.07 seconds Post 7 reached a
peak lateral deformation of 2.37 inches. At 0.08 seconds the front-right tire was aligned with
Post 7 but did not contact the post. At 0.0919 seconds the vehicle occupant contacted the right
side of the interior at longitudinal velocity of 20.7 ft/s and lateral velocity of 26.9 ft/s.At 0.105
seconds the ear-left tire lifted off the ground. At 0.13 seconds the front bumper was aligned with
Post 8. At 0.17 seconds the rear-right tire contacted the curb. At 0.175 seconds the front-right
tire was aligned with Post 8. At 0.18 seconds the rear quarter panel of the vehicle impacted the
upper rail. At 0.181 the vehicle was parallel to the barrier traveling at 46 mph. At 0.185 seconds
the rear bumper impacted against the middle rail. At 0.19 seconds the rear-right tire contacted
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the upper rail. Also, at this time, the tire was deformed enough to indicate deflation (not
included in model). At 0.196 seconds the maximum ORA in the lateral direction occurred with
magnitude 15.4 G. At 0.2 seconds Post 6 reached peak dynamic deflection of 0.58 inch. At
0.205 seconds the rear-right tire contacted the lower rail. Also, at this time, Post 7 reached a
second peak deflection of 2 inches. At 0.21 seconds the front of the vehicle separated from the
barrier, and the rear-right tire was fully mounted onto the curb. At 0.228 seconds the maximum
ORA in the longitudinal direction occurred with magnitude 4.6 G. At 0.25 seconds the rail
reached a second peak dynamic deflection of 2.7 inches at the splice connection on the top rail.
At 0.27 seconds the vehicle separated from the rail traveling at 45.6 mph and at an exit angle of
3.6 degrees. At 0.464 seconds the vehicle reached a maximum pitch angle of 10.1 degrees (rear
pitching up), and at 0.786 seconds the vehicle reached maximum roll angle of 9.0 degrees
(rolling toward barrier). The vehicle remained stable throughout post-impact trajectory. The
analysis ended at 0.9 seconds, at which time:

e The roll, pitch, and yaw of the vehicle were, respectively, 4.2 degrees (toward
barrier), 1.4 degrees (rear pitching up), and 18.2 degrees (6.78 degrees relative to
and toward barrier).

e The forward velocity of the vehicle was 39.2 mph (63.1 km/h).

13.2.2 Time History Data Evaluation

Figures 382 through 384 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the center of gravity of the vehicle; Figures 385 through
387 show the comparison of the angular rates and angular displacements (i.e., yaw, roll and
pitch) at the center of gravity of the vehicle.
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Figure 382. 10- and 50-millisecond average X-acceleration from FEA of Test 3-11 on the NETC 2-
bar bridge rail.
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Figure 383. 10- and 50-millisecond average Y-acceleration from FEA of Test 3-11 on the NETC 2-
bar bridge rail.
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Figure 384. 10- and S0-millisecond average Z-acceleration from FEA of Test 3-11 on the NETC 2-
bar bridge rail.
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Figure 385. Yaw rate and yaw angle time-history from FEA of Test 3-11 on the NETC 2-bar bridge

rail.
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Figure 386. Roll rate and roll angle time-history from FEA of Test 3-11 on the NETC 2-bar bridge
rail.
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Figure 387. Pitch rate and pitch angle time-history from FEA of Test 3-11 on the NETC 2-bar
bridge rail.

13.2.3 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 98 shows the results for the occupant risk calculations. The results
indicate that the occupant risk factors meet safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions were 20.7 ft/s
and 26.9 ft/s, respectively, which were within critical limits specified in MASH. The highest
0.010-second occupant ridedown acceleration in the longitudinal and transverse directions were
4.6 g and 15.4 g, respectively, which were within preferred limits specified in MASH. The
maximum 50-ms moving average acceleration values in the longitudinal and transverse
directions were 9.6 g and 12.7 g, respectively. The maximum roll and pitch angles of the vehicle
were 9.0 degrees and 10.1 degrees, respectively, which were well below critical limits in MASH.

Table 98. Summary of MASH occupant risk metrics for Test 3-11 on the NETC 2-bar bridge rail.

Occupant Risk Factors MASH M
Test 3-11
Occupant Impact Velocity | x-direction 20.7
(ft/s) y-direction 26.9 <30 ft/S (prEferred) v
attime at 0.0919 seconds on right <40 ft/s (||m|t)
side of interior
THIV 335
at 0.0893 seconds on right
(ft/s) ide of interior
Ridedown Acceleration x-direction -4.6
(g's) (0.2233- 0.2333 seconds) > 15 G (preferred)
y-direction 154 <20.49G (limit) v
(0.1905 - 0.2005 seconds)
PHD 15.4
(g's) (0.1905 - 0.2005 seconds)
ASI| 163
(0.0308 - 0.0808 seconds)
Max 50-ms moving avg. acc. xedirection -9.6
(g's) (0.0320- 0.0820 seconds)
y-direction -12.7
(0.0303 - 0.0803 seconds)
z-direction 3.3
(0.2342 - 0.2842 seconds)
Maximum Angular Disp. 9
de, Roll (0.7864 seconds)
(deg) <75deg Vv
-10.1
Pitch (0.4644 seconds)
-28.8
Yaw (0.3265 seconds)
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13.2.4 Occupant Compartment Intrusion

The maximum deformation of the occupant compartment was approximately 5.4 inches
at the right-front corner of the toe-pan at the wheel well. Figure 388 shows a view of the vehicle
interior after the impact, with several components removed to facilitate viewing. The
deformation was less than the critical limit of 9 inches specified in MASH for this area of the
occupant compartment.

Maximum OCl was =5.4 inches (138 mm)
and occurred at the right-front toe-pan at
the wheel well.

Figure 388. Occupant compartment deformation resulting from Test 3-11 on the NETC 2-bar
bridge rail.

13.2.5 Damages to the Barrier System

The damages to the barrier were minimal to moderate. Figure 389 shows an overhead
view of the post impact deformation of the bridge rail. The vehicle was in contact with the
barrier for 16.3 feet. The barrier was deformed between Posts 6 and 9. Figure 390 and Figure
391 show images of the maximum dynamic deflection and permanent deflection of the barrier,
respectively, with a contour plot of lateral displacement on the rail elements. The maximum
dynamic and permanent deflections were 2.7 inches and 1.27 inches, respectively, and occurred
at the top rail tube at the splice. The maximum working width of the barrier was 1.03 feet based
on maximum dynamic lateral extent of the barrier during impact; and was 1.17 feet based on the
maximum lateral extent of the front fender of the vehicle over the top of the rail during impact.

Post 8 7 6 5

16.3 ft >
(Vehicle Contact)

Figure 389. Overhead view of NETC 3-bar bridge rail after Test 3-11.
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Maximum dynamic deflection = 2.7 in (68.7 mm) @ 0.2 seconds
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Figure 390. Contour plot of lateral displacement for the bridge rail for Test 3-11 on NETC 2-bar
bridge rail at the time of maximum dynamic deflection.

Maximum permanent deflection = 1.27 in (32.3 mm)
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Figure 391. Contour plot of maximum permanent deflection of the NETC 2-bar bridge rail for test
3-11.

Figure 392 shows contours of true effective plastic strains on the bridge rail. The damage
was primarily focused at Post 7 and included plastic deformation of the post, baseplate and both
rails. The plastic deformation at the ends of the rail tubes at the splice connection was a result of
a snag with the front impact-side wheel and the leading edge of the passenger door. The
maximum vertical dynamic deflection of the baseplate at Post 7 was 0.62 inches (15.7 mm) and
the maximum permanent deflection was 0.24 inches (6.2 mm). There was also slight vertical
deformation of the baseplate at Post 6 of 0.14 inch (3.5 mm) maximum dynamic and 0.04 inch (1
mm) permanent.
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Figure 392. Contours of effective plastic strains for Test 3-11 on the NETC 2-bar bridge rail.

Figure 393 shows contours of 1% principal strain with contours cut off at strains of 0.1
The 1% Principal strain values for the concrete in these cases was 0.092 dynamic strain and was
0.076 permanent, which indicated a relatively high probability for damage to the concrete curb,
although complete failure is not predicted.
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0.000e+00

Significant
Crack Opening

}Crack Opening

Dynamic at time = 0.075 seconds Final Static

Figure 393. Contours of 1% principal strains for concrete at the critical post for Test 3-11 on the
NETC 2-bar bridge rail.

13.2.6 Damages to Vehicle

Figure 394 shows contour plots of effective plastic strain for the vehicle, which were
used to identify areas of the vehicle that suffered damage during the simulated impact event.
The most severe damages were to the front bumper, front fender, passenger front door, the upper
and lower control arm of front suspension, front wheel, rear wheel, and the rear quarter panel of
the vehicle on the impact side.
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Figure 394. Damages to vehicle in Test 3-11 analysis of the NETC 2-bar bridge rail.

13.2.7 Exit Box

Figure 395 shows the exit box for Test 3-11 on the bridge rail, where the vehicle was
smoothly redirected and its path was well within the exit box criteria of MASH.

Fe T e, T » T = T = T ®m T = T &®=, T @ T

/%\

B=328ft.

Figure 395. Exit box for Test 3-11 analysis of the NETC 2-bar bridge rail.

13.2.8 Results Summary

A summary of the MASH Test 3-11 results on the NETC 2-bar bridge rail is shown in
Table 99 and Figure 396. The barrier successfully contained and redirected the pickup with
minimal to moderate damage of the system. There were no detached elements from the barrier
that showed potential for penetrating the occupant compartment or presenting undue hazard to
other traffic. The vehicle remained upright and very stable throughout impact and redirection.
The OIV values were with recommended limits, and the ORA values were within critical limits
as specified in MASH. Based on the results of this analysis, the barrier meets all structural and
occupant risk criteria in MASH for Test 3-11 impact conditions.
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Table 99. Summary of MASH Test 3-11 results on the NETC 2-bar bridge rail.

Evaluation Factors

Evaluation Criteria

Results

Structural

Adequacy 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.

Pass

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, to occupant compartment should not
exceed limits set forth in Section 5.2.2 and Appendix E.

Pass

Occupant F
Risk

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

Pass

The longitudinal and lateral occupant impact velocity (OIV)
shall not exceed 40 ft/s (12.2 m/s), with a preferred limit of 30
ft/s (9.1 m/s)

Pass

The longitudinal and lateral occupant ridedown acceleration
(ORA) shall not exceed 20.49 G, with a preferred limit of 15.0
G

Pass
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5/1/2019
Impact Severity .........ccccceeeeen. 114.7 kip-ft
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Figure 396. Summary results for MASH Test 3-11 on the NETC 2-bar bridge rail.
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13.3 Conclusion for TL3 Evaluation of NETC 2-Bar Bridge Rail

Based on the results of this analysis, the NETC 2-bar bridge rail meets all structural and
occupant risk criteria in MASH for Test Level 3; however, relatively high barrier damages are
likely under these conditions. The barrier system meets MASH TL3 criteria with only moderate
barrier damages.

13.3.1 Structural Adequacy: (PASS)
e The barrier successfully contained and redirected the vehicle in all test cases.

13.3.2 Occupant Risk (PASS)
e Occupant compartment intrusion was below allowable limits for all cases
e OIV and ORA:

o Small Car : OIV (within critical limits); ORA (within preferred limits) (values
highly dependent on time of occupant impact)

o Pickup: OIV (within preferred limits); ORA (within critical)

13.3.3 Vehicle Trajectory (PASS)

e Vehicle remained upright and stable through impact and redirection, with relatively low
angular displacements for all cases.

13.3.4 Barrier Damages

e The barrier experienced moderate plastic deformations of the posts, rails and baseplates
for Test 3-11 (Pickup).

e Concrete curb damage at Post 7 was likely for Test 3-11. The damages corresponded to
potential cracks around the front anchor bolts and/or pryout damage.

14 EVALUATION OF THE NETC 2-BAR TRANSITION FOR MASH TL3

The baseline finite element model of the NETC 2-bar transition system was developed in
Task 2b (refer to Section 7). For the MASH evaluation of the 2-bar transition, the baseline model
was updated to reflect the current design standard for the 2-bar system (per NHDOT design) and
to include the general model improvements presented in Task 4 for the NETC 3-bar transition.
The detail drawings for this system is provided in Appendix B. The primary modifications to the
baseline transition model were primarily related to matching the current design standards, which
included:

e Replacing the 6”x8” wood posts with steel W6x9 posts made from AASHTO
M183 steel (ASTM A36); the material characterization was based on stress-strain
curves from tensile tests [ Wright97] with yield strength = 45.7 ksi (true stress).

e Increasing w-beam rail height from 27 inches to 31 inches.

e Increasing the thrie-beam height from 32 inches to 34 inches.
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e Adding the 3™ rail element and repositioning mounting holes for post
attachments.
e Extending the continuum soil model to include all posts in the thrie-beam region.
e Updating the splice connection to include bushing-spacers for the cap screws on
both sides of the splice.
The model included 42 feet of w-beam guardrail and transition elements; and included
23.8 feet of the NETC 2-bar bridge rail, as illustrated in Figure 397. The geometric details of the

system model were consistent with the drawings of Appendix B. Refer to Section 7 for
additional details regarding model development and methodology.

Figure 397. FEA model of the 2-bar transition (oblique viewpoint).
14.1 Determining Critical Impact Point

MASH guidance on selecting critical impact points was provided in Section 10.1 and
deals primarily with identifying critical snagging hazards and structural failure of barrier
elements. The determination of critical impact point for the current case also included
maximizing occupant risk metrics, which are used directly in crashworthy evaluations in MASH.

For the 2-bar transition, two critical snag points were identified for the system regarding
impact with passenger vehicle: 1) the upstream end of the tube rails and 2) the first post of the
tube-rail section of the transition, as illustrated in Figure 398.

Figure 398. Illustration of potential snag points on the 2-bar transition for passenger vehicles.
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14.2 Test 3-20
14.2.1 CIP for Test 3-20

The critical impact point for Test 3-20 was determined using FEA with respect to
maximum potential for wheel snag on the first post of the tube-rail section of the transition and
on maximizing OIV and ORA metrics. Finite element analysis was used to simulate MASH Test
3-20 at impact points 5.0 ft, 5.5 ft, 6.0 ft, 6.5 ft and 7.0 ft from the centerline of the post. These
analysis cases were conducted for 0.15 seconds of impact, which was sufficient for capturing the
full impact and initial redirection of the vehicle. The results of analysis cases for impact point of
5.0 ft to 6.5 ft are shown in Figure 399. The image for the analysis case with impact at 7.0 ft
upstream of the critical snag point is not shown but was very similar to the impact case at 6.5 ft.
None of the analysis cases resulted in significant wheel contact with the post.

IP 6.0 ft IP 6.5 ft

Figure 399. Results of Test 3-20 CIP evaluations for the 2-bar Transition.

An overlay of the acceleration-time histories for the five analysis cases is shown in
Figure 400, and plots of OIV and ORA values are shown in Figure 401. The peak acceleration
and the shape of the acceleration pulse was very similar for all cases, with slightly higher
impulse for Cases IP6.5 and IP7.0 (e.g., similar peak but wider pulse). The OIV and ORA
metrics were below recommended limits for all cases. The OIV values in the x-direction were
the same for Cases IP5.5 — IP7.0, with IP5.0 being slightly lower. The OIV-y was highest for
Cases IP6.5 and IP7.0. The ORA-x was highest for Case IP6.5, and the ORA-y was highest for
Case IP5.0, although all cases were well below recommended limits.
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Figure 400. Plots of x-acceleration and y-acceleration measured at the c.g. of the vehicle.
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Figure 401. OIV and ORA metrics calculated for the five Test 3-20 analysis cases on the 2-bar
transition.

Based on these data, the critical impact point was selected as 6.5 feet upstream of the
critical post to maximize OIV (which was close to preferred limits. The final analysis was
performed for 0.8 seconds of the impact event. The following sections provide a summary of the
results and include a commentary describing the timing and occurrence of various events during
the simulated impact, time-history data evaluation, occupant risk assessments, and damages
sustained by both the barrier and vehicle.

14.2.2 Summary of Key Phenomenological Events

The sequential views of the impact event are shown in Appendix Y in Figures Y-1
through Y-3 from an overhead viewpoint, downstream and upstream viewpoint, and oblique
viewpoint, respectively. At time equal zero seconds the front bumper of the car contacted the
lower two corrugations of the nested thrie-beam rail at 6.5 feet upstream of Post 4, as illustrated
in Figure 402.

Before 0.005 seconds, the front-right tire struck the curb, the front-right fender contacted
the top corrugation of the thrie-beam and the front-right tire contacted the lower corrugation. At
0.01 seconds the barrier began to deflect. At 0.025 seconds the front-right tire was steered
parallel to the barrier, and the right corner of the front bumper was aligned with Post 6. At 0.035
seconds the lower edge of the front-right A-pillar deformed and cracked the lower edge of the
windshield. At 0.04 seconds the front bumper was aligned with Post 5. At 0.055 seconds the
front-right tire was fully mounted onto the curb. At 0.07 seconds the barrier reached maximum
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dynamic deflection of 6.3 inches at the lower corrugation of the thrie-beam at the point where the
nested thrie-beam connects to the thrie-beam end shoe; Post 5 deflected 4.8 inches. At 0.0725
the hub of the front-right tire was aligned with Post 5. At 0.0789 seconds the occupant contacted
the right side of the interior at 25.26 ft/s in the forward direction and 28.21 ft/s in the lateral
direction. At 0.0874 seconds the maximum longitudinal ORA occurred with magnitude 7.9 G.
At 0.0996 seconds the maximum lateral ORA occurred with magnitude 4.8 G. At 0.1 seconds
the hub of the front-right tire was aligned with Post 4 (critical snag point) but was at least 2
inches away from contact with the post. Also, at this time, the rear-right tire began to lift off the
roadway as the vehicle rolled away from the barrier. At 0.165 seconds the rear-right tire
contacted the curb. At 0.18 seconds the rear-right tire contacted the lower and middle
corrugations of the nested thrie-beam and terminal connector near Post 5. At 0.2 seconds the
vehicle was parallel to the barrier traveling at 42.2 mph. At 0.21 seconds the rear-right tire was
fully mounted onto the curb. At 0.235 seconds the rear-quarter panel of the vehicle contacted the
lower and top tube railings of the transition near Post 3. At 0.27 seconds the vehicle reached a
maximum roll angle of -6.7 degrees (away from barrier). At 0.28 seconds the vehicle separated
from the barrier at an exit speed and angle of 41.3 mph and 7.3 degrees. At 0.49 seconds the
vehicle reached a maximum pitch of -3.6 degrees (rear pitching upward). The vehicle remained
stable throughout post-impact trajectory. The analysis ended at 0.8 seconds, at which time:

e The roll, pitch, and yaw of the vehicle were, respectively, -2.6 degrees (away
from barrier), 0.08 degrees (front pitching up), and -24.9 degrees (0.1 degrees
relative to and toward barrier).

e The forward velocity of the vehicle was 38.7 mph (62.4 km/h).

Critical Snag
Point

Figure 402. Impact point for Test 3-20 on the 2-bar transition.
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14.2.3 Time History Data Evaluation

Figures 403 through 405 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the center of gravity of the vehicle; Figures 406 through
408 show the comparison of the angular rates and angular displacements (i.e., yaw, roll and
pitch) at the center of gravity of the vehicle.
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Figure 403. 10- and 50-millisecond average X-acceleration from FEA of Test 3-20 on the 2-bar

transition.
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Figure 404. 10- and 50-millisecond average Y-acceleration from FEA of Test 3-20 on the 2-bar

transition.
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Figure 405. 10- and 50-millisecond average Z-acceleration from FEA of Test 3-20 on the 2-bar

transition.
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Figure 406. Yaw rate and yaw angle time-history from FEA of Test 3-20 on the 2-bar transition.
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Figure 407. Roll rate and roll angle time-history from FEA of Test 3-20 on the 2-bar transition.
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Figure 408. Pitch rate and pitch angle time-history from FEA of Test 3-20 on the 2-bar transition.

14.2.4 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 100 shows the results for the occupant risk calculations. The results
indicate that the occupant risk factors meet safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions for the
transition were 25.3 ft/s and 28.2 ft/s, respectively, which were within the recommended limits
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specified in MASH. The highest 0.010-second occupant ridedown acceleration in the
longitudinal and transverse directions were 7.9 g and 4.8 g, respectively, which were well within
preferred limits specified in MASH. The maximum 50-ms moving average acceleration values in
the longitudinal and transverse directions were 13.6 g and 15.7 g, respectively. The maximum
roll and pitch angles of the vehicle were 6.7 degrees and 3.6 degrees, respectively, which were
well below critical limits in MASH.

Table 100. Summary of MASH occupant risk metrics for Test 3-20 on the 2-bar transition.

P — MASH MASH Criteria
Test 4-20
Occupant Impact Velocity | x-direction 25.3
(ft/s) y-direction 28.2 <30 ft/S (preferred) v
. at 0.0765 seconds on right < 40 ft/s (Iimit)
attime side of interior
THIV 37.7
at0.0765 seconds on right
(ft/s) ide of interior
Ridedown Acceleration x-direction -7.9
(g's) (0.0824- 0.0924 seconds) <15 G (preferred) v/
y-direction 48 < 20.49 G (limit)
(0.0946 - 0.1046 seconds)
PHD 8.2
(g's) (0.0822 - 0.0922 seconds)
asl 2.08
(0.0211 - 0.0711 seconds)
Max 50-ms moving avg. acc. . R -13.6
x-direction
(g's) (0.0216 - 0.0716 seconds)
y-direction -15.7
(0.0209 - 0.0709 seconds)
z-direction 29
(0.5346 - 0.5846 seconds)
Maximum Angular Disp. -6.7
(deg) Roll (0.2664 seconds) <75 deg v
-3.6
Pitch (0.4934 seconds)
-32.6
Yaw (0.3077 seconds)

14.2.5 Occupant Compartment Intrusion

The maximum deformation of the occupant compartment was approximately 1.4 inches
at the lower right-front corner of the toe-pan at the wheel well. Figure 409 shows a view of the
vehicle interior after the impact, with several components removed to facilitate viewing. The
deformation was less than the critical limit of 9 inches specified in MASH for this area of the
occupant compartment.

Maximum OCl was = 1.4 inches (36 mm)
and occurred at the right-front toe-pan at
the wheel well. Maximum allowable is 9”.

Figure 409. Occupant compartment deformation resulting from Test 3-20 on the 2-bar transition.
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Damages to the Barrier System

The damages to the barrier were minimal. Figure 410 shows an overhead view of the post
impact deformation of the transition indicating the extent of damage. The barrier was deformed
over 20.6 ft of the system with deformation extending from the rail splice at the bridge rail to
approximately the midpoint between Post 11 and 12 of the transition. Figure 411 and Figure 412
show images of the maximum dynamic deflection and permanent deflection of the barrier,
respectively, with a contour plot of lateral displacement on the rail elements. The maximum
dynamic and permanent deflections were 6.3 inches and 5.2 inches, respectively, and occurred at
the lower corrugation of the thrie-beam at the point where the nested thrie-beam connects to the
thrie-beam end shoe, as illustrated in Figures 411 - 413.

20.6 ft |
(extent of damage) (working width)

14.4 ft

(vehicle contact)

Figure 410. Overhead view of 2-bar transition after Test 3-20 showing extent of damage.

Maximum dynamic deflection = 6.3 in (160 mm) at 0.07 seconds Y.-displacement (mm)
1.600e+02
1.440“02]
1.280e+02
1.120e+02 _

9.600e+01
8.000e+01

Figure 411. Contour plot of lateral displacement for the transition at the time of maximum
dynamic deflection.

Maximum permanent deflection = 5.2 in (133 mm) Y-displacement (mm)

1.600e+02
1.4409402]
1.280e+02
1.120e+02 _
9.600e+01
8.000e+01
6.400e+01

4.800e+01
3.200e+01

1.600e+01
0.000e+00

Figure 412. Contour plot of maximum permanent deflection for the transition.
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Figure 413. Contours of effective plastic strains on the steel rails and posts for 2-bar transition.

14.2.6 Damages to Vehicle

Figure 414 shows contour plots of effective plastic strain for the vehicle, which were
used to identify areas of the vehicle that suffered damage during the simulated impact event.
The most severe damages were to the front fender, the upper and lower control arm of front
suspension, front wheel, lower- impact-side edge of windshield (cracking), with light damage to
the rear wheel of the vehicle.

Effective Plastic Strain
1.000e-01
9.000e-02
8.000e-02 _|
7.000e-02 _
6.000e-02 _
5.000e-02 _
4,000e-02 _|
3.000e-02 _
2.000e-02
1.000e-02:|
0.000e+00

Figure 414. Damages to vehicle in Test 3-20 analysis of the 2-bar transition.

14.2.7 Exit Box

Figure 415 shows the exit box for Test 3-20 on the transition, where the vehicle was
smoothly redirected, and its path was well within the exit box criteria of MASH.
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Figure 415. Exit box for Test 3-20 analysis of the 2-bar transition.

14.2.8 Results Summary

A summary of the MASH Test 3-20 results on the 2-bar transition is shown in Table 101
and Figure 416. The barrier successfully contained and redirected the small car with minimal
damage to the system. There were no detached elements from the barrier that showed potential
for penetrating the occupant compartment or presenting undue hazard to other traffic. The
vehicle remained upright and very stable throughout impact and redirection. The OIV and
maximum ORA values were within recommended limits specified in MASH. Based on the
results of this analysis, the barrier meets all structural and occupant risk criteria in MASH for
Test 3-20 impact conditions.

Table 101. Summary of MASH Test 3-20 results on the 2-bar transition.

Evaluation Factors Evaluation Criteria Results

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

Pass

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, to
occupant compartment should not exceed limits set forth in Section
5.2.2 and Appendix E.

Pass

Occupant

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

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

The longitudinal and lateral occupant impact velocity (OIV) shall
H not exceed 40 ft/s (12.2 m/s), with a preferred limit of 30 ft/s (9.1 Pass
m/s)

The longitudinal and lateral occupant ridedown acceleration

(ORA) shall not exceed 20.49 G, with a preferred limit of 15.0 G Pass
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Time = 0.0 sec Time =0.1sec

Time =0.2 sec

Time =0.3 sec
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Time = 0.5 sec
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B=32.8ft.

General Information

Analysis AGENCY ....oeereveeeneriirineenne Roadsafe LLC

Test Standard Test No. ... MASH Test 3-20
Analysis NO. ....c.cecceevevvecnsereneneneeene. NETC18_2BarTrans_T320
Analysis Date ......ccccoceeeeveeververnennens. 7/15/2019

Test Article

TYPE cvteireererire s seceseiseee s e Bridge Rail Transition
Name ......cccoececeveerecesncrnecseecseseeneeee. NETC 2-Bar Transition
Installation Length .......cccocevevevinneee. 65.8 feet

Material or Key Elements ..

Soil Type and Condition ........c.cceevevvvennnene MASH Strong Soil
Analysis Vehicle

Type / Designation ...........cceceuvveenee.. 1100C
FEA Model name. .. 510_YarisC_V1l_R180228
IMI@SS oeviereeiietiee et et eeer s eve s 2,595 lb

Figure 416. Summary results for MASH Test 3-20 on the 2-bar transition.

Impact Severity
Exit Conditions

Occupant Risk Values
Longitudinal OIV ................
Lateral OIV ....ccccoevrveverireannne
Longitudinal ORA ..
Lateral ORA ......ccooevvoreecunne.

62 mph
25 degrees
6.5 ft upstream of Post 4

59.5 kip-ft

41.3 mph
7.3 degrees
0.28 seconds

25.3 ft/s
28.2 ft/s
79¢g
48¢g
25.7 ft/s

Max50-millisecond Avg. (G)

Vertical w.oooveevvcecnieecnnene
Test Article Deflections (in)
DYNamic ....cueeveerecevencnnns
Permanent .......ccceevrennnee
Working Width ................
. =14 inch

Vehicle Stability

6.3 inches
5.2 inches
1.9 ft

. -6.7 degees
.. -3.6 degrees
.. -32.6 degrees



14.3 Test 3-21
14.3.1 CIP for Test 3-21

The critical impact point for Test 3-21 was determined using FEA with respect to
maximizing the potential for wheel snag on the end of the tube rail section of the transition.
Finite element analysis was used to simulate MASH Test 3-21 at impact points 6.0 ft, 6.5 ft, 7.0
ft, 7.5 ft, 8.0 ft, 8.5 ft, 9.0 ft and 9.5 ft from the end of the tube rail. These analysis cases were
conducted for 0.25 seconds of impact for the purpose of determining the critical impact point for
maximizing vehicle accelerations and maximizing forces on the barrier at the junction point of
the thrie-beam and the tubular rail section. The 0.25 seconds was sufficient time for determining
both maximum OIV and ORA for the impact event. The assessment was based on four key
factors; 1) pocketing, 2) peak accelerations relative to critical snag point, 3) OIV and ORA
values and 4) impact severity and kinetic energy at the time when the vehicle approached the
connection point. Vehicle stability was not assessed in these analyses due to the short time
duration of the impact (i.e., 0.25 seconds); however, the roll and pitch angles were relatively low
for all cases.

The potential for pocketing was evaluated by measuring the lateral displacement at four
points on the thrie-beam near the connection point and comparing to the lateral deflection of the
rail at the connection point, as illustrated in Figure 417. The results of the evaluations are shown
in Figures 418 and 419. Based on these results, impact at 9.0 ft and 9.5 ft upstream of the critical
snag point were the same and resulted in the highest relative deflection at Points 1 and 2 on the
thrie-beam (i.e., pocketing nearest to the snag point), while the relative deflection at 9.5 ft was
slightly higher at Points 3 and 4 and was therefore considered the highest potential for snagging
on the ends of the tubular rails related to pocketing. Figure 418 shows a plot of the total
deflection of the transition at the critical snag point for each of the analysis cases. The maximum
deflection was similar for impacts at 6.0 ft — 8.0 ft; while deflection values began to decrease as
the impact point moved farther away from the critical snag point.

B\

At maximum pocketing

f] , JIJ _"ﬁ' =

Figure 417. Measurement points for determining CIP for pocketing for Test 3-21.
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Figure 418. Relative displacements of rail for Test 3-21 simulations in CIP evaluations.
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Figure 419. Total deflection of the rail at the critical snag point on the transition for Test 3-21.

Figure 420 shows plots of vehicle longitudinal and lateral accelerations, and Figure 421
shows a plot of impact severity and kinetic energy of the vehicle at the time when the vehicle
bumper is at the critical snag point. The peak accelerations are of similar magnitude and occur at
approximately the same time for all cases; the results are also consistent with typical Test 3-11 or
3-21 results on rigid barriers. Figure 422 shows the maximum OIV and ORA for each of the
analysis cases.

335



x-acc (10-ms Avg.) y-acc (10-ms Avg.)
——60ft 10 ——60ft
. —6.51t 5 | —6.51t
- ——T Ot w —
z | :
5 | —T7.5ft § =75t
£ 1 e 8.0 B 5 - e 8.0 ft
@ — K | ¥ § e §,
3 8.5ft ¢ 10 8.5 ft
g w9, 0 ft ] 9.0 ft
- 9.5 ft T 9.5ft
——Time of OIV ——Time of OIV
-20
0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time (seconds) Time (seconds)

Figure 420. Plots of vehicle longitudinal and lateral accelerations measured at the c.g. of the
vehicle.
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Figure 421. Impact severity and kinetic energy of the vehicle at the time when the vehicle is
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Figure 422. maximum OIV and ORA values for the Test 4-21 cases.

Based on the analysis results it was determined that there was very low potential for
snags on the end of the transition tube rails, and that the curb sufficiently shields the posts from
contact/snag with vehicle tires. In general, the results showed that:

e Considering pocketing, Impact at 9.0 ft and 9.5 ft resulted in the greatest relative
deflection of the rail at the snag point.

e Considering OIV, all cases were essentially the same; however, the highest lateral
acceleration occurred at impact cases 8.5 ft and 9 ft.

[ ]

Considering ORA, the highest longitudinal ORA occurred for impact at 6.5 ft and
the highest lateral ORA occurred for impact at 9.0 ft.
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e Additional comparisons were made for the 3-bar transition case (see Section
10.3.1), which are not repeated here but are considered relevant to the 2-bar
system.

Given that this system is very similar to the 3-bar transition evaluated in Task 4, the
results are essentially identical to that system. Any differences correspond to the fact that the
CIP for the 3-bar was based on results up to 0.15 seconds of the impact; whereas, for the 2-bar
system the analysis was extended to 0.25 seconds to include the backslap of the pickup into the
barrier.

Based on these data, the critical impact point was selected as 9.0 ft upstream of the end of
the tube rails in the transition section. This was also considered as a secondary CIP for the 3-bar
system, but that analysis case was not performed for the full impact event (e.g., 1.0 second). It is
further assumed that the results for the 2-bar at impact point 9.0 ft would also pertain to the 3-bar
system. The final analysis was performed for 1.0 seconds of the impact event. The following
sections provide a summary of the results and include a commentary describing the timing and
occurrence of various events during the simulated impact, time-history data evaluation, occupant
risk assessments, and damages sustained by both the barrier and vehicle.

14.3.2 Summary of Key Phenomenological Events

The 5,001-1b pickup struck the barrier at 9.0 feet upstream of the critical snag point at the
end of the tubular rails at a speed of 62 mph and at an angle of 25 degrees, as illustrated in Figure
423. The sequential views of the impact event are shown in Appendix Z in Figures Z-1 through
Z-3 from an overhead viewpoint, downstream and upstream viewpoint, and isometric viewpoint,
respectively.

At time equal zero seconds the front bumper of the pickup contacted the lower and
middle corrugation of the thrie-beam, while the front-right fender contacted the upper
corrugation. At 0.01 seconds the front-right tire contacted the curb and the barrier started to
deflect. At 0.02 seconds the front-right tire was compressed to the rim at two points and would
likely have deflated; however, tire deflation was not included in the model. At 0.04 seconds the
front-right tire was fully mounted onto the curb and was steered parallel to the barrier. At 0.065
seconds the front-left tire lifted off the ground as the vehicle started to roll toward the barrier. At
0.085 seconds the front bumper was aligned with Post 5. At 0.95 seconds the front bumper was
aligned with the end of the transition tube rails. At 0.105 seconds the front-right fender slightly
snagged on the top of the blockout at Post 5. At 0.11 seconds the front bumper was aligned with
Post 4. At 0.1 seconds the rear-left tire lifted off the ground as the vehicle continued to roll
toward the barrier. The roll angle of the pickup at this time was 4.0 degrees. At 0.0973 seconds
the occupant struck the right side of the interior at 17.4 ft/s in the forward direction and 23.3 ft/s
in the lateral direction. At 0.116 seconds the peak occupant ridedown acceleration in the
longitudinal direction occurred with magnitude 4.8 G. At 0.145 seconds the hub of the front-
right tire was aligned with Post 4, but the tire did not contact the post. At 0.165 seconds the rear-
right tire contacted the curb and the pickup bed contacted the middle and lower corrugations of
the thrie-beam. At 0.175 seconds the rear bumper contacted the middle corrugation of the thrie-
beam at approximately 11.1 feet upstream from the end of the transition tube rails. At 0.176
seconds the vehicle was parallel to the barrier. At 0.185 seconds the rear-left tire was
compressed laterally to the point the tire debeading would be likely. At 0.197 the maximum
occupant ridedown acceleration in the lateral direction occurred with magnitude 17.2 G. At
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0.205 seconds the rear-left tire was fully mounted onto the curb. At 0.21 seconds the front
bumper was aligned with the splice connection at the bridge rail, and the front of the vehicle
began to exit the system. At 0.31 seconds the vehicle separated from the barrier traveling at 46.9
mph at an exit angle of 7.45 degrees. At 0.41 seconds the vehicle reached peak roll angle of 9.3
degrees toward the barrier. At 0.5 seconds the vehicle reached maximum pitch angle of -5.5
degrees rear pitching up). The vehicle remained stable throughout post-impact trajectory. The
analysis ended at 1.0 seconds, at which time:

e The roll, pitch, and yaw of the vehicle were, respectively, 1.28 degrees (toward barrier), -
1.4 degrees (rear pitching up), and -31.3 degrees (6.3 degrees relative to and away from
the barrier).

e The forward velocity of the vehicle was 45.4 mph (73 km/h).

Critical Snag
Point

Figure 423. Impact point for Test 3-21 on the 2-bar transition.

14.3.3 Time History Data Evaluation

Figures 424 through 426 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the center of gravity of the vehicle; Figures 427 through
429 show the angular rates and angular displacement about the x-, y-, and z-axis at the center of
gravity of the vehicle.

x-acc (10-ms Avg.) x-acc (50-ms Avg.)

10

Ma A AR A A PV
T “ﬂ’v"wv VVTTTVNNAAN W

——Test4-21

X-acceleration (G's)
wv
50-ms avg. X-acceleration (G's)
N O s W N R O

-10 4 ——Test4-21
15 e Time of OIV
-20 -
0 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1
Time (seconds) Time (seconds)

Figure 424. 10- and 50-millisecond average X-acceleration from FEA of Test 3-21 on the 3-bar
transition.
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Figure 425. 10- and 50-millisecond average Y-acceleration from FEA of Test 3-21 on the 2-bar

transition.
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Figure 426. 10- and 50-millisecond average Z-acceleration from FEA of Test 3-21 on the 2-bar
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Figure 427. Yaw rate and yaw angle time-history from FEA of Test 3-21 on the 2-bar transition.
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Figure 428. Roll rate and pitch angle time-history from FEA of Test 3-21 on the 2-bar transition.
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Figure 429. Pitch rate and pitch angle time-history from FEA of Test 3-21 on the 2-bar transition.

14.3.4 Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 102 shows the results for the occupant risk calculations. The results
indicate that the occupant risk factors met safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions for the curb-
mounted system were 17.4 ft/s and 23.3 ft/s, respectively, which were within the recommended
limits specified in MASH. The highest 0.010-second occupant ridedown acceleration in the
longitudinal and transverse directions were 4.8 g and 17.2 g, respectively, which were just over
the recommended limit within but with critical limits specified in MASH. The maximum 50-ms
moving average acceleration values in the longitudinal and transverse directions were 6.6 g and
9.4 g, respectively. The maximum roll and pitch angles of the vehicle were 9.3 degrees and 5.5
degrees, respectively, which were well below critical limits in MASH. As mentioned previously
in Section 5, the 2270P vehicle model often over-estimates the lateral ridedown acceleration for
rigid barrier impacts [see Appendix E].
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Table 102. Summary of occupant risk metrics for Test 3-21 on the 2-bar transition.

14.3.5 Occupant Compartment Intrusion

v

AT TR MASH MASH Criteria
Test 4-21
Occupant Impact Velocity | x-direction 17.4
(ft/s) y-direction 233 <30 ft/S (prEferred) v
. at 0.0973 seconds on right <40 ft/S (Iimlt)
attime side of interior
THIV 28.5
at 0.0973 seconds on right
(ft/s) side of interior
Ridedown Acceleration xdirection -4.8
(g's) (0.1112- 0.1212 seconds) > 15 G (preferred)
y-direction -17.2 <20.49 G (limit)
(0.1919- 0.2019 seconds)
PHD 17.2
(g's) (0.1919 - 0.2019 seconds)
ASI 1.18
(0.0484 - 0.0984 seconds)
Max 50-ms moving avg. acc. . ) -6.6
x-direction
(g's) (0.0377 - 0.0877 seconds)
y-direction 9.4
(0.0485 - 0.0985 seconds)
z-direction 4.1
(0.2373 - 0.2873 seconds)
Maximum Angular Disp. 9.3
(deg) Roll (0.4070 seconds)
55 <75deg Vv
Pitch (0.4992 seconds)
-32.8
Yaw (0.4083 seconds)

The maximum deformation of the occupant compartment was negligible for this analysis
case. Figure 430 shows a view of the vehicle interior after the impact, with several components

removed to facilitate viewing.

Effective Plastic Strain

OCI was negligible (= 1 inch)

5.000e-02
4.000e-02
3.000e-02
2.000e-02
1.000e-02 ]
0.000e+00

Figure 430. Occupant compartment deformation resulting from Test 3-21 on the 2-bar transition.

14.3.6 Damages to the Barrier System

The damages to the barrier were moderate. Figure 431 shows an overhead view of the
post impact deformation of the transition indicating the extent of damage. The barrier was
deformed over 25.6 feet of the system with deformation extending from the rail splice at the
bridge rail to Post 13 of the transition. The vehicle was in contact with the barrier for
approximately 15.9 ft. Figure 432 shows images of the maximum dynamic deflection and
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permanent deflection of the barrier with a contour plot of lateral displacement on the rail
elements. The maximum dynamic and permanent deflections were 11.8 inches and 10.4 inches,
respectively, and occurred at the lower corrugation of the thrie-beam at the point where the
nested thrie-beam connects to the thrie-beam end shoe, as illustrated in Figure 433.

25.6ft

(extent of damage)

| 15.9 ft

(vehicle contact)

Figure 431. Overhead view of 2-bar transition after Test 3-21 showing extent of damage.

Maximum Dynamic Deflection = 11.8 in (300 mm) @ 0.23 seconds

Y-displacement(mm)
3.000e+02
zmomz:l
2.400e+02 _|
2.100e+02 _
1.800e+02
1.500e+02
1.200e+02
9.000e+01
6.000e+01
3.000e+01
0.000e+00

Figure 432. Contour plot of lateral displacement for Test 3-21 on the 3-bar transition at the time of
maximum dynamic deflection and maximum permanent deflection.

Effective Plastic Strain
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Figure 433. Contours of effective plastic strains on the steel rails and posts for Test 3-21 on 2-bar
transition.
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14.3.7 Damages to Vehicle

Figure 434 shows contour plots of effective plastic strain for the vehicle, which were
used to identify areas of the vehicle that suffered damage during the simulated impact event.
The most severe damages were to the front bumper, the front fender, the upper control arm of
front suspension, front and rear wheels, rear edge of rear door, front edge of truck bed, rear
quarter panel of truck bed and rear bumper.

Effective Plastic Strain
1.000e-01
g.nnoe-oz}
8.000e-02 _|
7.000e-02 _
6.000e-02 _
5.000e-02 _
4.000e-02 _|
3.000e-02 _
2.000e-02
1.000e-02]
0.000e+00

Figure 434. Damages to vehicle in Test 3-21 analysis of the 2-bar transition.

14.3.8 EXxit Box

Figure 435Figure 206 shows the exit box for Test 3-21 on the 2-bar transition system.
The vehicle was smoothly redirected, and its path was well within the exit box criteria of MASH.

/\\\

15.86 ft.

B=32.8ft.

Figure 435. Exit box for Test 3-21 analysis of the 2-bar transition.

14.3.9 Results Summary

A summary of the MASH Test 3-21 results on the NETC 2-bar transition is shown in Table 103
and Figure 436. The barrier successfully contained and redirected the 2270P vehicle (pickup)
with moderate damage to the transition. There were no detached elements from the barrier that
showed potential for penetrating the occupant compartment or presenting undue hazard to other
traffic. The vehicle remained upright and did not experience excessive roll or pitch angle
displacements. The maximum OIV values were within recommended limits and the maximum
ORA values were within critical limits specified in MASH. Based on the results of this analysis,
the barrier meets all structural and occupant risk criteria in MASH for Test 3-21 impact
conditions.
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Table 103. Summary of MASH Test 3-21 results on the NETC 2-bar transition.

Evaluation Factors Evaluation Criteria

Results

Test article should contain and redirect the vehicle or bring the
Structural A vehicle to a controlled stop; the vehicle should not penetrate,
Adequacy underride, or override the installation although controlled

lateral deflection of the test article is acceptable.

Pass

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, to occupant compartment should not
exceed limits set forth in Section 5.2.2 and Appendix E.

Pass

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

Occupant F
Risk

Pass

The longitudinal and lateral occupant impact velocity (OIV)
H shall not exceed 40 ft/s (12.2 m/s), with a preferred limit of 30
ft/s (9.1 m/s)

Pass

The longitudinal and lateral occupant ridedown acceleration
I (ORA) shall not exceed 20.49 G, with a preferred limit of 15.0
G

Pass
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Time =0.0 sec

B=328ft.

General Information

Roadsafe LLC

MASH Test 3-21
NETC18_2BarTrans_T321

Analysis AGENCY ..ccvvevvereeenne.
Test Standard Test No.
ANalysis NO. c.coeeineriire e

Analysis Date .......ccceevveeeeveeeneee. 7/4/2019

Test Article
TYPE vt st s s Bridge Rail Transition
Name .....ccoceevvvevcinevinesinesiinenennee. NETC 2-Bar Transition

Installation Length ................ 65.8 feet

Material or Key Elements .

Soil Type and Condition ...............

MASH Strong Soil

Analysis Vehicle
Type / Designation ..... 2270P
FEA Model name........ SilveradoC_V3a_V180201_TireRS_35psi
MaSS .oovveeireee e srseireee s 5,001 1o

Impact Conditions

Location ....

Impact Severity .........coccceeeeeene
Exit Conditions

TIMe (e
Occupant Risk Values

Longitudinal OIV ................
Lateral OIV ......cccvevevceveenne
Longitudinal ORA ...............
Lateral ORA .....cccevecireennes
PHD ....
ASI ......

62 mph

25 degrees

9.0 ft upstream of end of
transition tube rail

114.7 kip-ft

46.9 mph
7.45 degrees
0.31 seconds

17.4 ft/s
23.3 ft/s
48¢g
17.2¢g
28.5 ft/s

Max50-millisecond Avg. (G)

Longitudinal

Lateral ....ccoeeeveineciinenines .

Vertical .ocoovvvvvvvcininne.. 418
Test Article Deflections (in)

DyNamic .......ccceevevirereneee.. 11.8 inches

Permanent ........c.cceceeeee... 10.4 inches

Working Width .... . 2351t
Max. OCI .... . <linch
Vehicle Stability

ROIl o, 9.3 degees

5.5 degrees

.. 32.8 degrees

Figure 436. Summary results for MASH Test 3-21 on the 2-bar transition system
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14.4 Conclusions for MASH TL3 Evaluation of the 2-Bar Transition

Based on the results of this analysis, the 2-bar transition is expected to meet all structural
and occupant risk criteria for MASH Test Level 3.

14.4.1 Structural Adequacy: (PASS)
e The barrier successfully contained and redirected the vehicle in all test cases.

e There was low-to-moderate damage to the transition in all cases.

14.4.2 Occupant Risk (PASS)
e Occupant compartment intrusion was well below allowable limits for all cases
e OIV and ORA
o Small Car: OIV and ORA were within preferred limits
Pickup: OIV was within preferred limits; ORA was within critical limits

14.4.3 Vehicle Trajectory (PASS)
e Vehicle remained upright through impact and redirection.

¢ Roll and Pitch for Tests 3-20 (small car) and 3-21 (pickup) were relatively low.

15 MODIFIED DESIGNS AND EVALUATIONS

Based on the results of this study, the project panel and the NETC advisory board
identified three additional issues to be resolved, which included:

1) Would increasing the strength of the lower railing mitigate pocketing for the small
car test and thereby reduce longitudinal OI'V and ORA values?

2) What are the implications of exceeding the specified maximum allowable post
spacing of 3-feet between the last bridge rail post and the first transition post for
the 3-bar system?

3) Would increasing strength of the bridge rail posts improve crash performance for
the 4-bar bridge rail?

15.1 Modified NETC 3-Bar Bridge Rail with Stiffer Lower Rail

The evaluation of the 3-bar bridge rail was presented in Section 9. FEA simulations
showed that the mid-span deflections for the rails for the 2-bar and 3-bar systems lead to
pocketing, particularly for Test 4-10 in which the forces from the small car were largely
concentrated on the lower HSS 4 x 4 x %4” rail. The maximum dynamic deflection of the lower
rail for that case was 3.35 inches, as shown in Figure 123, and resulted in peak longitudinal and
lateral accelerations of 26 G and 30 G, respectively. The NETC 3-bar bridge rail model was
modified to include a larger HSS section for the lower rail to: (1) increase stiffness and lower
deflection and (2) increase rail dimension in vertical direction to provide additional contact width
at the lower portion of the bridge railing to reduce potential for wheel-snag on the posts.
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The bar size options that were considered for the lower rail are shown in Table 104. For
the modified design, the standoff distance between the post and rail face was to remain at 4
inches so that the face of the barrier remains flush. Three vertical height dimensions were
considered for the low rail, including 5, 6, and 7 inches, as well as two thickness options of V4-
inch and 5/16-inch.

Table 104. Bar size options for the lower rail of the Modified NETC 3-bar bridge rail.

ar Size
(in?) AA (in3) Az, AA/AZ,

Original HSS4 x4 x % 3.59 = 4.97 D
HSS5 x4 x% 4.09 14% 5.9 19% 1.36
* HSS 5 x4 x5/16 4.98 39% 7.05 42% 1.08
HSS 6 x4 x% 4.59 28% 6.84 38% 1.36
* HSS 6 x4 x 5/16 5.61 56% 8.21 65% 1.16
* HSS7 x4 x % 5.09 42% 7.78 57% 1.36
HSS 7 x4 x5/16 3.23 74% 9.36 88% 1.19 W,

* Selected for evaluation

15.1.1 Analysis Cases
Of the potential options listed in Table 104, three were selected for further evaluation
using FEA, including:
e Case l: HSS5x4x5/16
e (Case2: HSS6x4x5/16
e (Case 3: HSS 7 x 4 x 1/4 (all units are inches).

Figure 437 shows a cross-section view of these three design options compared with the
baseline design. The splice design was fundamentally unchanged for these analysis cases. The
splice consisted of a 20-inch long HSS splice bar which was inserted into the ends of the two
connecting rails and fastened with four 5/8-inch diameter A307 cap screws and washers (refer to
Figures 53 and 54 and Appendix B). The splice tubes for the lower rail were 5/16 inches thick in
all cases and included HSS 4 x 3 x 5/16, HSS 5 x 3 x 5/16 and HSS 6 x 3 x 5/16 for Cases 1, 2,
and 3, respectively. Figure 438 shows a cross-section view of the splice connection for each case
and identifies tube sizes and internal gap size for the splice.
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o
I

HSS 7x4x1/4

Original Design Case 1 Case 2 Case 3

Figure 437. Analysis cases evaluated for the Modified NETC 3-bar with stiffer lower rail.

HSS 7x4x1/4
HSS 6x3x5/16

HSS 6x4x5/16
HSS 5x4x5/16 xaxs/

HSS 4x4x1/4
HSS 4x3x5/16 \ HSS 5x3x5/16

\ HSS 3x3x5/16

Total gap = %" (12.7 mm) Total gap = 3/8" (17.5mm) Total gap = 3/8” (17.5mm)

Total gap = %" (12.7mm)

Original Design Case 1 Case 2 Case 3

Figure 438. Cross-section view of splice for each case identifying tube size and internal gap size.

The HSS 5 x 4 x 5/16 bar provided the overall lowest cost solution and was assumed

adequate to reduce pocketing; however, it also resulted in the lowest stiffness per added cost
(i.e., 39/42). Both the HSS 5 x 4 x 5/16 and the HSS 6 x 4 x 5/16 reduced the internal gap
between the splice bar and the main railing from 1/2 inch to 3/8 inch (neglecting galvanizing).
The HSS 6 x 4 x 5/16 was also the highest cost option among the three selected but provided
good stiffness-to-cost ratio. The HSS 7 x 4 x % bar provided the highest increase in stiffness per

added cost (i.e., 57/42) and the largest contact area; but, the internal gap between the splice tube

and rail remained at 1/2 inch.

15.1.2 Test 4-10

FEA was used to evaluate the crash performance of the Modified NETC 3-bar bridge rail
using criteria specified in MASH for Test 4-10. The impact conditions included the 1100C Yaris

model ballasted to 2,595 Ib (1177 kg) impacting the barrier at 62.2 mph and 25 degrees, as

illustrated in Figure 439. The critical impact point was selected as 3.6 feet (1.1 m) upstream of a

bridge rail post and 2.1 feet (0.64 m) upstream of the splice. These impact conditions were
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consistent with the those used in the baseline evaluation of the NETC 3-bar bridge rail in Section
9.

Post 11 10 9 8 6 5 4 3

Figure 439. Impact point for Test 4-10 on the Modified NETC 3-bar bridge rail.

15.1.2.1 Damages to the Barrier System Compared

Figures 440 and 441 show maximum deflections for each case compared to the baseline
from overhead and oblique view points, respectively. Each of the modified designs resulted in
reduced deflection of the lower rail as well as reduced potential for vehicle contact with the post.
The maximum dynamic deflections for Case 1, 2, and 3 were 2.3 inches (58 mm), 2.1 inches (52
mm) and 2.8 inches (63 mm), respectively. It was anticipated that Case 3 (i.e., stiffest rail
option) would result in lower deflections than the other cases; however, the larger internal gap in
the splice for Case 3 increased the relative lateral deflection between the rail tubes, as can be
seen in Figure 440.

4 x4 x1/4 (Baseline) | Case 1 (5 x4 x 5/16)

l—

Case 2 (6 x4 x 5/16) Case3(7x4x1/4)

Figure 440. Overhead transparent view showing maximum deflections of the lower rail for each
analysis case compared to baseline.
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Y-displacement (mm)
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Figure 441. Oblique view showing maximum dynamic deflections of the barrier for each analysis
case compared to baseline.

15.1.2.2 Time History Data Compared

Figures 442 through 444 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the center of gravity of the vehicle; Figures 445 through
447 show the comparison of the angular rates and angular displacements (i.e., yaw, roll and
pitch) at the center of gravity of the vehicle. The peak 10-ms moving average longitudinal
acceleration was reduced for all modified design cases compared to the baseline (i.e., from 26 G
to =23 G), as shown in Table 105; while the peak accelerations for the y- and z-directions were
essentially unchanged. The yaw, roll and pitch attitudes of the vehicle were also similar for all
cases; although roll and pitch angular displacements were slightly reduced 2 or 3 degrees for the
modified cases.

x-acc (10-ms Avg.) x-acc (50-ms Avg.)
10 2
»n ol o
5 o 01 .
_ s 9 |
» 0 A 2
A E 4 4
5 4 —_—3
§ 3-Bar (4x4x1/4) T 6 ——3-Bar (4x4x1/4)
® -10 —3 g
3 3-Bar(5x4x5/16) ><'P 8 | ———3-Bar(5xdx5/16)
Q -15 - —3 ; 1
S o 3-Bar(6x4x5/16) 5-10 3-Bar(6x4x5/16)
v - i —3e -12 4
x 2 | 3-Bar (7x4x1/4) g ———3-Bar (7x4x1/4)
B e=Time of OIV 2 -14 1
-30 -16
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Time (seconds) Time (seconds)

Figure 442. 10- and 50-millisecond average x-acceleration from FEA of Test 4-10 on the Modified
NETC 3-bar bridge rail.
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Figure 443. 10- and 50-millisecond average y-acceleration from FEA of Test 4-10 on the Modified
NETC 3-bar bridge rail design cases.
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Figure 444. 10- and 50-millisecond average z-acceleration from FEA of Test 4-10 on the Modified
NETC 3-bar bridge rail design cases.
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Figure 445. Yaw rate and yaw angle time-history from FEA of Test 4-10 on the Modified NETC 3-
bar bridge rail design cases.
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Figure 446. Roll rate and roll angle time-history from FEA of Test 4-10 on the Modified NETC 3-
bar bridge rail design cases.
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Figure 447. Pitch rate and pitch angle time-history from FEA of Test 4-10 on the Modified NETC
3-bar bridge rail design cases.

Table 105. Peak accelerations for Test 4-10 on the Modified NETC 3-bar bridge rail design cases.

Peak Accelerations
X-acc Y-acc
Design (G) (G)
3-Bar (4x4x1/4) 25.87 28.86
3-Bar(5x4x5/16) 22.42 26.18
3-Bar(6x4x5/16) 23.51 28.83
3-Bar (7x4x1/4) 22.62 27.46

15.1.2.3 Occupant Risk Metrics Compared

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Figure 448 shows the results for the occupant risk calculations compared
with the baseline. The OIV values were essentially unchanged. The ORA-x was slightly
reduced, and the ORA-y was slightly increased for the modified design cases; however, all cases
were well below the failure threshold of 20.45 G specified in MASH.

o ORA
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OIV-x OIV-y THIV ORA-x ORA-y PHD
m 3-Bar (4x4x1/4) 25.6 325 413 m 3-Bar (4x4x1/4) 6.7 6 71
W 3-Bar(5x4x5/16) 243 325 40.4 W 3-Bar(5x4x5/16) 3.5 7.7 7.8
M 3-Bar(6x4x5/16) 24.9 325 40.7 M 3-Bar(6x4x5/16) 3.7 10.4 10.4
3-Bar (7x4x1/4) 24.6 32.2 40.4 3-Bar (7x4x1/4) 53 9.7 9.7

Figure 448. OI32.5V and ORA values for Test 4-10 on the Modified NETC 3-bar design case.

15.1.2.4 Results Summary and Recommendations

The modified NETC 3-bar system with larger lower rail showed slightly improved
performance for all cases evaluated. The deflection of the lower rail was reduced 30% - 42%.
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The peak longitudinal acceleration was reduced 9.3% - 13.5%. A wheel-snag still occurred at
the splice connection for all cases, which likely affected peak acceleration magnitudes. Much of
the deflection could be mitigated by minimizing the internal gap-space in the splice (recall that
tested design only had 1/8” total gap-space). It is anticipated that the rail deflection and the
potential for wheel snag would be reduced considerably if the internal gap-space in the splice
were eliminated. Although not detailed in this report, the ORA-x was found to be the least
sensitive to time-of-occupant-impact for Case 1, HSS 5x4x5/16, which was also the least costly
revision.

Table 106 provides an overall summary of the modified lower rail design options and the
analysis results. The barrier successfully contained and redirected the small car with minimal
damage to the system. There were no detached elements from the barrier that showed potential
for penetrating the occupant compartment or presenting undue hazard to other traffic. The
vehicle remained upright and very stable throughout impact and redirection. The OIV and
maximum ORA values were within recommended limits specified in MASH. Based on the
results of this analysis, the barrier with each of the modified lower rail alternatives is expected to
meet all structural and occupant risk criteria in MASH for Test 4-10 impact conditions.

It is recommended that the HSS 5x4x5/16 be used for the lower rail; however, the overall
improvement may not be significant enough to warrant changing the design. It is further
recommended that the splice design be revised to minimize the amount of internal gap-space
between the splice tube and the main rails, since the lateral movement within the splice appears
to be a key factor in causing the excessive deflection of the rail as well as wheel snag at the
splice.

Table 106. Summary of results for Test 4-10 on the Modified NETC 3-bar bridge rail with larger

lower rail.
Physical Properties Results
Area 2y Splice Gap | Deflect |Peak Acc,| OIVy olv, ORA, ORA,
Bar Size (in) | %Change | (i) | %Change (in) (in) (G) (ft/s) (ft/s) (G) (G)
HSS4x4x% 3.59 - 497 - 3/4 3.5 25.9 25.6 32.5 6.7 6
HSS 5 x4 x5/16 4.98 39% 7.05 42% 11/16 2.3 22.4 24.3 32.5 3.5 7.7
HSS 6 x4 x5/16 5.61 56% 8.21 65% 11/16 2.1 235 24.9 32.5 3.7 10.4
HSS7 x4 x% 5.09 42% 7.78 57% 3/4 2.5 22.6 24.6 32.2 5.3 9.7

15.2 3-Bar Transition with Increased Post Spacing at First Bridge Rail Post

The maximum spacing between the first post of the bridge rail and the last post of the
transition is currently specified as 3 feet; however, when spanning certain types of expansion
joints, such as strip joints, compression seals, finger joints and modular joints, it is not always
possible to meet this condition. One such example is shown in Figure 449, which involves the
railing spanning a skew joint. A common practice for dealing with these situations is to use
greater post spacing. Typical post spacing used by NHDOT include:

*  4°-9” spacing for strips or compression seals, 45-deg skew
* 5’-6” spacing for finger joints, 43-deg skew

* 7°-0” spacing for modular joints, 0-deg skew

353



Figure 449. Skew Joint

In Section 10, the original NETC 3-bar transition design was shown to meet MASH TL4
performance criteria (based on the FEA crash simulations). The only recommended design
change was to taper the tops of the transition posts and bridge rail posts down and toward the
field side to avoid contact with the front-lower edge and bottom of the cargo-box during impacts
with single unit trucks.

It was of concern that the increased post spacing between the last post of the bridge rail
and the first post of the transition would reduce the strength of the railing and have the greatest
effect on performance in Tests 4-22 (i.e., SUT vehicle) and 4-20 (i.e., small car) impact cases.
For example, Test 4-22 would subject the barrier to the greatest loading conditions overall, while
Test 4-20 would tend to impart a concentrated load onto the lower railing, which could result in
excessive pocketing at the approach to the first bridge rail post. Therefore, extending the post
spacing between the transition and bridge rail may lead to greater potential for mid-span rail
deflections and pocketing as described in the previous section. The consensus of the project
technical committee was to evaluate a post spacing of 5’-6” for the 3-bar transition-to-bridge rail
for MASH TL4 impact conditions. This post spacing should account for most of the non-
conforming field installation cases.

15.2.1 Design Cases Evaluated

The finite element analysis model from Section 10 was modified for use in this
evaluation by (1) extending the bridge rail tubes and deck to attain desired post spacing of 5.5-ft
between first post of bridge rail and last post of the transition, (2) tapering the tops of the W6x25
posts, and (3) widening the expansion splice gap opening from 0.75 inches to 2 inches. An
elevation view of the original and modified models is shown in Figure 450. Two different
expansion splice options were included in the evaluation, as illustrated in Figure 451. Expansion
splice ModelO1 included a nominal 3/4-inch opening at the splice, and expansion splice Model02
included a nominal 2-inch opening at the splice. Due to the angle of the transition rails, the
maximum longitudinal gap opening in the splice joint was 1.4 inches and 2.4 inches for Model01
and Model02, respectively, at the top rail element.
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(b) Increased Post Spacing

Figure 450. Post and splice spacing for (a) original and (b) modified designs.
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Figure 451. Expansion splice cases evaluated.

Expansion splice ModelO1 was used in the previous analysis of the 3-bar transition in
Section 10. Recall, however, that only Test 4-22 (single-unit truck test) was evaluated at the
expansion splice connection to the bridge rail. The critical snag point for passenger vehicles in
those evaluations was determined to be at the connection point of the thrie-beam to the tube rail,
which is located farther upstream on the transition (see Figure 170). In those evaluations,
passenger vehicles did not contact the expansion splice during the impact event. For the current
analysis case, with the increased span between the transition and bridge rail posts, the expansion
splice may be more critical for the passenger vehicle tests.
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Two different post designs were also evaluated: one did not include a taper on the post
(e.g., original design), while the second included a 51-degree taper starting at 2 inches behind the
face of the post, which was adopted from an existing MassDOT design, as illustrated in Figure
452. The taper is important for avoiding contact with the single-unit truck during impact, but it
will not likely affect the passenger vehicle tests, since those vehicles do not contact the tops of
the posts.
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p
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Figure 452. Tapered post based on MassDOT S3-TL4 bridge rail design.

Two potential critical snag points were identified for the passenger vehicle tests: 1) at the
expansion splice joint and 2) at the first post of the bridge rail, as annotated on Figure 453. Only
one critical snag point was identified for the single-unit truck which was also at the expansion
splice. FEA was then used to evaluate the crash performance of the modified system for MASH
TLA4.

Critical Snag Points for
passenger vehicles

Critical Snag Point
for SUT

Figure 453. Critical impact point locations.

15.2.2 Test 4-20
For Test 4-20, two barrier designs were evaluated:
1) Design 1 — Original barrier components (e.g., same rails, posts and hardware)
including:

e 5.5 post spacing for first bridge rail post
e Expansion Splice Model02 (Gap = 2 inches)

2) Design 2 — Modified Design including:
e 5.5 post spacing for first bridge rail post
e Expansion Splice Model02 (Gap = 2 inches)
e Larger HSS 5x4x5/16 for lower rail as determined in previous section

e Tapered posts
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Figure 454. Bridge rail and splice designs used for the Test 4-20 evaluations.

15.2.2.1 Design Case 1 (Original System Components)

The critical impact point for Test 4-20 was determined using FEA with respect to
maximizing the potential for wheel snag on the first post of the bridge rail and on the splice
connection. Finite element analysis was used to simulate MASH Test 4-20 at ten (10) impact
locations ranging from 3.6 feet to 8 feet upstream from the first post on the bridge rail, as shown
in Figure 455. The third column in the table in Figure 455 provides the distance from the impact
point in each case to the center of the expansion splice. These analyses were conducted for 0.15
seconds of impact, and the results of the ten impact cases are shown in the following sections.

~ “mm

‘-LZ *IP3.6 *3.61 - Impact Point
g < IP4.0 4.0 0 P
2 post
£ IP4.5 45 0.5 IPyice
8 IP5.0 5.0 1.0
% 1P6.0 6.0 2.0
5 | pes 6.5 25
o IP7.0 7.0 3.0
£ *|P7.61 7.61 *3.61
a 1P8.0 8.0 4.0

Figure 455. Impact point locations for Test 4-20 on the 3-bar transition with increased post
spacing.

None of the impact points resulted in significant wheel contact with the post; however,
impact at 4.0 feet upstream of the critical post resulted in the greatest chance for contacting the
post, as illustrated in Figure 456. The analysis case with impact point at 8 feet upstream from the
post (i.e., 4 ft upstream of expansion splice) was the critical impact point for snag on the splice,
but the analysis results indicated a low potential for wheel snag due to the splice being located on
the downstream side of the post, as shown in Figure 457. A reverse direction impact may be
more critical for assessing snag on the splice.
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Figure 456. Test 4-20 results at time of potential impact with critical post.

IP6.5 ft IP 7.0 ft 1P 7.65 ft

Figure 457. Test 4-20 results at time of potential snag on critical splice.

Peak accelerations

The acceleration-time histories collected at the center of gravity of the vehicle were used
to asses peak acceleration values for the ten impact cases. As denoted in Figure 455, impact
cases IP3.6 to IP6.5 were designed for assessing critical snag on the bridge rail posts. For those
cases, [P4.0 was determined as the most critical for snag on the post. This impact case also
corresponded to the highest peak longitudinal acceleration (x-direction), the 2" highest lateral
acceleration and the highest resultant acceleration, as shown in Figure 458. Impact cases [P6.0
to IP8.0 were designed for assessing critical snag on the expansion splice, in which IP8.0 was
determined as the critical impact point for that case. However, as shown previously in Figure
457 and confirmed here in Figure 458, snagging on the splice does not appear to be an issue for
primary impact direction for Test 4-20.
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Figure 458. Peak 10-ms moving average acceleration data for Test 4-20 impact cases.

Occupant Risk Metrics

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 107 shows the results for the occupant risk calculations, and Figure
459 shows a graphical representation of the peak OIV and ORA results. In all cases the OIV-x
values were within preferred limits; while the OIV-y values exceeded preferred limits but were
within critical limits. The ORA values were well within preferred limits for both the x- and y-
directions. The highest OIV values occurred for IP 5.0, which were 26.2 ft/s and 35.1 ft/s in x-
direction and y-direction, respectively. The highest ORA values occurred for IP7.6, which were
7.4 G and 7.9 G for x- and y-directions, respectively. The second highest ORA values occurred
for IP8.0, which were 7.4 G and 6.2 G for x- and y-directions, respectively. It should be noted
that the analyses were not conducted for a long enough period of time for the rear of the vehicle
to impact against the barrier, which is usually the event that results in the highest lateral ORA for
Test 4-20. However, based on previous full-scale test results on similar systems and the previous
results in this study presented in Section 10.2.4, the peak lateral ORA was expected to be well
below preferred limits for all cases evaluated here.

15.2.2.2 Design Case 2 — Modified Design with HSS 5 x 4 x 5/16 Lower Rail and Tapered Post

The FEA model developed in Section 15.2.2.1 (i.e., Design 1) was modified for the
current analysis case (i.e., Design 2), as illustrated in Figure 454. The modifications included an
HSS 5 x 4 x 5/16 lower rail for the NETC 3-bar bridge rail, and a taper on the W6x25 posts as
recommended in Section 10. Based on the results of Design Case 1, the critical impact point for
this case was selected as 4 feet upstream of the first bridge rail post, as shown in Figure 460, to
maximum potential for wheel snag on the first post of the bridge rail and to maximize peak
accelerations of the vehicle during impact. The impact conditions were consistent with MASH
Test 4-20 and included the 2,595-1b Yaris model impacting the rail at 62.1 mph and 25 degrees.
The analysis was performed for 0.5 seconds of the impact event, and all results presented in the
following sections include comparison to Design Case 1.
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Table 107. Occupant risk metrics for Test 4-20 impact cases on the 3-bar transition with increased post spacing.

Figure 459. Graphical representation of OIV, THIV, ORA and PHD metrics for Test 4-20.
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Occupant Risk Factors MASH Test 4-20
1P3.6 1P4.0 1P4.5 IP5.0 IP5.5 1P6.0 IP6.5 IP7.0 IP7.65 1P8.0
Occupant Impact Velocity x-direction 24.0 25.3 25.6 26.2 24.9 249 239 N.A. 21.65328 22.63752
(ft/s) y-direction 331 331 B8} B58I\ 35.4 35.1 335 N.A. 31.1676 30.83952
. at0.0775 seconds on right | at0.0788 seconds on right | at0.0789 secondsonright | at0.0794 secondsonright | at0.0795 secondsonright | at0.0804 seconds onright | at0.0805 seconds on right at0.0810 seconds onright | at0.0813 seconds on right
at time . e . . . . ot . . - . - 0 N N . .
side of interior side of interior side of interior side of interior side of interior side of interior side of interior side of interior side of interior
THIV A . i 8 X . A 0.0 37.07304 37.7292
at0.0775 seconds on right | at0.0788 seconds on right | at0.0789 seconds onright | at0.0794 secondsonright | at0.0795 secondsonright | at0.0804 seconds onright | at0.0805 seconds on right at0.0810 seconds onright | at0.0813 seconds on right
(ft/s) . e oo . e nfitor e . . o e . .
ide of interior ide of interior ide of interior ide of interior ide of interior ide of interior ide of interior ide of interior ide of interior
Ridedown Acceleration x-direction - - - - - - - ant does not impact vehi - -
s (0.0794 - 0.0894 seconds) | (0.0806 - 0.0906 seconds) | (0.0813 - 0.0913 seconds) | (0.0812- 0.0912 seconds) | (0.0813- 0.0913 seconds) | (0.0822- 0.0922 seconds) | (0.0825- 0.0925 seconds) 0 (0.0830 - 0.0930 seconds) | (0.0834 - 0.0934 seconds)
g
_direction 4.1 29 3.6 2.7 -2.8 -3.3 -5.1 ant does not impact vehi -7.9 -6.2
M (0.0846 - 0.0946 seconds) | (0.0901 - 0.1001 seconds) | (0.0950 - 0.1050 seconds) | (0.1104 - 0.1204 seconds) | (0.1081- 0.1181seconds) | (0.1169- 0.1269 seconds) | (0.0825 - 0.0925 seconds) 4 (0.0851 - 0.0951 seconds) | (0.0834 - 0.0934 seconds)
PHD 4.2 5.3 4 6.3 8.8 9.8 11.1 ant does not impact vehi 12.4 10.8
's (0.0846 - 0.0946 seconds) | (0.0798- 0.0898 seconds) | (0.0789 - 0.0889 seconds) | (0.0794 - 0.0894 seconds) | (0.0795- 0.0895 seconds) | (0.0803 - 0.0903 seconds) | (0.0805 - 0.0905 seconds) 0 (0.0809 - 0.0909 seconds) | (0.0812 - 0.0912 seconds)
8
Asl 249 253 2.58 251 247 241 2.28 2.07 2.07 2.06
(0.0253 - 0.0753 seconds) | (0.0251- 0.0751 seconds) | (0.0265- 0.0765 seconds) | (0.0274- 0.0774 seconds) | (0.0266 - 0.0766 seconds) | (0.0337- 0.0837 seconds) | (0.0338- 0.0838seconds) | (0.0231- 0.0731seconds) | (0.0263 - 0.0763seconds) | (0.0304- 0.0804 seconds)
xedirection -13.4 -14 -14 -14.6 -13.4 -13.3 -12.9 -11.5 -11.2 -12.1
(0.0242 - 0.0742 seconds) | (0.0247 - 0.0747 seconds) | (0.0298 - 0.0798 seconds) | (0.0352- 0.0852 seconds) | (0.0314- 0.0814 seconds) | (0.0318- 0.0818 seconds) | (0.0377- 0.0877 seconds) | (0.0221- 0.0721seconds) | (0.0241- 0.0741seconds) | (0.0239- 0.0739 seconds)
_direction -20.1 -20.2 -20.7 -20 -19.9 -19.3 -18.2 -16.5 -16.7 -16.3
Max 50-ms moving avg. acc M (0.0267 - 0.0767 seconds) | (0.0252- 0.0752 seconds) | (0.0266 - 0.0766 seconds) | (0.0271- 0.0771seconds) | (0.0265- 0.0765seconds) | (0.0339- 0.0839 seconds) | (0.0266- 0.0766 seconds) | (0.0221- 0.0721seconds) | (0.0332- 0.0832seconds) | (0.0335- 0.0835 seconds)
T J-direction 2.9 3.1 2.8 2.5 2.3 23 2.5 0.8 3.1 2.9
(0.0610 - 0.1110 seconds) | (0.0621- 0.1121 seconds) | (0.0608 - 0.1108 seconds) | (0.0604 - 0.1104 seconds) | (0.0598- 0.1098 seconds) | (0.0573- 0.1073seconds) | (0.0539 - 0.1039 seconds) | (0.0213- 0.0713 seconds) | (0.0554- 0.1054 seconds) | (0.0555 - 0.1055 seconds)
Resultant 25.6 25.6 259 259 244 241 228 216 221 221
Peak 10 ms Avg. Accelerations x-direction -20.7 -24.0 -22.9 -21.1 -20.0 -17.9 -18.3 -17.6 -17.3 -18.9
y-direction -27.9 =207/ -27.4 -25.1 -25.5 -24.4 -235 -23.9 -24.8 -25.0
Resultant 345 36.6 353 353 325 30.2 275 28.5 30.8 30.8
Max Criteria
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Figure 460. Impact point for Test 4-20 on Design Case 2.

Time History Evaluation

Figures 461 through 463 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the center of gravity of the vehicle; Figures 464 through
466 show the comparison of the angular rates and angular displacements (i.e., yaw, roll and
pitch) at the center of gravity of the vehicle. The accelerations and angular displacements were
essentially the same for both Design Cases 1 and 2, except that peak longitudinal acceleration
was 19.7 G for Design Case 2, which was approximately 20% less than Design Case 1.
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Figure 461. 10- and 50-millisecond average X-acceleration from FEA of Test 4-20 on the 3-bar
transition with 5.5-ft post spacing.
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Figure 462. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-20 on the 3-bar
transition with 5.5-ft post spacing.
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Figure 463. 10- and 50-millisecond average Z-acceleration from FEA of Test 4-20 on the 3-bar
transition with 5.5-ft post spacing.
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Figure 464. Yaw rate and yaw angle time-history from FEA of Test 4-20 on the 3-bar transition
with 5.5-ft post spacing.
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Figure 465. Roll rate and roll angle time-history from FEA of Test 4-20 on the 3-bar transition

with 5.5-ft post spacing.
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Figure 466. Pitch rate and pitch angle time-history from FEA of Test 4-20 on the 3-bar transition

with 5.5-ft post spacing.
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Occupant Risk Measures

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 108 shows the results for the occupant risk calculations. The results
indicate that the occupant risk factors meet safety criteria specified in MASH.

The occupant impact velocities in the longitudinal and transverse directions for the
transition were 23.6 ft/s and 32.8 ft/s, respectively, which were within the recommended limits
specified in MASH and slightly less than those same metrics for Design Case 1. The highest
0.010-second occupant ridedown acceleration in the longitudinal and transverse directions were
3.7 gand 7.9 g, respectively, which were well within preferred limits specified in MASH. The
ORA-x value was slightly reduced compared to Design Case 1. The ORA-y values could not be
compared since Design Case 1 was terminated prior to achieving peak values. The maximum
50-ms moving average acceleration values in the longitudinal and transverse directions were 1.5
g and 20 g, respectively. These values were also slightly lower than those for Design Case 1.
The maximum roll and pitch angles of the vehicle were 4.4 degrees and 5.1 degrees,
respectively, which were well below critical limits in MASH.

Table 108. Summary of MASH occupant risk metrics for Test 4-20 on the 3-bar transition with 5.5-

ft post spacing.
- T MASH Criteria
Occupant Risk Factors Design 1 Design2
Occupant Impact Velocity x-direction 25.3 23.6
(ft/s) y-direction 33.1 32.8 <30 ft/S (preferred) \
] at0.0788 seconds on right | at0.0776 seconds on right < 40 ft/s (limit)
attime side of interior side of interior
THIV 41.7 40.7

at 0.0788 seconds on right | at0.0776 seconds on right
ide of interior ide of interior

(ft/s)

Ridedown Acceleration xedirection -4.9 -3.7 v
(g's) (0.0806 - 0.0906 seconds) | (0.0804 - 0.0904 seconds) <15G (Preferred)
79 <20.49 G (limit)
(0.1972 - 0.2072 seconds)
PHD N/A 8.2
(g's) (0.1966 - 0.2066 seconds)

y-direction N/A

Asl 2.53 2.49
(0.0251- 0.0751 seconds) | (0.0241 - 0.0741 seconds)
Max 50-ms moving avg. acc. " . -14 -13.5
x-direction
(g's) (0.0247 - 0.0747 seconds) | (0.0242 - 0.0742 seconds)
. N -20.2 -20
y-direction
(0.0252 - 0.0752 seconds) | (0.0241- 0.0741 seconds)
" " -3.1 -2.7
z-direction
(0.0621 - 0.1121 seconds) | (0.0607 - 0.1107 seconds)
Maximum Angular Disp. N/A 4.4
(deg) Roll (0.5013 seconds)
= <75deg v

Pitch N/A (03851 seconds)

N/A -39.4
Yaw (0.4683 seconds)

N/A - Not applicable since the analysis was terminated prior to achieving peak values.

Damages to the Barrier System

Figure 467 shows images of the maximum dynamic deflection of the barrier and
maximum dynamic deflection of the lower rail from an overhead and oblique view with a
contour plot of lateral displacement on the rail elements. The maximum dynamic and permanent
deflections were 2.65 inches and 1.36 inches, respectively, and occurred at the top railing at the
expansion splice. For Design Case 1, the maximum dynamic and permanent deflections
occurred on the lower rail at the expansion splice with values of 3.25 inches and 1.52 inches,
respectively. For Design Case 2 with the larger HSS 5 x 4 x 5/16 lower rail, the dynamic and
permanent deflections of the lower rail reduced to 2.44 inches and 1 inch, respectively. The
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lower deflections and the larger contact area of the HSS 5 x 4 x 4/16 rail also resulted in a lower
potential for the tire to contact the bridge rail post, as shown in Figure 468.

Maximum dynamic deflection = 2.65 in (67.3 mm) at 0.06 seconds
Maximum permanent deflection = 1.36 in (34.6 mm)

Y-displacement (mm)
6.727e+01
6.055e+01 ]
5.382e+01 _|
4.709e+01 _
40360401 __
33640401 _
2.691e+01 ]
2.018e+01
1.345e+01

6.727e+00
0.000e+00 _|

Peak dynamic deflection of lower rail = 2.44 in
Permanent deflection = 1 in

Compare to Design 1 (HSS 4x4x1/4) with:
Peak dynamic = 3.25 in
Permanent = 1.52 in

Figure 467. Contour plot of lateral displacement for the system at the time of maximum dynamic
deflection.

Figure 468. Test 4-20 results at time of potential impact with critical post.

Damages to Vehicle

Figure 469 show contour plots of effective plastic strain for the vehicle, which were used
to identify areas of the vehicle that suffered damage during the simulated impact event. The
damages to the vehicle were very similar to those for Test 4-10 on the NETC 3-bar bridge rail in
Section 9.1.6. The most severe damages were to the front fender, the upper and lower control
arm of front suspension, front wheel, lower edge of windshield, and light damage to the rear
quarter panel of the vehicle.

Effective Plastic Strain
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Figure 469. Damages to vehicle in Test 4-20 analysis of the 3-bar transition.
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Exit Box

Figure 470 shows the exit box during the Test 4-20 analysis for Design Case 2 on the 3-
bar transition with 5.5-ft post spacing. The vehicle was smoothly redirected, and its path was
well within the exit box criteria of MASH.

| |

B=32.8ft.
Figure 470. Exit box for Test 4-20 analysis of the 3-bar transition.

15.2.2.3 Results Summary for Test 4-20

The FEA results for MASH Test 4-20 on the 3-bar transition with 5.5-ft post spacing at
the first bridge rail post indicated that the system would meet all structural adequacy, occupant
safety and vehicle stability criteria according to MASH for both Design Case 1 and Design Case
2. The barrier successfully contained and redirected the small car with minimal damage to the
system. There were no detached elements from the barrier that showed potential for penetrating
the occupant compartment or presenting undue hazard to other traffic. The vehicle remained
upright and very stable throughout impact and redirection. The OIV and maximum ORA values
were within critical limits specified in MASH. Both design cases were shown to meet MASH
safety criteria; however, Design Case 2 with the HSS 5 x 4 x 5/16 lower rail resulted in improved
performance compared to Design Case 1 with the HSS 4 x 4 x 5/16 lower rail.

15.2.3 Test 4-21

For Test 4-21, only Design Case 1 was evaluated, which included the original system
components with an expansion splice gap of 2 inches (nominal). This case represents current
field installations and is also considered to be a less conservative analysis case compared to
Design Case 2 (e.g., with larger lower rail). Therefore, if this system meets MASH crash
performance criteria, then the improved design for Design Case 2 would be considered MASH
compliant as well.

Finite element analysis was used to simulate MASH Test 4-21 at five (5) impact locations
ranging from 5 feet to 9 feet upstream from the first post on the bridge rail in 1-foot increments,
as shown in Figure 471. The third column in the table in Figure 471 provides the distance from
the impact point in each case to the center of the expansion splice. These analyses were
conducted for 0.25 seconds of impact and were sufficient for determining all occupant risk
metrics in MASH.
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Impact Point

IP5.0 5.0

1P6.0 6.0 2.0
IP7.0 7.0 3.0
1P8.0 8.0 4.0
1P9.0 9.0 5.0

Figure 471. Impact point locations for Test 4-21 on the 3-bar transition with increased post
spacing.

None of the impact points resulted in significant potential for wheel contact with the post;
however, impact at 6.0 feet upstream of the critical post (i.e., 2-ft upstream of expansion splice)
resulted in the highest potential for snag on the expansion splice. Images from analysis cases [P
6.0 ft — IP 9.0 ft at the time of tire contact with the expansion splice are shown in Figures 472 —
474 from an oblique viewpoint, underneath viewpoint, and tire-only view point, respectively.

IP 6.0 ft IP 7.0 ft

Figure 472. Test 4-21 results at time of impact with expansion splice (oblique view).
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IP 6.0 ft IP7.0ft

Figure 473. Test 4-21 results at time of impact with expansion splice (underneath view).

IP 6.0 ft IP7.0ft

FEA of MASH Test 4-21 on AGT 3-Bar Mod (IP 6.0 ft) FEA of MASH Test 4-21 on AGT 3-Bar Mod (IP 7.0 ft)
Time = 0039869 Time = 0049869

1P 8.0 ft 1P 9.0 ft

-l!;,_,illlglll_lll

Figure 474. Test 4-21 results at time of impact with expansion splice (tire-only view).

Case IP6.0 appeared to be the critical impact point for the splice for Test 4-21. As shown
in Figure 475, the fender snagged on the splice at the top rail. Although the snag did result in
severely damaging the fender, it did not greatly affect vehicle accelerations. Neither the wheel
rims nor the leading edge of the door (which would have been a more severe snag) showed
propensity for snag in any of the cases. Cases IP 7.0 ft and IP 8.0 ft showed higher potential for
snag at the leading edge of the door on the splice; however, no snags occurred in those analysis
cases, likely due to the splice location on the downstream side of the post. As with the small car
test, a reverse impact case may be more critical for assessing snag on the splice.
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Figure 475. Closeup view of splice for Test 4-21 impact case IP 6.0 ft.
15.2.3.1 Peak accelerations

The acceleration-time histories collected at the center of gravity of the vehicle were used
to asses peak acceleration values for the five impact cases. IP 6.0 ft was determined as the most
critical for snag on both the post and the expansion splice. This impact case also corresponded to
the highest peak longitudinal acceleration (x-direction), the 2" highest lateral acceleration, and
the highest resultant acceleration, as shown in Figure 476; it was also the only case to result in
the fender snagging on the splice. The snag on the fender caused the higher x-acceleration peak
for this case; however, the model did not allow for metal tearing of the fender which may have

over-predicted the snag force since the material could not fail. Impact case IP 5.0 ft yielded the
highest peak lateral acceleration.

Peak 10-ms Average Accelerations  1P6.0 x-acc (10-ms Avg.)

1P6.0 1P5.0

1P5.0 l

T 250 IP5.0 l l 1P6.0 0 -
c
8§ 200 l l ; |
=} _
I
§ 150
8 -10 -
g 100 :

50 I -15 4
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—5.0ft
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X-acceleration (G's)
wv

e=Time of OIV

Peak x-acc Peak y-acc Peak Resultant 0 0.05 0.1 0.15 0.2 0.25

m50ft m60ft m70ft m80ft M9.0ft Time (seconds)

Figure 476. Peak 10-ms moving average acceleration data for Test 4-21 impact cases.
15.2.3.2 Occupant Risk Metrics

The acceleration-time histories and angular rate-time histories collected at the center of
gravity of the vehicle were used to evaluate occupant risk metrics according to the procedures
outlined in MASH. Table 109 shows the results for the occupant risk calculations, and Figure
477 shows a graphical representation of the peak OI'V and ORA results. In all cases the OIV
values were within preferred limits. The peak ORA values were well within preferred limits for
the ORA in the x-direction, while the peak ORA values in the y-direction exceeded preferred
limits but were within critical limits. The highest OIV in the x-direction was 22.6 mph for case

368



IP 6.0 ft. The highest OIV in the y-direction occurred for all cases from IP 5.0 ft to 8.0 ft with
values ranging from 27.9 mph to 28.5 mph. The highest ORA in the x-direction was 6.0 G and
occurred for cases IP 6.0 ft and 9.0 ft. Analysis case IP 6.0 ft terminated prematurely before
peak ORA in y-direction occurred; however, the ORA-y was expected to be similar to the values
for IP 5.0 ft and 7.0 ft. Also, recall that the Silverado model tends to over-predict the lateral
acceleration for the “backslap” of the vehicle impacting rigid barriers (see Section 5).

Table 109. Occupant risk metrics for Test 4-21 impact cases on the 3-bar transition with increased
post spacing.

Occupant Risk Factors MASH Test 4-20
5.0 ft 6.0 ft 7.0 ft 8.0 ft 9.0 ft
Occupant Impact Velocity | x-direction 18.0 22.6 18.4 18.4 16.7
(ft/s) y-direction 28.5 27.9 27.9 28.2 25.3
t i at 0.0878 seconds on right | at0.0888 seconds on right | at0.0898 seconds onright | at 0.0894 seconds on right | at0.0904 seconds on right
attime side of interior side of interior side of interior side of interior side of interior
THIV 33.8 354 33.1 32.8 29.5
(ft/s) at 0.0878 seconds on right | at 0.0888 seconds on right | at 0.0898 seconds on right | at 0.0894 seconds on right | at0.0904 seconds on right
ide of interior ide of interior ide of interior ide of interior ide of interior
Ridedown Acceleration A -3.8 -5.8 -5.6 -4.4 -6
x-direction
S| . - 0. seconds . - 0. seconds, . - 0. seconds, . - 0. seconds, . - 0. seconds,
(g's) (0.0914- 0.1014 ds) | (0.0913- 0.1013 ds) | (0.0923- 0.1023 ds) | (0.2318- 0.2418 ds) | (0.2075- 0.2175 ds)
. . -18.1 N.A. -19.1 -17.9 -18.7
y-direction
(0.1846 - 0.1946 seconds) (0.1853 - 0.1953 seconds) (0.1858 - 0.1958 seconds) (0.1823 - 0.1923 seconds)
PHD 18.1 10 19.2 18.1 18.9
(g's) (0.1846 - 0.1946 seconds) (0.0888 - 0.0988 seconds) (0.1852 - 0.1952 seconds) (0.1855 - 0.1955 seconds) (0.1822 - 0.1922 seconds)
Asl 1.68 1.73 1.59 1.57 1.33
(0.0390- 0.0890 seconds) (0.0360- 0.0860 seconds) (0.0388 - 0.0888 seconds) (0.0442 - 0.0942 seconds) (0.0398 - 0.0898 seconds)
. . -8 -10.7 -8.2 -7.8 -6.6
x-direction
(0.0391 - 0.0891 seconds) (0.0334 - 0.0834 seconds) (0.0378 - 0.0878 seconds) (0.0361 - 0.0861 seconds) (0.0519 - 0.1019 seconds)
. . -13.9 -13.5 -13 -12.8 -10.8
y-direction
Max 50-ms moving avg. acc (0.0354 - 0.0854 seconds) (0.0363 - 0.0863 seconds) (0.0390 - 0.0890 seconds) (0.0439 - 0.0939 seconds) (0.0391 - 0.0891 seconds)
R N -2.5 2.4 -3.3 25 3
z-direction
(0.1886 - 0.2386 seconds) (0.0654 - 0.1154 seconds) (0.1813 - 0.2313 seconds) (0.0502 - 0.1002 seconds) (0.1653 - 0.2153 seconds)
Resultant 20.6 213 20.5 20.4 19.4
Peak 10 ms Avg. x-direction -14.4 -18.1 -12.6 -13.3 -9.4
Accelerations
y-direction -18.7 -17.2 -16.0 -15.2 -13.5
Resultant 28.9 30.8 26.7 26.4 27.9
ol o ORA
200 Max Criteria 2 Max Criteria
35.0 — 18 .
300 Preferred Limit 16 Preferred Limit
14
7 250 T 12
E 200 5 0
> B3
G 150 o 38
6
10.0 N
” 2 I I I
0.0 0
OIV-x OIV-y THIV ORA-x ORA-y PHD
50ft M6.0ft m7.0ft W80ft WI.Oft 50ft m6.0ft M7.0ft m80ft WM9.0ft

Figure 477. Graphical representation of OIV, THIV, ORA and PHD metrics for Test 4-21.

15.2.3.3 Results Summary for Test 4-21

The FEA results for MASH Test 4-21 on the 3-bar transition with 5.5-ft post spacing at
the first bridge rail post indicated that the system would meet all structural adequacy, occupant
safety and vehicle stability criteria according to MASH for Design Case 1 (i.e., with original
system components). The barrier successfully contained and redirected the pickup with
moderate damage to the system. There were no detached elements from the barrier that showed
potential for penetrating the occupant compartment or presenting undue hazard to other traffic.
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The vehicle remained upright and very stable throughout impact and redirection. The OIV and
maximum ORA values were within critical limits specified in MASH. Design Case 1 was shown
to meet MASH safety criteria; however, Design Case 2 with the larger HSS 5 x 4 x 5/16 lower
rail is expected to result in lower rail deflections and improved overall crash performance
compared to Design Case 1.

15.2.4 Test 4-22

For Test 4-22, three analysis cases were evaluated which involved two expansion splice
gaps (i.e., ¥-inch and 2-inch) and two different post designs (i.e., original and tapered posts).
Those design details were shown previously in Figures 451 and 452, respectively. The three
analysis cases included:

e Case 1 — %-inch splice gap and original post design (i.e., non-tapered posts)
e (Case 2 — %-inch splice gap and tapered post design
e (Case 3 — 2-inch splice gap and tapered post design

The critical impact point for all cases was 9 feet upstream of the expansion splice, as
illustrated in Figure 478, which was adopted from the previous analysis of the original design in
Section 10.4.1. The 10000S vehicle model corresponded to the Ford 800 with cargo bed height
of 47.5 inches and gross-static weight of 22,198 1bs. The analyses were conducted for 0.7
seconds of the impact event, which was sufficient for the vehicle to redirect and exit the
downstream end of the bridge rail system.

Critical snag point \ rﬁ oft —

q:l_:; = ﬁ ! @ ﬁl I| |I| |I| |I"'

ord 800 Surrogate

Figure 478. Critical impact point and 10000S vehicle selected for the Test 4-22 simulations.

15.2.4.1 Peak impact forces

In each case, the bottom of the cargo box snagged on the expansion splice but did not
result in excessive forces or adverse performance of the system. As shown in Figure 479, the
only significant snag was between the bottom of the cargo box and the top of the posts in Case 1,
in which the tops of the posts were not tapered (i.e., original design). This result was very
similar to that of the baseline case in Section 10.4. The bottom of the cargo box did not snag on
the posts for Cases 2 and 3 in which the tops of the posts were tapered. The highest longitudinal
and resultant impact forces occurred in Case 1 with magnitude of 44 kips, as shown in Figure
480. Cases 2 and 3 resulted in peak longitudinal forces of 34 and 39 kips, respectively. The
lateral impact force for Cases 1-3 (i.e., 5-5-ft post spacing) were all very similar with magnitudes
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ranging from 68-71 kips. The highest lateral impact force was 74 kips and occurred in the
baseline case, which was expected since the closer post spacing results in a more rigid barrier.

Splice Design 01 - Original P
Tine= 04

Ca

Splice Design 01 - Tapered {Ro§ FEA of MASH Test 4-22
Tmes 04 Tme= 0.4

[ -
Case 2 - %" Splice Gap and Tapered Post (5.5 ft) Case 3 - 2" Splice Gap and Tapered Post (5.5 ft)

Figure 479. Images of the analysis results for Cases 1 — 3 compared to the baseline case at 0.4
seconds of the impact (cargo box transparent).

Peak Forces (kips) 120
longitudinal lateral Resultant
Baseline Original 36.9 73.6 84 100
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Case 3 38.6 71.3 90.7

N

Peak Forces (kips)
(o2}

N
o

bl
L)
A
0 =
D
n
0
bl
9)
N
0

longitudinal lateral Resultant

M Baseline Original ® Case 1 Case2 mCase3

Figure 480. Peak impact forces on the barrier for Case 1 — 3 compared with baseline case.

15.2.4.2 Time History Data Evaluation

Acceleration-time histories and angular rate-time histories were collected at two locations
on the vehicle: (1) inside the cargo box at the center of gravity of the vehicle, and (2) inside the
cabin of the truck, as previously illustrated in Figure 111. Figures 481 through 483 show the
longitudinal, transverse, and vertical acceleration-time histories, respectively, computed from
near the center of gravity of the vehicle which falls inside the cargo-box near the front of the
ballast.
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Figure 481. 10- and S50-millisecond average X-acceleration from FEA of Test 4-22 for Case 1-3 on
the 3-bar transition with 5.5-ft post spacing compared with baseline (c.g. accelerometer).
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Figure 482. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-22 for Case 1-3 on
the 3-bar transition with 5.5-ft post spacing compared with baseline (c.g. accelerometer).
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Figure 483. 10- and S50-millisecond average Z-acceleration from FEA of Test 4-22 for Case 1-3 on
the 3-bar transition with 5.5-ft post spacing compared with baseline (c.g. accelerometer).

Figures 484 through 486 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from the inside the cabin of the vehicle; Figures 487 through
489 show the comparison of the angular rates and angular displacements about the x-, y-, and z-
axis from the c.g. location. The comparison of the time-history data show that the increase in
post span as well as the increase in splice gap do not adversely affect the overall accelerations of
the vehicle during impact, i.e., the results were very similar for all analysis cases.
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Figure 484. 10- and 50-millisecond average X-acceleration from FEA of Test 4-22 for Case 1-3 on
the 3-bar transition with 5.5-ft post spacing compared with baseline (cabin accelerometer).
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Figure 485. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-22 for Case 1-3 on
the 3-bar transition with 5.5-ft post spacing compared with baseline (cabin accelerometer).
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Figure 486. 10- and 50-millisecond average Z-acceleration from FEA of Test 4-22 for Case 1-3 on
the 3-bar transition with 5.5-ft post spacing compared with baseline (cabin accelerometer).
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Figure 487. Yaw rate and yaw angle time-history from FEA of Test 4-22 for Case 1-3 on the 3-bar
transition with 5.5-ft post spacing compared with baseline (c.g. accelerometer).
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Figure 488. Roll rate and roll angle time-history from FEA of Test 4-22 for Case 1-3 on the 3-bar
transition with 5.5-ft post spacing compared with baseline (c.g. accelerometer).
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Figure 489. Pitch rate and pitch angle time-history from FEA of Test 4-22 for Case 1-3 on the 3-
bar transition with 5.5-ft post spacing compared with baseline (c.g. accelerometer).

374




15.2.4.3 Damages to the Barrier

Figure 490 shows the deflection-time history of the rail at the expansion splice for Cases
1 through 3 compared with the baseline case, and Figure 491 shows peak dynamic and
permanent lateral deflection values. The maximum dynamic deflection was 6 inches at the top
rail expansion splice (i.e., 2" peak) and occurred for Case 2 during the backslap of the rear
tandem axel against the barrier. The maximum permanent deflection for that case was 4 inches
at the same location. The maximum dynamic and permanent for the baseline case (i.e., post
spacing 3 ft) was 4 inches and 2.8 inches, respectively.

Node no.

_A Casel
B Case2

_C_ case3
D Baseline

Deflection (inches)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Time (seconds)

Figure 490. Deflection-time history at expansion splice for Cases 1-3 compared with baseline case.

Peak Deflection (in)

Dynamic 7.00
1st Peak 2nd Peak Permanent 6.00
Baseline Original (3 ft) 1.89 4.00 2.80
Case 1 3.31 5.98 4.09 5.00
Case 2 3.23 5.39 3.66 .00
Case 3 2.82 4.88 3.15

Peak Forces (kips)

1.00 I
0.00
1st Peak 2nd Peak Permanent

M Baseline Original (3 ft) Case 1 Case 2 Case 3

Figure 491. Peak lateral deflections of the barrier for Cases 1-3 compared with baseline case.

Figure 492 shows contours of true effective plastic strains on the steel components of the
transition and bridge rail for each of the analysis cases. The damages to the baseline case and
Case 1 were primarily limited to the top of Post 1 of the transition and to the three bridge rail
posts. The damage to the posts were due to the bottom of the cargo-box snagging on the top of
the posts. This caused torque rotation and lateral deformation of the posts. The damages to the
posts were negligible for Case 2 and 3, which included the taper at the top of the post. A closeup
view of the damages for the two different post designs is shown in Figure 493. The plastic

375



deformations of the transition rail elements were minimal for all cases. There was also soil
displacement at transition Posts 1 through 6 for all cases.

Effective Plastic Strain
2.000e-01
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Case 1 (5.5 ft)

Baseline Original Design (3 ft)

Case 3 (5.5 ft) ;E

Figure 492. Contour plot of effective plastic strain for Cases 1-3 compared with baseline case.

Ai

Original Post Tapered Post

Figure 493. Typical damage to Post 1 of the bridge rail for original (non-tapered) and modified
(tapered) post designs.

15.2.4.4 Results Summary for Test 4-22

The FEA results for MASH Test 4-22 on the 3-bar transition with 5.5-ft post spacing at
the first bridge rail post indicated that the system would meet all structural adequacy, occupant
safety and vehicle stability criteria according to MASH for all design cases evaluated. The
barrier successfully contained and redirected the 10000S vehicle with moderate damage to the
system. There were no detached elements from the barrier that showed potential for penetrating
the occupant compartment or presenting undue hazard to other traffic. The analyses were
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terminated before post-impact stability could be determined, but the vehicle attitude at
termination (i.e., 0.7 seconds) was essentially the same for all cases, and it was determined in
Section 10.4.9 that the baseline case would likely result in the vehicle rolling over onto its side.
It is preferred that the vehicle remain upright, but not required in MASH.

It is noted that the wheels of the SUT model do not include protruding lug bolts (which
are common on many SUT vehicles); therefore, snag from lug bolts was not evaluated. The
longitudinal impact force on the barrier increased approximately 19% due to the increase in post
spacing with the non-tapered posts (43.8 vs. 36.9 kips); but was slightly reduced for the tapered
posts (34.1 vs. 36.9 kips). The lateral force was reduced with the increase in post spacing, while
the resultant force was higher for the increased post spacing cases; the highest resultant force
occurred for Case 1 with the non-tapered posts (96.2 vs. 84 kips).

The maximum lateral deflection occurred at the expansion splice in all cases. The lateral
deflection was higher for 5.5-ft post spacing compared to the baseline with 3-ft post spacing (i.e.,
6” vs. 4.3”). The highest deflection occurred for the 5.5-ft spacing case with non-tapered posts.
The plastic deformations of the transition components were very similar to the baseline case
which were low to moderate. The plastic deformations of the bridge rail for the non-tapered
posts was significant due to the bottom of the cargo-box snagging on the tops of the posts, while
the deformations for the tapered post cases were minimal.

15.2.5 Conclusions and Recommendations

The FEA simulations of the NETC 3-bar transition with an increased post spacing of 5.5
feet was shown to meet MASH TL4 performance criteria. The increased spacing generally
resulted in increased rail deflections, increased longitudinal forces and accelerations and reduced
lateral forces and accelerations. However, tapering the tops of the posts resulted in a notable
reduction in magnitude for longitudinal forces during Test 4-22 (SUT test) by mitigating snag on
the backs of the post.

The 2-inch wide expansion splice joint did not result in significant snag in the FEA, but
the research team believes a potential exists — particularly for reverse-direction impact scenarios
(not evaluated). Previous full-scale tests on a similar system with 3%-inch splice gap resulted in
significant snag for the pickup test.[Buth99b] It is therefore recommended that the splice designs
be revised to minimize the amount of internal gap-space between the splice tube and the main
rails.

It is also recommended that the lower rail for the bridge rail, and consequently the lower
rail of the transition, be changed to the HSS 5x4x5/16. The larger rail resulted in a 25% decrease
in rail deflection for the small car test compared to the baseline analysis with HSS4x4x1/4, and a
17.9% decrease in peak longitudinal acceleration.

15.3 Modified NETC 4-Bar Bridge Rail with W8x28 Posts

The objective of this part of the study was to use FEA to determine if increasing the size
of the bridge rail post from W6x25 to W8x28 would improve crash performance for MASH Test
4-12. The evaluation of the baseline 4-bar bridge rail was performed in Section 11 where FEA
simulations of Test 4-12 showed that the 4-bar bridge rail resulted in more severe damage to the
post, base plate and curb than the 2-bar and 3-bar designs. The W8x28, which is a readily
available shape, has a plastic modulus that is approximately 40% higher than the W6x25
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resulting in greater static strength calculations (e.g., LRFD ch. 13). The lengths of the flange and
web of the W8x28 are also longer than that of the current post design which will increase weld
strength. Further, the larger post requires that the base plate be extended 2 inches which should
reduce the tensile forces on the front anchor bolts but increase the chance of pushout shear
failure of the concrete deck at the back of the post.

The finite element model of the NETC 4-bar bridge rail developed in Task 5 was updated
for this analysis. The changes to the design are illustrated in Figure 494. The W6x25 posts were
replaced with W8x28 posts, and the posts were tapered at the top. The 12”x10”x1” baseplate
was replaced with a 147x12.75”x1” baseplate for proper fitting of the larger post, and the anchor
bolts were repositioned accordingly. For the analysis, the position of the front face of the barrier
was not changed nor was the curb/deck size. Therefore, the resulting distance from the anchor
bolts on the backside of the posts to the back edge of the deck was reduced from 7.625” to 6.

W6x25

Tapered W8x28

a5 T

o
%" PL14” x 11.75" x 17

Tapered Post Baseplate and Anchor-Plate  Mod. Design Original Design
Figure 494. Design modifications for the 4-bar bridge rail.

15.3.1 Test 4-12

The 10000S vehicle model corresponded to the Ford 800 with cargo bed height of 47.5
inches and gross-static weight of 22,198 Ibs. The critical impact condition for MASH Test 4-12
was selected based the MASH recommended CIP for rigid barrier tests. The target impact point
was 5.0 feet upstream of Post 7, as shown in Figure 495 and was selected to maximize loading
on the post.[4ASHTO16] This impact condition was consistent with the analysis performed on
the baseline design in Section 11.3. The vehicle was backed up to the face of the sidewalk curb,
as shown in Figure 495(a), as the initial start point of the impact event. After crossing the curb,
the vehicle struck the bridge at 4.4 feet upstream of Post 7, as shown in Figure 495(b). The
analyses were conducted for 1.5 seconds of the impact event. The results from the analysis is
presented below and is compared to the baseline analysis on the original design.
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Figure 495. (a) Target and (b) actual impact point for Test 4-12 on the modified NETC 4-Bar
bridge rail.

Sequential views from the FEA simulations of the baseline (original) and the modified
designs are shown in Figure 496 from a downstream viewpoint. The overall attitude of the
vehicle was very similar for the two cases through 0.7 seconds of the impact, while the modified
design resulted in better vehicle stability during the latter stages of the post-impact trajectory.

Time = 0.22 seconds 0.5 seconds 0.7 seconds - 0.9seconds __1.1seconds

(b) Modified Design

Figure 496. Sequential views for analyses of (a) baseline design and (b) modified design.

15.3.1.1 Time History Data Evaluation

Acceleration-time histories and angular rate-time histories were collected at two locations
on the vehicle: (1) inside the cargo box at the center of gravity of the vehicle, and (2) inside the
cabin of the truck, as shown previously in Figure 111. Figures 497 through 499 show the
longitudinal, transverse, and vertical acceleration-time histories, respectively, computed from the
cabin location for the baseline and modified design cases.
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Figure 497. 10- and 50-millisecond average X-acceleration from FEA of Test 4-12 on the baseline
and modified NETC 4-bar bridge rail (cabin accelerometer).
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Figure 498. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-12 on the baseline
and modified NETC 4-bar bridge rail (cabin accelerometer).
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Figure 499. 10- and 50-millisecond average Z-acceleration from FEA of Test 4-12 on the baseline
and modified NETC 4-bar bridge rail (cabin accelerometer).

Figures 500 through 502 show the longitudinal, transverse, and vertical acceleration-time
histories, respectively, computed from near the center of gravity of the vehicle which falls inside
the cargo-box near the front of the ballast; Figures 503 and 505 show the comparison of the
angular rates and angular displacements about the x-, y-, and z-axis from the c.g. location. The
comparison of the time-history data show that the larger W8x28 posts does not adversely affect
the overall accelerations of the vehicle during impact; the results were very similar for all
analysis cases. The modified design did, however, result in more stable yaw, pitch and roll
behavior of the vehicle during impact and redirection.
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Figure 500. 10- and 50-millisecond average X-acceleration from FEA of Test 4-12 on the baseline
and modified NETC 4-bar bridge rail (c.g. accelerometer).
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Figure 501. 10- and 50-millisecond average Y-acceleration from FEA of Test 4-12 on the baseline
and modified NETC 4-bar bridge rail (c.g. accelerometer).
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Figure 502. 10- and 50-millisecond average Z-acceleration from FEA of Test 4-12 on the baseline
and modified NETC 4-bar bridge rail (c.g. accelerometer).
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Figure 503. Yaw rate and yaw angle time-history from FEA of Test 4-12 on the baseline and
modified NETC 4-bar bridge rail (c.g. accelerometer).
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Figure 504. Roll rate and roll angle time-history from FEA of Test 4-12 on the baseline and
modified NETC 4-bar bridge rail (c.g. accelerometer).
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Figure 505. Pitch rate and pitch angle time-history from FEA of Test 4-12 on the baseline and
modified NETC 4-bar bridge rail (c.g. accelerometer).

15.3.1.2 Peak impact forces

In both analysis cases, the cargo box did not pass over the top of the bridge rail.
Consequently, the effect of post taper on the modified design could not be directly evaluated,
since there was no potential for contact with the top of the posts. The impact forces on the
barrier were only slightly higher for the modified design with stiffer W8x28 post. The highest
25-ms average longitudinal impact force was 14.4 and 17.6 kips for the baseline and modified
designs, respectively. The increase in longitudinal force occurred at approximately 0.37 seconds
and was due to the lower rail on the outside edge of the cargo-box snagging on top of the rail
splice, as indicated in Figure 506(a). The highest 25-ms average impact force in the transverse
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direction was 110.2 and 125.8 kips for the baseline and modified designs, respectively. The
higher lateral force for the modified design is consistent with the increased stiffness of the
W8x28 posts.
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Figure 506. (a) longitudinal and (b) lateral impact force-time history for the baseline and modified
design cases.

15.3.1.3 Damages to the Barrier

Figure 507 shows images of the barrier at the time of maximum deflection with a contour
plot of lateral displacement on the rail elements. The maximum dynamic deflection was 6.5
inches for the modified design, compared to 8.15 inches for the original design, and occurred on
the top rail at the splice connection upstream of Post 7 when the rear of the cargo-box impacted
the railing. The maximum permanent deflection for the modified design was 3.7 inches,
compared with 5.8 inches for the original design.

Maximum dynamic deflection = 8.15 in (207 mm) @ 0.51 seconds
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Figure 507. Contour plot of lateral displacement for the bridge rail from Test 4-12 at the time of
maximum deflection for the original and modified design cases.

Figure 508 shows contours of true effective plastic strains on the bridge rail post and
baseplate for the two analysis cases at Post 7. The post flanges buckled near the welded
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connection to the baseplate, and the front-center edge of the baseplate was deflected upward.
The damage to the post and base plate was reduced significantly for the modified design with
W8x28 Posts. The vertical dynamic deflection of the base plate was reduced 8% (i.e., 1.01 vs.
1.11 inches), and the permanent deflection was reduced 21% (i.e., 0.65 vs. 0.82 inches). The
effective plastic strain at the base of the post was reduced 34% from 0.33 to 0.22.

Design Plastic
- Dynamic (in)  Permanent (in)
Original (W6x25) 0.33 1.11 0.82
Modified (W8x28) 0.22 1.01 0.65

Effective Plastic Strain
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Figure 508. Contours of effective plastic strain on the bridge rail posts and baseplates for the
original and modified design cases.

Figure 509 and Figure 510 show contours of 1% principal strain with contours cut off at
strains of 0.1 for peak dynamic and permanent strains, respectively. Both the original and
modified design cases resulted in notable concrete damage at the critical post; however, the
damage was increased for the modified design. The maximum dynamic strain in the concrete
was 11.5% higher for the modified design (e.g., increase from 0.079 to 0.099); while the
maximum permanent strain in the concrete increased 5.5% from 0.054 to 0.057. The strain
values for the modified design indicated significant crack opening in concrete at front anchor
bolts at Post 7.
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Figure 509. Contours of 1* principal strains for concrete at the critical post for the original and

Dynamic strain at 0.51 seconds
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modified design cases at time of peak dynamic strain.
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Figure 510. Contours of 1* principal strains for concrete at the critical post for the original and
modified design cases (permanent strains).

15.3.2 Conclusions and Recommendations

The FEA results for the modified NETC 4-bar bridge rail system with W8x28 posts
indicated that the system would meet MASH TL4 performance criteria. The barrier adequately
contained and redirected the 10000S vehicle (single unit truck) with moderate damage to the
bridge rail. Vehicle stability for the modified design was slightly improved compared to original
design. The maximum roll angle at the c.g. of the SUT was 17.6 degrees, compared with 21.3
degrees for the original design. The maximum pitch angle was 2.8 degrees, compared with 3.5
degrees for the original design. The damage to the barrier for the modified design compared to
original design included:

e Increased damage to concrete curb around the front anchor bolts (probable large
cracks).

e Reduced plastic deformation of posts and base plates.

¢ Reduced maximum dynamic barrier deflection (6.5 vs. of 8.2”).

Based on the results of this analysis, it is recommended that the deck and anchorage
should be strengthened at the post locations, such as increasing the reinforcement in the concrete.
Test 4-10 and Test 4-11 simulations were not performed for the modified design; however, in
addition to the stronger post, it is also recommended that the second rail from the bottom be
strengthened to minimize pocketing for the small car (e.g., HSS 5x4x5/16). Although the snag at
the splice did not adversely affect the performance of the system, it is also recommended that the
splice design be revised to minimize the amount of internal gap-space between the surfaces of
the splice tubes and the main rails to alleviate potential snags for both passenger and commercial
vehicle impacts.

16 SUMMARY OF DESIGN EVALUATIONS

As stated in Section 1 of this report, the objectives of this project were to: (1) review
existing NETC bridge rail designs and assess performance aspects to determine preliminary
MASH compliance/equivalency, (2) review current standard details and specifications for NETC
style bridge rails and transitions used by MaineDOT, NHDOT, RIDOT and VTrans to identify
differences in material specifications and dimensional details and (3) evaluate the crash
performance of the NETC bridge rail and approach guardrail transition (AGT) designs using
finite element analysis (FEA) computer simulation.
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16.1 Summary of MASH LRFD Strength and Rail-Geometric Calculations

Existing NETC bridge rail designs were initially reviewed to determine preliminary
MASH equivalency based on strength and geometry of the railing according to AASHTO LRFD
Bridge Design Specifications (BDS) and MASH loading. The results of that assessment indicated
that the height of all systems met minimum height requirements for their specific MASH level
(e.g., TL3 for the 2-bar and TL4 for all others). Regarding post set back distance, max vertical
openings, and contact width, the 2-bar and 3-bar systems meet the preferred geometric criteria
when the curb height is 9 inches (e.g., NETC and MaineDOT) but not when the curb height is 7
inches (e.g., NHDOT, RIDOT and VTrans). For the 7-inch curb option the ratio of rail contact
width to height does not meet preferred criteria but does fall within the range of other systems
that have met NCHRP Report 230, NCHRP Report 350 and MASH full-scale crash test
performance. [AASHTO12; Dobrovolnyl7] For MASH equivalency assessments, however, the
criteria established in NCHRP Project 22-07 (395) required that the designs meet preferred
values. [Dobrovolny17] The 4-bar systems also do not meet the preferred criteria for the ratio of
contact width to barrier height but, like the 2-bar and 3-bar systems, fall within the range of
other systems that have been successfully crash tested regarding that metric. It should be noted
that these geometric relationships have not yet been established for MASH test cases but are still
commonly applied to bridge rail design. For example, the MASH equivalency assessment
criteria established in NCHRP Project 22-07 (395) required that bridge rail designs meet
preferred rail geometric criteria as currently defined in the AASHTO LRFD BDS in order to be
grandfathered to MASH. [Dobrovolny17]

The strength of each of the NETC railing designs was evaluated using LRFD calculations
with an equivalent MASH transverse load of 71 kips and 80 kips for MASH TL3 and TLA4,
respectively, based on work performed by TTI researchers (see Table 8 and Table 9).
[Dolobrolvonyl7] Based on the assessment, it was determined that the NETC 2-bar and 3-bar
designs would likely meet MASH TL3 and TL4 strength requirements, respectively. All
sidewalk-mounted 4-bar designs were considered marginal regarding strength criteria; the Maine
and Rhode Island designs (with 5,000 psi concrete) just met strength requirements, while the
strength of the New Hampshire design (with 4,000 psi concrete) was just under the MASH TL4
design criteria. Since formal strength criteria for bridge rails have not yet been established for
MASH, these results are considered as preliminary estimates regarding MASH performance.

16.2 Comparison of Design Detail Specifications Summary

A critical review of the NETC style bridge rail and transition design specifications used by
the NETC pooled fund states was conducted. This effort was performed for two purposes: (1) to
identify differences in material specifications and dimensional details to determine if the designs
could be harmonized and (2) to determine the least conservative design(s) for further evaluation
using FEA crash simulation of MASH testing. For example, if the crash simulations showed that
the least conservative design met MASH criteria, then the more conservative designs could be
assumed to meet those criteria as well. The results of that effort were presented in Section 3.5
and the recommended design details for the MASH evaluations were presented in Section 4.1.
Final design recommendations for a standardized design and/or for improved performance will
be presented later in Section 17.1.
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16.3 Summary of FEA Model Validation

Baseline FEA models for both the NETC 4-bar bridge rail and the 2-bar transition were
developed and validated based on full scale crash tests performed under NCHRP Report 350 Test
4-12 and Test 3-21, respectively. These models included design details consistent with the tested
systems. The validation included both qualitative and quantitative assessments. The qualitative
assessments included comparing sequential snapshots of the test and simulation to verify vehicle
kinematic response, as well as, the sequence and timing of key phenomenological events. The
quantitative assessment was performed according to the procedures specified in NCHRP Web-
Document 179 (W179).[Rayl1] These procedures included: (1) verifying that the analysis
solution was stable and obeying basic laws of physics, (2) point-by-point comparison of the
acceleration and angular-rate time-history data from the FEA and test, which were collected from
accelerometers and rate gyros placed on-board the vehicle, using the RSVVP software, and (3)
comparison of crash-specific phenomena from the event related to structural adequacy, occupant
risk and vehicle trajectory.

16.3.1 NETC 4-Bar Bridge Rail Model Validation

For validation of the NETC 4-bar bridge rail model, there were issues regarding missing
test data which were noted in Sections 6.2.1 and 6.2.2. In particular, the physical properties of
the test vehicle were not included in the test report but were visibly different from that of the
FEA model. Also, quantitative comparison of the time-history data could not be performed,
since the test data was not available. In general, however, the results of the analysis
demonstrated that the finite element model replicated the basic phenomenological behavior of
the system under Report 350 Test 4-12 impact conditions. There was good agreement between
the tests and the simulations with respect to event timing, overall kinematics of the vehicle,
barrier damage and deflections. One exception involved the rear bumper snagging on the bridge
rail resulting in higher longitudinal deceleration of the vehicle than what occurred in the FEA.
The model was, however, considered adequately “valid” and was used as a baseline model for
developing and evaluating MASH impact conditions for the NETC bridge rails. More details on
the validation of the NETC 4-bar bridge rail model is provided in Section 6.2.

16.3.2 NETC 2-Bar Transition Model Validation

For the validation of the 2-bar transition, the results of the analyses demonstrated that the
finite element model replicated the basic phenomenological behavior of the system for Report
350 Test 3-21 impact conditions. There was also good agreement between the tests and the
simulations with respect to event timing, overall kinematics of the vehicle, barrier damage and
deflections. Quantitative comparison of the time-history data indicated that the finite element
model sufficiently replicated the results of the baseline crash tests according to W179. Thus, the
model was considered valid and was used as a baseline model for evaluation of MASH impact
performance on this and similar NETC transition designs. More details on the validation of the
2-bar transition model is provided in Section 7.4.
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16.3.3 Possible Accuracy Issues
16.3.3.1 Material Yield Strength Accuracy

Yield properties used for tubular railings, posts and baseplates corresponded to minimum
values. For example, although the material characterization for the posts and baseplates were
based on tensile tests performed on coupons extracted from W6x25 posts which resulted in yield

strength of 51 ksi, actual yield strength for the post material varies considerably in field
installations. The purpose of using the lower yield strength for posts and rails was to be

conservative in evaluations of barrier deflections; however, an increase in post strength results in

greater loading being transferred to the anchor bolts and the bridge deck.

Table 110 shows a summary of mill certification reports for bridge rail posts used in three
MaineDOT projects, where the yield strength for the posts was as high as 71 ksi and the average
yield strength was 59 ksi. Similarly, the mill certification reports for the tubular rail sections for
these three projects is shown in Table 111, where the yield strength was as high as 84 kips and
the average yield strength was 67.1 kips, compared to minimum required strengths of 45.7 kips
for Grade B and 50 ksi for Grade C. The FEA simulations used a yield strength of 50 ksi for the

tubular rails.

Table 110. Properties extracted from material certification reports for bridge rail posts in three

MaineDOT projects.
Yield Strength Tensile Strength % Elongation
Material Tvoe supplier Date Published Tested Published Tested Published Tested
e upp Minimum Value Minimum Value Minimum Value
56.00 79.00 39
ASTM A709-15 NUCOR, AL Jan-19 >6.00 79.00 39
56.70 81.00 37
56.70 81.00 37
ASTM A709-17 GERDAU, GA Nov-18 ?jzg ;g:g ;z
>0 59.90 65 71.20 19 30
ASTM A7 . N R, -17 ’ '
S 09 Gr. 50 UCOR, SC Oct: 60.20 71.40 31
68.00 73.00 28
ASTM A709 Gr. 50 SSAB, MN Sep-18 63.00 72.00 32
71.00 75.00 29
65.00 74.00 34
Multigrade (ASTM A572 Gr. 50) NUCOR, NY Jun-18 >2.80 77.30 25
53.40 76.00 25
Multigrade (ASTM A572 Gr. 50) NUCOR, NY Sep-18 50 >6.10 65 76.80 19 25
56.10 77.40 23
Multigrade (ASTM A572 Gr. 50) NUCOR, NY Sep-18 26.60 77.20 22
54.90 77.10 23
Max ¥ 71.00 81.00 39
Min 50 52.80 65 71.20 19 22
Avg 58.59 76.31 29
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Table 111. Properties extracted from material certification reports for A500 Grade B&C tubular
rail sections in three MaineDOT projects.

Yield Strength Tensile Strength % Elongation
Material Tvoe Supolier Date Published Tested Published Tested Published Tested
vp i Minimum Value Minimum Value Minimum Value
66.32 76.10 32
Feb-18 66.32 76.10 32
66.32 76.10 32
ASTM A -1 .B Atlas Tube, IL

S 500-13 Gr. B&C tlas Tube 83.80 92.65 30
Dec-16 68.51 79.10 30
68.51 79.10 30
71.28 80.48 33
71.28 80.48 33
ASTM A500-18 Gr. B&C Atlas Tube, IL Mar-19 58.93 75.27 28
58.93 75.27 28
45.70 58.93 58.00 75.27 23 28
ASTM A500-13 Gr. B&C Atlas Tube, IL Dec-16 68.51 7910 30
68.51 79.10 30
ASTM A500-13 Gr. B&C Atlas Tube, IL Apr-18 62.80 74.83 32
67.10 81.23 31
65.29 81.29 32

-1 .B , 1L -1
ASTM A500-13 Gr. B&C Atlas Tube, | Aug-17 67.24 82,61 30
65.95 75.99 30

ASTM A500-13 Gr. B Atlas Tube, Il May-1
S 500-13 Gr. B&C tlas Tube ay-18 65.95 75.99 30
69.34 82.36 27

ASTM A500-1 . B&C Atlas Tube, IL Jun-17
S 00-13 Gr as Tube un 69.34 82.36 97
Max " 83.80 ¥ 92,65 33
Min 45.70 58.93 58.00 74.83 23 27
Avg 67.10 79.09 30

16.3.3.2 Concrete and Anchor Bolt Model Accuracy

The model for the concrete curb/deck was developed based on the results of a recent
study performed by the research team in which the material model was validated against
pendulum impact tests on reinforced concrete columns where the columns were subjected to
lateral impact forces. The results of that study showed very good correlation of model results to
the full-scale tests on the columns for all the lateral impact cases.[Ray8a; Ray18b] This model
has since been used in the validation of an FEA model of the Oregon 3-Tube bridge rail, in
which the model accurately predicted failure of the front anchor bolts and subsequent push-out
failure of the concrete curb.[Plaxicol6] Test data, however, was not available to the research
team for validation of anchor pryout damage in the concrete model, which was the primary
concrete damage mode for the NETC bridge rail in the MASH test simulations.

16.3.3.3 Post-in-Soil Model Accuracy

The post and soil models were validated based on single-post impact tests with no side-
slope. The NETC transition designs include several posts that are spaced very closely together
(e.g., 18.75” on centers) in which there will be overlap of the soil influenced by adjacent posts;
and, also, include a 2:1 side-slope starting just behind the posts. The soil was modeled using the
continuum-soil method with appropriate soil geometry to account for both the soil interaction
between neighboring posts and soil slope; however, the degree to which the model accurately
captures this behavior has not been validated.
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16.3.3.4 Tire Model Response for Small Car

The tire model for this vehicle is very simplistic and does not have enough detail to
accurately simulate tire compression, debeading and/or deflation. Past use of this model has
resulted in adequate response for most applications but with overly stiff tire response during post
impact trajectory. In this study, it was noted that the trajectory of the small car when traversing
the sidewalk may have been exaggerated by the overly stiff tire response during rebound off the
sidewalk. In which case, the vehicle likely impacted at a higher point on the barrier than would
be expected.

16.4 Summary of the MASH Evaluations of NETC Bridge Rail and Transition Designs

Detailed finite element analysis models were developed for the NETC bridge rail and
transition designs based on the validated models developed in Section 6 and Section 7,
respectively. LS-DYNA was then used to simulate impact conditions for MASH TL3 or TL4 as
appropriate for each hardware system. The crash performance evaluations were based on
structural capacity, occupant risk measures, and vehicle stability during impact and redirection
according to the recommended procedures and criteria contained in MASH. The systems
included in the evaluation are listed below along with the target test level for each system:

e Bridge Rail Systems:
o NETC curb-mounted 2-bar rail (TL3)
o NETC curb-mounted 3-bar rail (TL4)
o NETC sidewalk-mounted 4-bar rail (TL4)
e Bridge Rail Transitions:
o NETC Style 2-bar rail to thrie beam (TL3) (NHDOT steel rail transition)
o NETC Style 3-bar rail to thrie beam (TL4) (NHDOT steel rail transition)
o Concrete transition barrier to thrie beam (TL4) (MaineDOT standard detail)

These basic designs are used by several New England states with slight variations in
design details, such as spacing between tube rails and curb height. For each case, the baseline
model was updated to include specific material and dimensional recommendations as defined in
Section 4 to corresponded to the least conservative design options.

Some additional supplemental analyses were also performed which involved selective
design improvements for the 3-bar and 4-bar bridge rail systems as deemed appropriate by the
project panel and NETC advisory committee, as well as, additional analyses for the 3-bar
transition with increased post spacing at the expansion splice connection between the transition
system and bridge rail. These evaluations included:

e Select Bridge Rail Modifications
o Modified NETC curb-mounted 3-bar bridge rail with stronger lower rail
o Modified NETC sidewalk-mounted 4-bar bridge rail with W8x28 posts
e Select Transition Modifications

o Modified 3-bar transition with 5.5-ft spacing at first bridge rail post
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An overall summary of analysis cases that were conducted and the results of those
evaluations are provided in Table 112. The following sections provide a summary and
discussion of the results for each system design.

16.4.1 NETC 2-Bar Bridge Rail (TL3)

In a previous study, the NETC 2-bar bridge rail system was successfully full-scale crash
tested according to the 1989 AASHTO Guide Specifications for Bridge Railings (GSBR) for
performance level 2 (PL2) and R350 TL4. [Mak98] The eligibility letter for this system is B-50
which can be found on the FHWA website.

Based on the results of the FEA analysis in the current study, the barrier also meets all structural
and occupant risk criteria in MASH for Test Level 3. The system was evaluated for MASH Test
3-10 and Test 3-11. The critical impact point for both tests corresponded to the MASH
recommendations for rigid barriers (i.e., 3.6’ and 4.3, respectively, upstream from the critical
post). The barrier successfully contained and redirected both the small car and pickup with
minimal to moderate damage to the system. There were no detached elements from the barrier
that showed potential for penetrating the occupant compartment or presenting undue hazard to
other traffic. The vehicles remained upright and very stable throughout impact and redirection.
The occupant risk metrics were within recommended limits specified in MASH. Since the FEA
models used the least conservative design options (see Table 51 in Section 4.1) in the MASH
crash test simulations, then it is assumed that the more conservative design options also meet
MASH crash performance criteria.

The primary concern for this system, which applies to the analysis results of all the
NETC bridge rail designs, is that maximum occupant ridedown acceleration (ORA) values are
very sensitive to time of occupant impact with the interior of the vehicle for Test 3-10. Once the
occupant is in contact with the interior, the ORA calculations assume that the occupant
experiences the same accelerations as the vehicle, which are measured at the vehicle center of
gravity. The peak longitudinal and lateral accelerations for Test 3-10 (e.g., the small car test)
exceeded 25 G, and the vehicle occupant contacted the interior of the vehicle during the tail end
of this acceleration pulse (refer to Figures 366 and 367). Further, the unloading side of the
longitudinal acceleration pulse was very steep, thus the ridedown accelerations for the occupant
would increase significantly if the flail space of the occupant compartment were slightly reduced
allowing the occupant to contact the interior a few milliseconds sooner. The general shape of the
acceleration pulse was consistent with other Test 3-10 cases on rigid barriers; however, the peak
values for longitudinal accelerations generally range between 15 G - 20 G while lateral
accelerations will often approach 30 G [Sheihk16]. It appeared that the acceleration magnitudes
were exacerbated in this case by the deflection of the lower rail, which created a “pocket” just
upstream of the critical post location. Incorporating design modifications to mitigate pocket-
deflection should reduce acceleration magnitudes, particularly for longitudinal accelerations. A
design modification was incorporated for the NETC-3 bar system, and those results are
summarized in a following section (see Section 16.4.3).

16.4.2 NETC 3-Bar Bridge Rail (TL4)

This system has not been full-scale tested but was deemed NCHRP Report 350 TL4
complaint based on the NETC 4-bar test results, acknowledging that the 9-inch reinforced curb
serves as a replacement for the lower rail of the system. The eligibility letter for the 3-bar design
is B-242 which can be obtained from the FHWA website.
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Based on the results of the FEA analysis performed in this study, the barrier meets all
structural and occupant risk criteria in MASH for Test Level 4. This system was evaluated for
MASH Test 4-10, Test 4-11 and Test 4-12. The critical impact point for each of the three tests
corresponded to the MASH recommendations for rigid barriers (i.e., 3.6 ft, 4.3 ft and 5 ft,
respectively, upstream from critical post). The evaluation for Test 4-12 included two analysis
cases, one in which the cargo-bed height was 47.5 inches and another where the cargo-bed height
was 50 inches. These two cases represent a lower and upper bound for the cargo-bed height of
various SUT vehicles used in recent tests.

The barrier successfully contained and redirected the vehicle in all three MASH tests for all
evaluation cases. The occupant risk metrics were within critical limits specified in MASH.
There were no detached elements from the barrier that showed potential for penetrating the
occupant compartment or presenting undue hazard to other traffic. For Tests 4-10 and 4-11
analyses, the vehicles remained upright and very stable throughout impact and redirection. For
the Test 4-12 analysis, the vehicle remained upright and stable for Case 1 (cargo-bed height =
47.5 inches) but rolled over onto its side for Case 2 (cargo-bed height = 50 inches). MASH states
that it is preferred that the vehicle remain upright during the crash test, but it is not required.
Since the FEA models used the least conservative design options in these crash simulations (see
Table 51), then it is assumed that the more conservative design options also meet MASH crash
performance criteria.

The damages to the bridge rail were minimal for Test 4-10, moderate for Test 4-11, and
moderate to extensive for Test 4-12. The barrier damage in Test 4-12 was caused primarily by
impact of the rear tandem wheel set and rear of cargo bed against the bridge rail. The damages
included plastic deformation of bridge rail posts and baseplates with high stress concentrations at
the welds on the outside edges of the front flange. The analysis indicated only slight potential
for concrete damage around the front anchor bolts. The maximum dynamic and permanent
deflections of the railing were 8.1 inches and 6.6 inches, respectively, for Test 4-12.

Recent full-scale tests on the TxDOT Type C2P bridge railing, which has similar
geometric characteristics and strength as the NETC 3-bar system, showed similar results. In that
test, the barrier contained and redirected the single unit truck, but the barrier sustained substantial
damage during the backslap of the truck with the barrier. Refer to the conclusions in Section 9.4
for more discussion.

16.4.3 Modified NETC 3-Bar Bridge Rail with HSS 5x4x5/16 Lower Rail

As mentioned in the summary of for the NETC 2-bar bridge rail, the peak longitudinal
acceleration for Test 4-10 on the NETC bridge rails exceeded 25 G. The analyses showed that
the mid-span deflections for the rails for the 2-bar and 3-bar systems lead to pocketing,
particularly for Test 4-10 in which the forces from the small car were largely concentrated on the
lower HSS 4 x 4 x 4" rail.

The NETC 3-bar bridge rail model was modified to include a larger HSS section for the
lower rail to: (1) increase stiffness and lower deflection and (2) increase rail dimension in
vertical direction to provide additional contact width at the lower portion of the bridge railing to
reduce potential for wheel-snag on the posts.

The increased strength for the lower rail showed slightly improved performance
compared to the original design. The deflection of the lower rail was reduced by 30% to 42%,
and the peak longitudinal acceleration was reduced by 9.3% to 13.5%. There was a slight wheel
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snag at the splice for both the modified and original designs, which likely affected peak
acceleration magnitudes. The OIV values were essentially unchanged; while the ORA-x was
slightly reduced, and the ORA-y was slightly increased. All occupant risk metrics, however,
were well within critical limits specified in MASH. The barrier successfully contained and
redirected the small car with minimal damage to the system.

For this system, it is recommended that the HSS 5x4x5/16 be used for the lower rail;
however, the overall improvement may not be significant enough to warrant changing the design.
It is further recommended that the splice design be revised to minimize the amount of internal
gap-space between the surfaces of the splice tube and the main rails, since the lateral movement
within the splice appears to be a key factor in causing the excessive deflection of the rail as well
as wheel snag at the splice.

16.4.4 NETC 4-Bar Bridge Rail (TL4)

In a previous study, the NETC 4-bar bridge rail system was successfully full-scale crash
tested according to NCHRP Report 350 for Test Level 4. The eligibility letter for this system is
also B-50 which can be obtained from the FHWA website.

Based on the results of the FEA analysis presented herein, the NETC 4-bar bridge rail
was also determined to meet all structural and occupant risk criteria in MASH for Test Level 4.
This system was evaluated for MASH Test 4-10, Test 4-11 and Test 4-12. The critical impact
point for each of the three tests corresponded to the MASH recommendations for rigid barriers
(i.e., 3.6 ft, 4.3 ft and 5 ft, respectively, upstream from the critical post).

The barrier successfully contained and redirected the vehicle in all three MASH tests and all
evaluation cases. The occupant risk metrics were within critical limits specified in MASH.
There were no detached elements from the barrier that showed potential for penetrating the
occupant compartment or presenting undue hazard to other traffic. The vehicles remained
upright and very stable throughout impact and redirection, with relatively low angular
displacements for all test cases. Since the FEA models used the least conservative design
options (see Table 51) in the MASH crash test simulations, then it is assumed that the more
conservative design options also meet MASH crash performance criteria.

The damages to the bridge rail were relatively low for Test 4-10. The trajectory of the
small car was affected by the tire rebound after it impacted and traversed the sidewalk during this
test case. The tire model was very simplistic and did not have enough detail to accurately
simulate tire compression, debeading and/or tire deflation. It is assumed, however, that in a full-
scale test the vehicle would likely impact much lower on the bridge rail, in which case the barrier
damage and vehicle response would be similar to that for the NETC 3-bar bridge rail. For Test
4-11 the barrier experienced moderate plastic deformations of the posts, rails and baseplates.

Test 4-12 resulted in more extensive damage, primarily resulting from impact of the rear tandem
wheel set and the rear section of cargo bed against the bridge rail. These damages included
plastic deformation of posts and baseplates with high stress concentrations at the welds on the
outside edges of the front flange. There was also damage to the concrete curb at the critical post
that indicated potential cracks around the front anchor bolts and/or anchor bolt pryout damage.
The maximum dynamic and permanent deflections of the railing were 8.15 inches and 5.8
inches, respectively, for Test 4-12.
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16.4.5 Modified NETC 4-Bar Bridge Rail with W8x28 Posts

The evaluation of the baseline 4-bar bridge rail, which was summarized in Section 16.4.4
above, showed that the 4-bar bridge rail resulted in more severe damage to the post, base plate
and curb than the 2-bar and 3-bar designs. The bridge rail post was changed from the W6x25 to
a W8x28 to determine if the stronger post would improve crash performance for Test 4-12. For
the analysis, the position of the front face of the barrier was not changed nor the curb/deck size.
Therefore, the resulting distance from the anchor bolts on the backside of the posts to the back
edge of the deck was reduced from 7.625” to 6”, which reduces concrete strength.

The CIP for the Test 4-12 analysis was 5 feet upstream of the critical post. The FEA
results for the modified NETC 4-bar bridge rail system with W8x28 posts indicated that the
system would meet MASH TL4 performance criteria. The barrier adequately contained and
redirected the 10000S vehicle (single unit truck) with moderate damage to the bridge rail.
Vehicle stability for the modified design was slightly improved compared to original design.
The maximum roll angle at the c.g. of the SUT was 17.6 degrees, compared with 21.3 degrees
for the original design. The maximum pitch angle was 2.8 degrees, compared with 3.5 degrees
for the original design.

The impact forces on the barrier were only slightly higher for the modified design with
stiffer W8x28 post. For example, the longitudinal forces were 17.6 kips vs. 14.4 kips, and the
lateral forces were 126 kips vs. 110 kips. The higher lateral force for the modified design is
expected with the increased stiffness of the W8x28 posts. The higher longitudinal force,
however, was due to the lower rail on the outside edge of the cargo-box snagging on top of the
rail splice for the modified design. The damage to the barrier for the modified design compared
to original design included:

¢ Increased damage to curb around the front anchor bolts (probable large cracks).
e Reduced plastic deformation of posts and base plates.
¢ Reduced maximum dynamic barrier deflection (6.5 vs. of 8.2”).

Based on the results of this analysis, it is recommended that the deck and anchorage
should be strengthened at the post locations, such as increasing the reinforcement in the concrete.
Test 4-10 and Test 4-11 simulations were not performed for the modified design; however, with
the use of the stronger post, it is also recommended that the second rail from the bottom be
strengthened as well to minimize pocketing for the small car (e.g., HSS 5x4x5/16). Although the
snag at the splice did not adversely affect the performance of the system, it is also recommended
that the splice design be revised to minimize the amount of internal gap-space between the
surfaces of the splice tube and the main rails to alleviate potential snags with both passenger and
commercial style vehicles.

16.4.6 NETC 2-Bar Transition (TL3)

In a previous study, the NHDOT 2-bar rail to thrie-beam AGT was successfully crash-
tested according to NCHRP Report 350 Test 3-21. [Alberson06] The eligibility letter for this
system is B-146 which can be obtained from the FHWA website.

Based on the results of the FEA analysis herein, the NETC 2-bar transition was
determined to meet all structural and occupant risk criteria in MASH for Test Level 3. This
system was evaluated for MASH Test 3-20 and Test 3-21. The critical impact point (CIP) for
Test 3-20 was determined to be 6.5 feet upstream from Post 5 of the transition, and the CIP for
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Test 3-21 was determined to be 9 feet upstream from the end of the tube rails in the transition
section. The CIP for both cases was determined using FEA with respect to maximizing the
potential for vehicle snag on either the first post of the tube-rail section of the transition or on the
end of the transition tube rails, as well as, on maximizing OI'V and ORA metrics. A total of five
impact points ranging from 5 ft to 7 ft were evaluated for Test 3-20; and a total of eight impact
points ranging from 6 ft to 9.5 ft were evaluated for Test 3-21.

The 2-bar transition successfully contained and redirected the vehicle for all impact
cases evaluated, and the occupant risk metrics were within critical limits specified in MASH.
There were no detached elements from the barrier that showed potential for penetrating the
occupant compartment or presenting undue hazard to other traffic. The vehicles remained
upright and very stable throughout impact and redirection with relatively low angular
displacements for all test cases.

The damages to the transition were minimal for Test 3-20. The maximum dynamic and
permanent deflections were 6.3 inches and 5.2 inches, respectively, and occurred at the lower
corrugation of the thrie-beam at the point where the nested thrie-beam connects to the thrie-beam
end shoe. The damages to the transition for Test 3-21 were moderate. The vehicle was in contact
with the barrier for approximately 15.9 ft, and the maximum dynamic and permanent deflections
were 11.8 inches and 10.4 inches, respectively.

An additional analysis case was evaluated for the 2-bar transition that involved impact
from the opposing traffic direction and was focused on possible wheel snag against the lower
edge of the thrie-beam terminal connector and the 3/8-inch thick connector plate, as illustrated in
Figure 511. The results of that analysis were not included in this report, but the general
conclusion was that the tire would directly contact the lower edge of the thrie-beam during the
crash simulation, but it did not result in significant snagging for this particular impact case.
However, to further mitigate potential snags, it is recommended that an additional deflector plate
could be installed at this point and fastened to the lower section of the thrie-beam terminal
connector and connection plate via a bolt through the bottom hole.

Possible snag points in
reverse direction
impacts

Figure 511. Possible snag point in reverse-direction impacts.

16.4.7 NETC 3-Bar Transition (TL4)

This system has not been full-scale tested; however, based on the results of the evaluation
performed in this study, the NETC 3-bar transition meets all structural and occupant risk criteria
in MASH for Test Level 4. This system was evaluated for MASH Test 4-20, Test 4-21 and Test
4-22. The critical impact point (CIP) for Test 4-20 and Test 4-21 was determined using the same
procedure used for the 2-bar transition cases. The critical impact point for Test 4-22 was
determined using FEA to maximize the potential for snag at the connection between the
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transition and bridge rail. A total of six impact points ranging from 3.6 ft to 6 ft upstream of the
critical impact point were evaluated for Test 4-20; a total of ten impact points ranging from 5.7 ft
to 11.7 ft were evaluated for Test 4-21; and a total of five impact points ranging from 5 ft to 9 ft
were evaluated for Test 4-22.

The CIP for Test 4-20 was determined to be 5.5 feet upstream of Post 5 of the transition.
For Test 4-21 two CIPs were determined, including 6.2 feet upstream of the critical snag point at
the end of the tube-rail section of the transition (e.g., considering overall results of pocketing,
peak accelerations, and impact severity at the time when the vehicle approached the snag point)
and 9.2 feet upstream of the critical snag point (e.g., based solely on maximum pocketing).
Since the CIP at 9 feet was evaluated for the 2-bar case which resulted in good crash
performance, the CIP at 6.2 feet was selected for further evaluation for the 3-bar transition
system. Note that the 2-bar and 3-bar transition designs are equivalent regarding the section of
the system extending from the attachment point of the guardrail to the attachment point of the
transition tube rails. The CIP for Test 4-22 was determined to be 9 feet upstream of the bridge
rail splice to maximize potential for vehicle snag on the end of the bridge rail and to also
maximize potential for vehicle roll angle and contact between cargo-box and bridge rail posts.

The 3-bar transition successfully contained and redirected the vehicle for all impact
cases evaluated, and the occupant risk metrics were within critical limits specified in MASH.
The ORA values for Test 4-20 were highly dependent on time of occupant impact; however, the
peak accelerations were below critical limits throughout the acceleration-time history. There
were no detached elements from the barrier that showed potential for penetrating the occupant
compartment or presenting undue hazard to other traffic. For the small car and pickup tests, the
vehicles remained upright and very stable throughout impact and redirection, with relatively low
angular displacements. The roll and pitch angles for the single unit truck test were relatively
high. For Test 4-22 the final vehicle stability could not be determined at termination of the
analysis at 1.5 seconds of the crash simulation. It is possible that the vehicle would have rolled
onto its side had the analysis continued; however, MASH states that it is preferred that the
vehicle remain upright, but it is not required.

The damages to the 3-bar transition were minimal for Test 3-20. The maximum dynamic
and permanent deflections were 5.8 inches and 4.7 inches, respectively, and occurred at the
lower corrugation of the thrie-beam at the point where the nested thrie-beam connects to the
thrie-beam end shoe. The damages to the transition for Test 3-21 were moderate. The vehicle
was in contact with the barrier for approximately 15.6 ft, and the maximum dynamic and
permanent deflections were 7.95 inches and 6.8 inches, respectively. The damage to the
transition for Test 4-22 was also moderate. The vehicle was in contact with the barrier from the
point of contact until the truck cargo-box slid off the end of the bridge rail at 0.55 seconds. The
maximum dynamic and permanent deflections for Test 4-22 were 4.29 inches and 2.8 inches,
respectively. The greatest damage was to the bridge rail posts which resulted from the cargo-box
extending over the top of the rail and snagging the tops of the posts. It is recommended that the
tops of the transition and bridge rail posts be tapered down toward the field side of the post to
avoid contact with the truck bed and mitigate this type of damage. The maximum working width
prior to exiting the barrier was 3.9 ft resulting from the top of the cargo box extending over the
bridge rail.
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16.4.8 NETC 3-Bar Transition with 5.5-ft Post Spacing at First Bridge Rail Post (TL4)

The evaluations of the NETC 3-bar transition system summarized in Section 16.4.7 above
included the current maximum post spacing specified between the last post of the transition and
the first post of the bridge rail (i.e., 3 ft). However, there are many field installation cases in
which it is difficult to meet this specification, such as at strip joints, compression seals, finger
joints and modular joints. Supplemental analyses of the NETC 3-bar transition were performed
to evaluate increasing the maximum post spacing to 5.5 feet.

For these analyses the 3-bar system design was modified by (1) extending the bridge rail
tubes and deck to attain desired post spacing of 5.5-ft between first post of bridge rail and last
post of transition, (2) tapering the tops of the W6x25 posts, and (3) widening the expansion
splice gap from 0.75 inch to 2 inches. For Test 4-20, an additional analysis case was performed
in which an HSS 5x4x5/16 tube section was used for the lower rail.

With the increased span between the transition and bridge rail posts, the expansion splice
was considered to be more critical for passenger vehicles than the original design case. As such,
for Tests 4-20 and 4-21, the critical impact point was determined using FEA with respect to
maximum potential for wheel snag on the first post of the bridge rail and on the splice
connection.

For Test 4-20, ten impact point locations ranging from 3.6 feet to 8 feet upstream from
the first post on the bridge rail were evaluated. The analyses indicated that impact at 4.0 feet
upstream of the bridge rail post resulted in the greatest chance for wheel snag on the post; while
impact at 8.0 feet upstream of the post resulted in the greatest chance for snag on the expansion
splice. In all cases, however, there was no contact with the post and only minimal snagging on
the splice, due to the location of the splice on the downstream side of the transition post. The
supplemental analysis with the HSS 5x4x5/16 lower rail resulted in improved crash performance
including lower deflections and lower occupant risk metrics, as shown in Table 112; however,
both design cases were shown to meet MASH performance criteria for the 5.5-ft post spacing.

For Test 4-21, five impact locations were evaluated ranging from 5 feet to 9 feet
upstream of the first bridge rail post. None of the impact cases resulted in significant potential
for wheel contact with the post; however, impact at 6.0 feet upstream of the critical post (i.e., 2-ft
upstream of expansion splice) resulted in the highest potential for snag on the expansion splice.
This impact case also corresponded to the highest peak longitudinal acceleration and the highest
resultant acceleration. The fender snagged on the splice in this case, but the snag did not
significantly affect overall crash performance, and the system met MASH criteria for all cases.

For Test 4-22, three impact cases were evaluated which involved two expansion splice
gaps (i.e., ¥a-inch and 2-inch) and two different post designs (i.e., original and tapered posts).
The critical impact point for all cases was 9 feet upstream of the expansion splice, which was
adopted from the evaluation of the original design. In each case the bottom of the cargo-box
snagged on the expansion splice but did not result in excessive forces of adverse performance of
the system. The longitudinal impact force on the barrier increased approximately 19 percent due
to the increase in post spacing with the non-tapered posts (43.8 vs. 36.9 kips); but was slightly
reduced for the tapered posts (34.1 vs. 36.9 kips). The lateral force was reduced with the
increase in post spacing, while the resultant force was higher for all increased post spacing cases
with the highest resultant force occurring for Case 1 with the non-tapered posts (96.2 vs. 84
kips). The maximum lateral deflection occurred at the expansion splice in all cases. The lateral
deflection was higher for 5.5-ft post spacing compared to the baseline 3-ft post spacing (i.e., 6”
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vs. 4.3”). The highest deflection occurred for the 5.5-ft spacing with non-tapered posts. The
plastic deformations of the transition components were very similar to the baseline case and was
low to moderate. The plastic deformations of the bridge rail for the non-tapered posts was
significant due to the bottom of the cargo-box snagging on the tops of the posts, while the
deformations for the tapered post cases were minimal.

The FEA simulations of an increased post spacing of 5.5 feet for the NETC 3-bar
transition was shown to meet MASH TL4 performance criteria. The increased spacing generally
resulted in increased rail deflections, increased longitudinal forces and accelerations and reduced
lateral forces and accelerations. However, tapering the tops of the posts notably reduced
longitudinal forces for Test 4-22 by mitigating snag on the backs of the post.

The 2-inch wide expansion splice joint did not result in notable snag in the FEA, but the
research team believes the potential for such a snag exists — particularly for reverse-direction
impact scenarios (not evaluated). Previous analysis and full-scale tests on a similar system with
3%a-inch splice gap resulted in significant snag for the pickup test.[Buth99b] It is therefore
recommended that the splice designs be revised to minimize the amount of internal gap-space
between the outside surface of the splice tube and the internal surface of the main rails.

It is also recommended that the lower rail for the bridge rail, and consequently the lower
rail of the transition, be changed to the HSS 5x4x5/16. The larger rail resulted in a 25 percent
decrease in rail deflection for the small car test compared to the baseline analysis with
HSS4x4x1/4, and a 17.9 percent decrease in peak longitudinal acceleration.

16.4.9 Concrete Transition Barrier to Thrie Beam (TL4)

This system has not been full-scale tested; however, based on the results of the evaluation
performed in this study, it was determined that the concrete transition to thrie-beam system did
not meet safety criteria in MASH for Test Level 3 or 4. However, only the sidewalk case was
evaluated since it provided the greatest opportunity for snags on the concrete buttress. It is
expected that the curb-mounted transition would have better crash performance, particularly for
Test 3-20 and Test 3-21, since the curb would better shield the nose of the buttress from contact
and snag against the vehicles’ tires.

This system was evaluated for MASH Test 4-20, Test 4-21 and Test 4-22. The critical
impact point for all cases were designed to maximize potential for snag on the end of the
concrete buttress. For Test 4-20 a total of five impact points ranging from 4 ft to 6 ft upstream of
the nose of the concrete buttress were evaluated; a total of five impact points ranging from 5.5 ft
to 7.5 ft were evaluated for Test 4-21; and a total of four impact points ranging from 9 ft to 12 ft
were evaluated for Test 4-22.

The CIP for Test 4-20 was determined to be 5.5 feet upstream from the nose of the
buttress. The longitudinal ORA was relatively high for impact points ranging from 5 to 6 feet;
however, impact at 5.5 feet resulted in ORA values exceeding MASH criteria, while impact at 6.0
feet resulted in longitudinal ORA near critical limits. For Test 4-21 it was determined that
impact at 7.0 ft upstream of the buttress provided the greatest potential for pocketing, and impact
at 6.5 ft provided the highest ORA values. Thus, the CIP was selected as the midpoint between
those two cases at 6.75 ft upstream of the buttress. The CIP for Test 4-22 was determined to be
12 feet upstream of the buttress to maximize potential for vehicle snag on the end of the buttress
and to also to maximize potential for vehicle roll angle and contact between cargo-box and
bridge rail posts.
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The concrete transition to thrie-beam system contained and redirected the vehicle in all
impact cases evaluated; however, containment was marginal for Test 4-22. The OIV values were
within critical limits for all cases. The ORA values were above recommended limits, but below
critical limits for Test 4-21. The longitudinal ORA for Test 4-20, however, exceeded MASH
limit criteria. There were no detached elements from the barrier that showed potential for
penetrating the occupant compartment or presenting undue hazard to other traffic. For the small
car and pickup tests, the vehicles remained upright and very stable throughout impact and
redirection, with relatively low angular displacements. For test 4-22 the roll and pitch angles
were relatively low through 1.34 seconds of the impact event; however, given the final
orientation, speed and roll rate of the vehicle, it was likely that the tuck would have eventually
rolled over onto its side. As previously stated, it is preferred that the SUT vehicle remain upright,
but it is not a requirement of MASH.

The damage to the transition were moderate to significant for Test 3-20, but within
expectations. Damage included kinking of the thrie-beam, lateral deflection of several posts and
corresponding soil displacement at those posts. The maximum dynamic and permanent
deflections were 6.7 inches and 5.7 inches, respectively, which occurred at the lower corrugation
of the thrie-beam at the upstream edge of the blockout at Post 2. The damage to the transition for
Test 3-21 were also moderate to significant but considered typical for this type of system. The
vehicle was in contact with the barrier for approximately 10.2 ft, and the maximum dynamic and
permanent deflections were 8.3 inches and 7.2 inches, respectively, which also occurred on the
lower corrugation of the thrie-beam at the upstream end of the blockout at Post 2. The damage
to the transition for Test 4-22 was significant with maximum dynamic deflection of 17 inches at
the top of Post 2. Several of the transition posts near the buttress were deformed. The bridge rail
was also damaged, due to the bottom of the cargo box snagging on the tops of the posts. The
most significant damage to the bridge rail was to the downstream end post, in which the rail
mounting bolts sheared off, and the post bent along the longitudinal direction of the rail.
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Table 112. Summary of analysis cases conducted and the results of the evaluations.

Impact Conditions RESULTS
Structural Adequacy Occupant Risk Metrics Vehicle Stability
System MASH Test | Speed Angle cIP Max. Disp. ocl oIV, olv, ORA, ORA, Roll Pitch Overall
Type System No. (mph) (deg) ft Contain (in) Location (in) (ft/s) (ft/s) (g) (g) (deg) (deg) Result
Test 3-10 62 25 3.6 Pass 3.6 Wheel Well/ Toe Pan 3.3 26.2 33.1 5.5 6.4 7 5.4 Pass
NETC 2-Bar
Test 3-11 62 25 43 Pass 2.7 Wheel Well/ Toe Pan 2.8 20.7 26.9 4.6 15.4? 9 10.1 Pass
Test 4-10 62 25 3.6 Pass 3.4 Wheel Well/ Toe Pan 2.8 25.6 32.5 6.71 6 7.3 5.2 Pass
Test 4-11 62 25 4.3 Pass 4.2 Wheel Well/ Toe Pan 33 22 26.6 4.7 15.4? 9.9 7.5 Pass
NETC 3-Bar
Test 4-12°) 56 15 5 Pass 7.6 Wheel Well/ Toe Pan 1 2 14.8 7 5.3 20.8 7.8 Pass
Bridge Rail Test 4-12% 56 15 5 Pass 8.1 Wheel Well / lower edge of door 33 3 14.1 5.7 5.9 90" 6.9 Pass
Mod 3-Bar’ | Test4-10 62 25 36 Pass 2.3 - - 243 32.5 3.5 7.7 - - Pass
Test 4-10 62 25 3.6 Pass 2.8 Wheel Well/ Toe Pan 3.4 24 31.5 7.1@ 10.3 10.9 6.5 Pass
NETC 4-Bar Test4-11 62 25 4.3 Pass 5.4 Wheel Well/ Toe Pan 2.2 17.7 26.6 13.8 18 7.2 8.3 Pass
Test 4-12® 56 15 5 Pass 8.2 Wheel Well/ Toe Pan 1 3.9 16.7 43 6.7 18.8 5.6 Pass
Mod 4-Bar* | Test4-12% 56 15 5 Pass 8.2 Not Evaluated 1 3.9 16.7 43 6.7 18.8 5.6 Pass
2-Bar Test 3-20 62 25 6.5 Pass 6.3 Wheel weel / Toe Pan 1.4 253 28.2 7.9 4.8 6.7 3.6 Pass
(Tube Rails) | Test3-21 62 25 9 Pass 11.8 negligible = 17.4 233 48 17.2@ 93 55 Pass
Test 4-20 62 25 5.5 Pass 5.8 Wheel Well/ Toe Pan 1 243 25.9 420 7.4 6.2 3.9 Pass
3-Bar. Test 4-21 62 25 5.5 Pass 8 negligible - 17.7 24.6 5.2 1512 8.1 3.7 Pass
(Tube Rails)
Test 4-22 56 15 9 Pass 7.6 Wheel Well/ Toe Pan 1 2.3 14.8 8.9 5.5 90" 11.9 Pass’
Test 4-20 62 25 5.5 Pass 6.9 Wheel Well/ Toe Pan 3.4 29.2 32.8 26 7.9? 5.4 6.8 Fail
AGT 4-Bar
(Concrete Test 4-21 62 25 6.5 Pass 83 Wheel Well/ Toe Pan 1 21 28.2 9.4 17.3 15.4 9.6 Pass
Butess) Test 4-22 56 15 12 Pass 17.0 Wheel Well/ Toe Pan 55 8.9 14.4 13.9 8.7 8.7 12 Pass’™
Test 4-20° 62 25 4 Pass 3.25 - - 25.3 331 4.9 2.9?% - - Pass
3-Bar
(Tube Rails) | Test4-20% 62 25 4 Pass 2.65 - - 236 32.8 37 7.9% 4.4 5.1 Pass
W/ 5.5ft Post | o 4.91° 62 25 6 Pass - - - 226 27.9 5.8 +18-19 - - Pass
Space -~
Test 4-22" 56 15 9 Pass 5.4 - - - . - R . - Pass

* The vehicle was still upright when the analysis was terminated, but 90-degree roll was expected.

** Resulted in significant snagging on and damage to bridge rail posts.

*** The analysis showed that the barrier contained and redirected the 10,0008 vehicle, but with significant damage to the transition and bridge rail elements.
' Maximum ORA occurred on tail-end of a major acceleration pulse. Would have been higher if OIV had occured slightly sooner.
) Vehicle model tends to over-predict lateral accelerations associated with "tail-slap".

) Cargo-box Bed Height =47.5 "

@ Cargo-box Bed Height =50 ".

+ NETC 3-bar with HSS 5x4x5/16 lower rail

# NETC 4-bar with W8x28 posts

§ 3-bar AGT with original components

§§ 3-bar AGT with HSS5x4x5/16 lower rail

t 3-bar AGT with 2-inch splice gap and top of posts tapered

400




17 CONCLUSIONS AND RECOMMENDATIONS
17.1 NETC Bridge Rail Designs

Based on the results of the study, several aspects of the designs were identified that could
be modified to improve crash performance. Those design aspects are discussed below, followed
by final conclusions and recommendations for each bridge rail design.

17.1.1 Conclusions regarding Critical Design Aspects

17.1.1.1 Anchor Embedment Depth

These conclusions relate to the 3-bar and 4-bar designs. The anchor embedment depth
was determined to be the critical weakness based on LRFD strength calculations for the curb-
mounted 3-bar system, while both anchor embedment and plastic strength of posts governed for
the sidewalk-mounted 4-bar system. The LRFD strength calculations, as well as, the FEA
simulations showed that the anchor rods have reserve strength but there was not enough
embedment to fully utilize it. Unfortunately, because some States are starting to use more
integral concrete wearing surfaces and bare decks, the depth of the curb/deck is very restricted;
therefore, in many cases, it will not be possible to increase embedment depth for the anchors, but
it should be considered when applicable.

17.1.1.2 Concrete strength

These conclusions relate to the 3-bar and 4-bar designs. Increasing the strength of the
concrete from 4,000 psi to 5,000 psi would be an alternative means for increasing the overall
strength of the anchors; however, recent studies have shown that the higher cement content leads
to more shrinkage and cracking of concrete.[Safiuddinl8] MaineDOT, which currently specifies
5,000 psi concrete for bridge curb/deck, is currently considering changing their specification to
4,000 psi for this reason.

17.1.1.3 Curb/Deck Reinforcement

These conclusions relate to the 3-bar and 4-bar designs. When embedment depth and
concrete strength cannot be increased, another option may be to increase the steel reinforcement
by adding additional longitudinal steel nearer to (but above) the anchor plates. For example,
Figure 512 shows a comparison of the curb reinforcing in the current NETC designs to that of
the MassDOT S3-TL4 design, which includes the second row of longitudinal steel.

#5 Bars

a) NETC Bridge Rail b) MassDOT S3-TL4

Figure 512. Comparison of longitudinal steel for a) the NETC and b) MassDOT’s S3-TL4 bridge
rail designs.
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17.1.1.4 Post Size and Post Spacing

These conclusions relate to the 3-bar and 4-bar designs. After anchorage, the strength of
the bridge rail posts was the governing factor regarding overall strength of the bridge rail system.
One option would be to increase the size of the posts, as was shown in Section 15.3. Changing
from the W6x25 to the W8x28 post results in a 44 percent increase in plastic strength for the
post. However, the change in post size did not notably improve the potential for pocketing, even
with an increase in the rail size, due primarily to the relatively large lateral movement within the
splice. Another option would be to decrease post spacing, which would serve to improve
strength in several areas. The decreased span for the railing would increase the stiffness of the
rails (e.g., reduce pocketing) and better distribute impact forces among adjacent posts, thereby
reducing forces on individual posts and anchorage. Preliminary LRFD calculations indicate that
reducing the post spacing from 8 feet to 6.5 feet would result in meeting MASH strength
requirements for the 4-bar system (calculations not shown).

17.1.1.5 Baseplate

These conclusions relate to the 3-bar and 4-bar designs. Although the LRFD calculations
did not consider strength of the baseplates, the FEA analysis and previous NCHRP Report 350
testing showed that the baseplates experience significant deformations for Test Level 4. The
deformation of the baseplate likely reduces forces on the anchors, but it also reduces the overall
strength of the system. The FEA simulations also indicated that the deformation mode of the
baseplate resulted in stress concentrations in the weld between the post and baseplate at the
outside edges of the front post flange (refer to Figures 159 and 277).

17.1.1.6 Tubular Rails

These conclusions relate to all NETC bridge rail designs. The MASH equivalency
evaluations showed that the NETC 2-bar and 3-bar systems met the preferred rail geometric
criteria and strength requirements for MASH, but the sidewalk-mounted NETC 4-bar system was
considered marginal for both conditions. FEA simulations showed that the mid-span deflections
for the rails for the 2-bar and 3-bar systems lead to pocketing, particularly for Test 4-10 in which
the forces from the small car were largely concentrated on the lower HSS 4 x 4 x 4™ rail (refer to
Figure 123). Although the mill spec reports from recent MaineDOT projects which were
presented earlier are not statistically reliable (i.e., not enough data points), they do indicate that
material properties for HSS rail sections are often much stronger than the minimum
specifications that were used in the FEA; thus, pocketing in full-scale crash tests or field
installations would likely be less than what was shown in the FEA results.

Nevertheless, changing the sizes of the longitudinal rails to increase standoff distance
from the post, as well as, to increase stiffness could greatly improve performance (possibly)
without altering other design aspects of systems. Similar to the reduced post spacing option
above, the stiffer tubes would reduce pocketing, better distribute forces among adjacent posts
(e.g., reduce forces on posts and anchors), as well as provide additional standoff distance from
the post (e.g., reduce potential for snagging).

Table 113 shows a comparison of strength and weight for two tubular rail options
compared to the original NETC 4-bar design; the table also includes overall barrier strength for
each option with all other design aspects remaining the same. In both options the tubular rails
provide a 5-inch standoff distance between the face of the rail and the post. Option 1 uses HSS 5
x 5 x Y in place of the HSS 4 x 4 x V4 rails and uses HSS 7 x 5 x % in place of the HSS 8 x 4 x
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5/16. This option results in a 13.4 percent increase in overall system strength and meets
geometric and strength requirements for MASH TL4. It also results in an increase in total weight
of 9.85 percent for the tubular rails, which would translate to a similar increase in cost for those
components.

Option 2 uses HSS 5 x 5 x 3/16 in place of the HSS 4 x 4 x Y rails and uses HSS 7 x 5 x
Y4 in place of the HSS 8 x 4 x 5/16. This option results in a 5.7 percent increase in overall
system strength which meets both rail-geometric requirements and LRFD strength calculations
for MASH TLA4. It also results in a decrease in total steel weight for the tubular rails of 8.4
percent, which would translate to a similar decrease in cost for those components. Although
Option 2 would increase the overall strength at less cost, it is recommended that additional
evaluations be carried out to ensure that local buckling (crushing) of the tube walls does not
occur during vehicle impact against the thinner rails.

Table 113. Comparison of strength and weight for tubular rail options for the New Hampshire 4-
bar system (all other design aspects remaining the same).

Total Rail Weight System Strength
Weights Increase Strength Increase
Design Options Rail 1 (lower) Rail 2 Rail 3 Rail 4 (Ibs/ft) % (kips) %
Size 4x4x1/4 4x4x1/4 8x4x5/16 4x4x1/4
Current |Z, (ina) 4.97 4.97 10.5 4.97 59.97 - 75.9
Design |W (#/ft) 12.21 12.21 23.34 12.21
Size 5x5x1/4 5x5x1/4 7x5x1/4 5x5x1/4
z, (in’) 8.07 8.07 104 8.07
Option 1 |% increase 62.4% 62.4% -1.0% 62.4% 65.88 9.85% 86.1 13.44%
W (#/ft) 15.62 15.62 19.02 15.62
% Increase 27.9% 27.9% -18.5% 27.9%
Size 5x5x3/16 5x5x3/16 7x5x1/4 5x5x3/16
z, (in’) 6.29 6.29 10.4 6.29
Option 2 |% increase 26.6% 26.6% -1.0% 26.6% 54.93 -8.40% 80.2 5.67%
W (#/ft) 11.97 11.97 19.02 11.97
% Increase -2.0% -2.0% -18.5% -2.0%

17.1.1.7 Splice Design

These conclusions relate to all NETC bridge rail designs. The splice bars used in the full-
scale crash tests of the NETC 4-bar bridge rail were fabricated from welded plates (refer to Table
2 for dimensions), in which the clearance of the splice bar inside the main rail tubes was 1/16”
on all sides or 1/8” total. Refer to the drawings in the crash test report for construction details.
[Kimbal99]

The current splice design used in the NETC bridge rails includes an HSS 7” x 37 x 3/8”
inserted into the larger main rail tube (i.e., HSS 8 x 4 x 5/16), and an HSS 3” x 3 x 5/16” splice
bar inserted into the smaller main-rail tubes (i.e., HSS 4 x 4 x %4”). The splice bars are connected
to the main rails using four cap screws (see drawings in the Appendices). The dimensions of the
splice bars result in an internal gap between the surfaces of the splice bar and main trail of 3/8
inch inside the larger rail splice; and an internal gap of %2 inch inside the smaller rail splice. The
FEA simulations for these designs showed that the wheel rims did snag on the splice in the
impact simulations, although the snag did not result in excessive vehicle decelerations or
damages. Further, in an earlier study by Plaxico et al. and on previous full-scale testing by Buth
et al. on similar expansion splice details, severe snagging did occur on the ends of the rail tubes
at the expansion splice.[Plaxicol6; Buth99b] The solution in those cases was to reduce the
length of the splice gap opening from 3% inches to 7/8 inch.
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As stated throughout this report, it is recommended that the current design be revised to
reduce the internal gaps between the outside surfaces of the splice tube and the inside surfaces of
the main rail to match that of the tested design, as much as feasibly possible. This could be
accomplished by either adopting the tested design directly or by welding bushing-plates onto the
sides of the splice bars to close the gaps in the lateral direction, noting that the gaps on the top
and bottom of the splice are less important to crash performance (except possibly for Test 4-12).

17.1.1.8 Post Taper (at top of post)

These conclusions relate primarily to the 3-bar and 4-bar designs, although they may be
considered for the 2-bar system as well. The FEA crash simulations for the NETC transition
designs showed that during impacts with the single unit truck the bottom of the cargo-bed would
extend over the top of the railing and snag on the tops of the bridge rail posts. Some bridge rail
designs that include a taper on the top of the posts have been shown to mitigate the potential for
this type of snag.[Plaxicol9b] In the supplemental analyses in Section 15.2.4, the tapered post
concept was included for the analysis of the 3-bar transition with 5.5 ft post spacing, in which the
snag between the cargo-bed and posts was successfully mitigated. It is recommended that a
similar taper be used for all NETC designs.

17.1.2 Conclusions and Recommendations on Final Design

The following conclusions regarding the crash performance of the existing NETC bridge
rail designs are based on the MASH equivalency evaluations and the FEA crash simulations
results from this study, as well as, the apparent in-service performance of field installations of
these systems. The NETC bridge rail designs have been in service for more than 20 years, and,
based on discussions with the State DOTs, there have been no known instances of serious
injuries resulting from vehicle crashes with these system during that time.

It is therefore the opinion of the research team that all existing NETC 2-bar bridge rail
designs used among the various New England states, and which include design aspects equal to
or more conservative than those presented in Table 51 in Section 4.1, meet MASH TL3
performance criteria. Likewise, the research team also considers all existing NETC 3-bar
designs, with designs aspects equal to or more conservative than those presented in Table 51, to
meet MASH TL4 crash performance criteria. These systems meet LRFD strength requirements
for their respective test levels, and the FEA results indicated successful crash performance under
MASH crash testing conditions and criteria. Both the 2-bar and 3-bar designs also meet all
preferred rail geometrics criteria when a 9-inch curb reveal is used. The 2-bar and 3-bar designs
using a 7-inch curb reveal do not meet the preferred criteria for rail geometrics regarding ratio of
rail contact width to height, but they fall within the range of other systems with similar rail
geometrics that have been successfully crash tested.[Dobrovolny17]

The FEA results also indicated that the NETC sidewalk-mounted 4-bar design meets
MASH TLA4 crash performance, albeit with considerable damage to the bridge rail during MASH
Test 4-12 simulations. It is highly recommended that the NETC 4-bar design be revised to meet
MASH equivalency (i.e., rail geometric and strength criteria) or, alternatively, that further
evaluation of this system be conducted to verify crash performance (e.g., conduct in-service
performance evaluation and/or full-scale testing).

Based on the conclusions of critical design aspects discussed above, the research team
provides some recommended design enhancement options for each of the NETC bridge rail
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designs in the following sections. The conclusions and recommendations for the NETC bridge
rails are also summarized in Tables 114 through Table 116..
17.1.2.1 NETC 2-Bar Bridge Rail

The NETC 2-bar bridge rail meets MASH TL3 performance criteria and no design
changes are required. The following optional “general” design enhancements are provided by
the research team to further improve crash performance for this system under MASH impact
conditions.

e Increase size and strength of lower rail to HSS 5x4x5/16 to: (1) meet preferred ratio of
rail contact area to height requirements and (2) reduce pocketing for the small car.

e Improve splice design by reducing internal gaps to mitigate snag with impacting vehicles.

e Taper top of posts to mitigate snag with over-hanging vehicles.

17.1.2.2 NETC Curb-Mounted 3-Bar and Sidewalk-Mounted 4-Bar Bridge Rails

The NETC 3-bar and 4-bar bridge rail meets MASH TL4 performance criteria and no
design changes are required. The following recommended “general” design enhancements are
provided by the research team to further improve crash performance for this system under MASH
impact conditions. The first revision listed for each option is the primary revision for improving
crash performance, while the subsequent revisions are intended to compliment or further
improve performance for that option.

Option 1:
e Reduce post spacing (e.g., 8 ft to 6.5 ft) to meet LRFD strength requirements.
e Revise splice design by reducing internal gaps.
e Taper top of posts to mitigate snag when vehicles over-hang the top of the rail.
Option 2:
e Change size of all rails to meet preferred rail-geometric criteria and to improve strength.

e Increase curb reinforcement by adding additional longitudinal steel above the anchor
plates and/or increase anchor-bolt embedment.

e Revise splice design by reducing internal gaps.
e Taper top of posts.
e Increase baseplate thickness and welds.
Option 3:
e Increase post size (e.g., W8x28) to meet LRFD strength requirements.

e Increase curb reinforcement by adding additional longitudinal steel above the anchor
plates and/or increase anchor-bolt embedment.

e Improve splice design by reducing internal gaps.
e Taper top of posts to mitigate snag with over-hanging vehicles.

e Use an HSS 5x4x5/16 for the lower rail for the 3-bar system and for the 2" rail from the
bottom for the 4-bar system to reduce pocketing for small car.
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17.2 NETC Transition Designs

The conclusions and recommendations for the approach guardrail transitions are
presented below and are summarized in Tables 117 through 119. As with the bridge rail cases,
redesign of the transition systems was not the focus this study; however, general design
enhancement recommendations are presented for each of the transition designs.

The NETC 2-bar transition met MASH TL3 performance criteria based on the FEA crash
simulations. The recommended design changes for the 2-bar system include: (1) an additional
deflector plate at the lower edge of the thrie-beam terminal connector and (2) revising the
expansion splice at the connection to the bridge rail to minimize internal gap space.

The NETC 3-bar transition met MASH TL4 performance criteria based on the FEA crash
simulations. The performance of both the 2-bar and 3-bar systems was very good for the small
car and pickup tests. The modifications suggested for this systems are: (1) to taper the tops of
the transition and bridge rail posts down and toward the field side to avoid contact with the front-
lower edge and bottom of the cargo-box during impacts with single unit trucks and (2) to revise
the expansion splice to minimize internal gaps.

The concrete transition to thrie-beam did not meet MASH TL3 performance criteria,
based on the FEA crash simulations. There are some basic modifications that could be made to
the buttress design to improve performance, which include tapering the face of the buttress as
described in Rosenbaugh et. al (refer to Figure 35).[Rosenbaughl8] However, when applicable
(e.g., when space is available) it is recommended that the NETC 3-bar or 4-bar transition designs
be used in lieu of the concrete transition to thrie-beam system.
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Table 114. Summary of conclusions and recommendations for the NETC 2-Bar bridge rail.

MASH Test FEA Results: FEA Results: LRFD Calcs.
Case MASH Criteria System Damage for MASH Equivalency Recommendations
Test 3-10 e Structural Adequacy — PASS | ¢ Minimal damage to system e Meets minimum height o Meets MASH TL3
Small Car e Occupant Risk — PASS e Dynamic deflection = 3.6” e 9” curb reveal meets all o No design changes required.
e Preferred < OIV < critical | e Some plastic deformation of preferred rail-face ) ) )
e ORA within preferred post, and moderate plastic geometrics criteria. Recommendations for improving overall crash
limits but sensitive to time | deformations of the lower e 7” curb reveal does not performance:
of occupant impact. rail and baseplate. meet all preferred rail-face o Increase size and strength of lower rail to an
¢ Vehicle Stability — PASS e No detached elements from geometrics criteria but falls HSS 5x4x5/16 to: (1) meet contact area/rail
barrier that would present within the range of other height requirements and (2) reduce pocketing.
hazard. systems that have been o Revise splice design to reduce internal gaps.
Test 3-11 e Structural Adequacy — PASS | ¢ Minimal to moderate successfully crash tested. o Taper top of posts
Pickup e Occupant Risk — PASS damage to system. e Meets LRFD minimum

e OIV within preferred
limits
e Preferred < ORA < critical
Vehicle Stability — PASS

Dynamic deflection = 2.7”
Moderate plastic
deformations of the posts,
both rails and baseplates.
Potential concrete curb
damage at one post.

No detached elements from
barrier that would present
hazard.

lateral strength criterion of
71 kip.
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Table 115. Summary of conclusions and recommendations for the NETC 3-bar bridge rail.

MASH Test FEA Results: FEA Results: LRFD Calcs.
Case MASH Criteria System Damage for MASH Equivalency Recommendations
Test 4-10 Structural Adequacy — PASS e Minimal damage to system e Meets minimum height o Meets MASH TL4
Small Car Occupant Risk — PASS e Dynamic deflection = 3.4” e 9” curb reveal meets all e No design changes required.
e preferred < OIV < critical e Some plastic deformation of preferred rail-face
e ORA within preferred limits post, and moderate plastic geometrics criteria. Recommendations for improving overall crash
but sensitive to time of deformations of the lower e 7” curb reveal does not performance:
occupant impact. rail and baseplate. meet all preferred rail-face | Option -
Vehicle Stability — PASS ¢ No detached elements from geometrics criteria but falls o Reduce post spacing to meet LRFD strength
barrier that would present within the range of other requirements (e.g., 8 ft to 6.5 ft)
hazard. systems that have been o Taper top of posts.
Test 4-11 Structural Adequacy — PASS | e Moderate damage to system. | successfully crash tested. o Revise splice design by reducing internal gaps.
Pickup Occupant Risk — PASS e Dynamic deflection = 4.2” ® Meets LRFD minimum
e OIV within preferred limits | ® Moderate plastic lateral strength criterion of | Option 2:
e Preferred < ORA < critical deformations of the posts, 80 kip. o Change size of all rails to meet preferred rail-
Vehicle Stability — PASS rails and baseplates. geometric criteria and to improve strength.
¢ No detached elements from o Increase curb reinforcement by adding
barrier that would present additional longitudinal steel above the anchor
hazard. plates and/or increase anchor-bolt embedment.
Test 4-12 Structural Adequacy — PASS e Moderate to extensive o Revise splice design to reduce internal gaps.
SUT Occupant Risk — N.A. damage to system. o Taper top of posts.
Case 1:47.5” Vehicle Stability e Dynamic deflection: o Increase baseplate thickness and welds.
Bed e Case 1-PASS e Case1=7.6" . .
Case 2: 50” e Case 2 —-FAIL (/tis e Case2=8.1" Option 3. ]
Bed preferred that the vehicle | e High plastic deformations of o Increase post size (e.g., W8x28) to meet LRFD

remain upright but not
required.)

the posts, rails and
baseplates.

e The analysis resulted in
notable concrete damage at
two posts., corresponding
to potential cracks around
the front anchor bolts
and/or anchor pullout.

o No detached elements from
barrier that would present
hazard.

strength requirements.

o Increase curb reinforcement by adding
additional longitudinal steel above the anchor
plates and/or increase anchor-bolt embedment.

o Improve splice design by reducing internal
gaps.

o Taper top of posts to mitigate snag with over-
hanging vehicles.

o Use an HSS 5x4x5/16 for the lower rail
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Table 116. Summary of conclusions and recommendations for the NETC 4-bar sidewalk-mounted bridge rail.

MASH Test FEA Results: FEA Results: LRFD Calcs.
Case MASH Criteria System Damage for MASH Equivalency Conclusions and Recommendations
Test 4-10 Structural Adequacy — PASS | e Low levels of damage to ® Meets minimum height o Meets MASH TL4, albeit with considerable
Small Car Occupant Risk — PASS system e Does not meet all damage to system.
e preferred < OIV < critical e Dynamic deflection = 2.8” preferred rail-face e Design changes are recommended for this design,
e ORA within preferred limits | ® Low plastic deformation of geometrics criteria but falls unless additional evaluations are conducted.
but sensitive to time of post, rails and baseplates. within the range of other
occupant impact. * No detached elements from systems that have been Recommendations for improving overall crash
Vehicle Stability — PASS barrier that would present successfully crash tested. performance:
hazard. e Does not meet LRFD .
. Option 1:
Test 4-11 Structural Adequacy — PASS | ¢ Moderate damage to system. minimum lateral strength .
Pickup Occupant Risk — PASS e Dynamic deflection = 5.4” criterion of 80 kip. © Redl'lce post spacing to meet LRFD strength
e OIV within preferred limits | ¢ Moderate plastic requirements (e.g., 8 ft to 6.5 ft)
e Preferred < ORA < critical deformations of the posts, © Tapér top (.)prSt?' ..
Vehicle Stability — PASS rails and baseplates. o Revise splice design by reducing internal gaps.

e Snag damage at splice. Option 2:

* No detached elements from o Change size of all rails to meet preferred rail-
barrier that would present geometric criteria and to improve strength.
hazard. o Increase curb reinforcement by adding

Test 4-12 Structural Adequacy — PASS | ¢ Moderate to extensive additional longitudinal steel above the anchor
SUT Occupant Risk — N.A. damage to system. plates and/or increase anchor-bolt embedment.
47.5” Bed Vehicle Stability — PASS ¢ Dynamic deflection = 8.2” o Revise splice design to reduce internal gaps.

Moderate plastic
deformations of the rails.
High plastic deformations of
posts and baseplates.

The analysis resulted in
notable concrete damage at
the critical post,
corresponding to potential
cracks around the front
anchor bolts and/or anchor
pullout.

No detached elements from
barrier that would present
hazard.

o Taper top of posts.
o Increase baseplate thickness and welds.

Option 3:

o Increase post size (e.g., W8x28) to meet LRFD
strength requirements.

o Increase curb reinforcement by adding
additional longitudinal steel above the anchor
plates and/or increase anchor-bolt embedment.

o Revise splice design by reducing internal gaps.

o Taper top of posts to mitigate snag with over-
hanging vehicles.

o Use an HSS 5x4x5/16 for the 2™ to bottom rail.
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Table 117. Summary of conclusions and recommendations for the NETC 2-Bar transition.

2-Bar Transition (TL3)

MASH Test FEA Results: FEA Results:
Case MASH Criteria System Damage Recommendations
Test 3-20 Structural Adequacy — PASS Minimal damage to system e Meets MASH TL3
Small Car Occupant Risk — PASS Dynamic deflection = 6.3” e No design changes required.
e OIV within preferred limits No detached elements from barrier that . . .
. - Recommendations for improving overall
e ORA within preferred limits would present hazard. _
Vehicle Stability — PASS crash performance:
o  An additional deflector plate at the
Test 3-21 Structural Adequacy — PASS Moderate damage to system. lower edge of the thrie-beam
Pickup Occupant Risk — PASS Dynamic deflection = 11.8” terminal connector.

e OIV within preferred limits
e Preferred < ORA < critical
Vehicle Stability — PASS

No detached elements from barrier that
would present hazard.

o Revise expansion splice to reduce
internal gaps.
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Table 118. Summary of conclusions and recommendations for the NETC 3-bar transition.

MASH Test FEA Results: FEA Results:
Case MASH Criteria System Damage Recommendations
Test 4-20 Structural Adequacy — PASS e Minimal damage to system e Meets MASHTLA
Small Car Occupant Risk — PASS e Dynamic deflection = 5.8” o No design changes required.
e OIV within preferred limits | e No detached elements from barrier that
e ORA within preferred limits would present hazard. Recommendations for improving overall
Vehicle Stability — PASS crash performance:
o Taper top of posts to mitigate snag
Test 4-21 Structural Adequacy — PASS | e Moderate damage to system. with over-hanging vehicles.
Pickup Occupant Risk — PASS ¢ Dynamic deflection = 8” o Revise expansion splice to reduce
e OIV within preferred limits | e No detached elements from barrier that internal gaps.
e ORA at preferred limits would present hazard.
(e.g., ORAy = 15.1G)
Vehicle Stability — PASS
Test 4-22 Structural Adequacy — PASS Minimal damage to transition system, but
SUT Occupant Risk — N.A. moderate damage to bridge rail.
47.5” Bed Vehicle Stability — Possible Dynamic deflection = 4.3”

roll onto side (It is preferred
that the vehicle remain
upright but not required.)

Plastic deformations on the tops of Post 1
of transition and all three bridge rail posts
— caused by overhang of cargo-bed.

No detached elements from barrier that
would present hazard.
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Table 119. Summary of conclusions and recommendations for the Concrete-to-Thrie-Beam transition

MASH Test FEA Results: FEA Results:
Case MASH Criteria System Damage Recommendations
Test 4-20 e Structural Adequacy — PASS ® Moderate to significant damage to e Does Not Meet MASH TL4
Small Car e Occupant Risk — FAIL system. e Use 3-Bar Transition when applicable.
e OIV within preferred limit o Notable pocketing and sharp kink in
o ORA exceeded critical limit terminal connector at edge of buttress. Recommended design changes to reduce
¢ Vehicle Stability — PASS o Dynamic deflection = 6.7” snag on buttress
e No detached elements from barrier that o Taper face of buttress (.g., MWRSF
would present hazard design or MassDOT design).
Test 4-21 e Structural Adequacy — PASS e Moderate to significant damage to
Pickup e Occupant Risk — PASS system.
e OIV within preferred limits o Notable pocketing and sharp kink in
e Preferred < ORA < critical terminal connector at edge of buttress.
¢ Vehicle Stability — PASS e Dynamic deflection = 8.3”
o No detached elements from barrier that
would present hazard.
Test 4-22 o Structural Adequacy — Marginal | e Significant damage to transition
SUT e Occupant Risk — N.A. system.
47.5” Bed o Vehicle Stability — Probable Fail e Dynamic deflection = 17”

(It is preferred that the vehicle
remain upright but not
required.)

e Bridge rail posts were also damaged
due to overhang of cargo-bed.

e No detached elements from barrier
that would present hazard.
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