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ABSTRACT

The purpose of this project was to assess the performance of both the ODOT GR-2.2 guardrail
and the ODOT GR-3.4 transition system under NCHRP Report 350 test level 3 (TL-3)
conditions, propose any modifications that would improve their crashworthiness and, ultimately,
ensure that the final designs qualify for use on the National Highway System (NHS) as TL-3
systems.

Finite element analyses of the guardrail and transition system were performed using the LS-
DYNA finite element software to simulate NCHRP Report 350 Test 3-10 and Test 3-11 impact
scenarios. The analysis results indicated that the original ODOT GR-2.2 guardrail would
successfully meet all NCHRP Report 350 test level 3 safety criteria. The analyses also indicated,
however, that the performance of the system could be significantly improved with simple
modifications to the guardrail.

Based on the results of this study, the original GR-2.2 design and several improved designs have
been accepted by the FHWA as NCHRP Report 350 TL-3 systems and may be used on the
National Highway System at the state’s discretion. Further, the results of the study indicated that
the integrated system of the Nested Type 5 Guardrail with Tubular Backup and the ODOT GR-
3.4 transition would provide significant improvement in crashworthy performance in comparison
with the original design and was therefore recommended as a final design.

KEYWORDS
Guardrail, Guardrail Transition, ODOT GR-2.2, ODOT GR-3.4, Culvert Barrier, Finite Element
Analysis, NCHRP Report 350, Test 3-11, Test 3-10
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INTRODUCTION

The Ohio Department of Transportation (ODOT) uses a somewhat generic guardrail system
installed on many culverts throughout the state. The system used for this purpose employs the
standard ODOT Type 5 W-beam guardrail with a Tubular Backup (ODOT GR-2.2). The
guardrail system typically consists of two 13.5 ft (4.130 m) lengths of 12-gauge w-beam rails
backed up with TS 8x4x3/16 inch (203x101x4.76 mm) structural tubing and supported by
W6x25 steel section posts spaced 6.25 ft (1.9 m) on center. Mounting conditions for the guardrail
posts vary from site to site depending on the depth of soil cover over the culvert (refer to
Appendix 1 for detailed drawings). Figure 1 shows an installation of the system along a roadway
in Ohio.

Figure 1: Typical installation of the ODOT GR-2.2 guardrail

District personnel like the simplicity of this guardrail design and want very much to keep it as an
approved system. There are many of these culvert guardrail systems statewide and ODOT would
realize cost savings if this design remained as a standard.

The ODOT GR-2.2 originated from the Ohio Box Beam Bridge Rail. Although neither system
has been crash tested to determine if they qualify as NCHRP Report 350 Test Level 3 (TL-3)
systems, the Ohio Box Beam Bridge Rail was successfully crash tested under NCHRP Report
230 guidelines for MSL-2, i.e.
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— 1,980 Ib. car impacting at 60.6 mph at 19.6 degrees

— 4,790 Ib. car impacting at 60.0 mph at 25.0 degrees
In the FHWA Bridge Rail Memorandum, May 30, 1997, the Ohio Box Beam Bridge Rail was
given the classification of a Report 350 Test Level 2 (TL-2) system based on successful
performance in Report 230 MSL-2 tests.™? Although the MSL-2 performance level is close to
TL-3, it was decided by the FHWA that adequate TL-3 performance cannot be measured without
a pickup truck test.

Additionally, the ODOT GR-2.2 is relatively stiff and requires a transition system to connect it to
a standard strong post guardrail (e.g., ODOT Type 5 guardrail). The transition system that is
currently used with the ODOT GR-2.2 is called the ODOT Bridge Terminal Assembly Type 4
(ODOT GR-3.4).

Unlike rigid barriers, such as bridge rails, which require the transition section to be very rigid as
it nears the attachment point to the barrier, the GR-2.2 has a range of stiffness values depending
on the mounting conditions to the culvert or soil. The post mounting conditions for the GR-2.2
range from posts fully encased in concrete (very stiff system) to posts embedded in 3’-5” of soil
(a much less stiff system). Refer to the standard drawings of the ODOT GR-2.2 in Appendix 1
for details. Because of the relatively high lateral stiffness of the FHWA approved TL-3 transition
systems,i none would likely be compatible with the ODOT GR-2.2 over the full range of possible

mounting conditions.

The purpose of this project was to assess the performance of both the ODOT GR-2.2 guardrail
and the ODOT GR-3.4 transition system under TL-3 conditions, propose any modifications that
would improve their crashworthiness and, ultimately, to ensure that the final designs qualify for

use on the National Highway System (NHS) as TL-3 systems.

" See list of approved systems on the FHWA website at
http://safety.fhwa.dot.qov/roadway dept/road hardware/longbarriers.htm)
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RESEARCH OBJECTIVES

The objectives of this research were to:

Phase 1

Phase 2

Phase 3

Evaluate the performance of the ODOT Type 5 Tubular Backup Guardrail system
(ODOT GR-2.2) and determine if the system is likely to qualify for use on Federal
Highways as a TL-3 system.

Identify any weaknesses of the system that may affect its performance and propose
any changes (if they are needed) to the system that will result in successful

performance under test level 3 conditions.

Evaluate the performance of the ODOT Bridge Terminal Assembly Type 4 (ODOT
GR-3.4) for use with the ODOT Type 5 Tubular Backup Guardrail system and
determine if it qualifies as a TL-3 system

Identify any weaknesses of the system that may affect its performance, identify other
TL-3 transitions that may work more effectively with the ODOT GR-2.2 or propose
any changes to the current system that will result in improved performance

Conduct full-scale crash tests consistent with NCHRP Report 350 Test 3-11 to verify
the performance of the final design of the guardrail and transition systems.
Obtain acceptance letter from FHWA that the system qualifies for use on the NHS as a

TL-3 system

To achieve these objectives, analyses of the guardrail and transition systems were performed

using the LS-DYNA finite element analysis software to simulate NCHRP Report 350 Test 3-10

and Test 3-11 impact scenarios. Finite element models of the guardrail and transition were

developed by Battelle staff for use in this research. The vehicle models used in the analyses

were the best “off the shelf” models that were available. The vehicle models were developed at
the National Crash Analysis Center (NCAC) in Ashburn, VA and have been further modified by

various researchers over the years to improve their fidelity in analysis of impact conditions

corresponding to Test 3-10 and 3-11.3*
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RESEARCH APPROACH

Two analysis methods were considered for use in the study: finite element (F.E.) analysis and
full-scale crash testing. Since the early 1990’s finite element analysis has become a fundamental
part of the design and analysis of roadside safety hardware. F.E. analysis is capable of dealing
with the highly nonlinear behavior associated with nonlinear material properties, large

deformations and strain-rate effects which are all inherent in high energy crash events.

The use of F.E. analysis provides a very cost effective means of thoroughly evaluating the
mechanics (stress, strain, energy, etc.) of individual components of the guardrail, as well as the
apparent performance of the guardrail system as a whole. For example, once a finite element
model has been developed, the cost of making simple modifications to the system’s design is
very straight forward and many design modifications can be evaluated at minimal cost compared
to full-scale testing. The data collection process using F.E. analysis is trivial and thus detailed
information regarding performance of critical components can be obtained very easily compared
to the data collection requirements in full-scale tests. Thus when failure occurs, the cause of
failure can be identified directly from the analysis and measures can be taken to correct the
deficiency.

The advantage of full-scale crash tests is that they are actual physical impact events where there
is little ambiguity about the results. The disadvantage is that they are costly and it is seldom
feasible to perform very many tests. Another disadvantage of full-scale testing is that it is not
feasible to collect detailed data at every critical point in the system, thus when a test fails, a
forensic approach is often necessary in order to determine the actual cause of failure. Although
full-scale testing is not an efficient means of analysis in the design stages of a system, it is very
important for the final verification of system performance and is often required for qualification
of roadside safety hardware by the FHWA for use on the National Highway System (NHS).

The basic research approach taken in this study was to first critically evaluate the crash

performance of the ODOT GR-2.2 guardrail and the ODOT GR-3.4 transition systems using F.E.
analysis. The results of those analyses were then used to identify any deficiencies in the systems’
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designs and modifications were made to correct those deficiencies. The modified systems were
again evaluated using F.E. analysis to verify successful crash performance. Once successful
designs were achieved, the FHWA was solicited for approval that the final designs qualify as
TL-3 systems for use on the NHS. If FHWA approval could not be obtained based solely on the
results of the analysis then full-scale crash testing would be used to verify the systems’

performance.

PHASE |
Phase 1 involved analysis of the ODOT GR-2.2 guardrail for TL-3 impact conditions and
suggest any improvements that would enhance the system’s performance and ensure that it will

successfully pass TL-3 tests.

Analysis Criteria

There are two tests required in NCHRP Report 350 for qualifying a guardrail as a TL-3 system:
Test 3-10 and Test 3-11. Test 3-10 involves an 820-kg small car (e.g, Geo Metro) impacting at
the critical impact point of the guardrail at a speed of 62 mph (100 km/hr) and at an impact angle
of 20 degrees. Test 3-11 involves a 2000-kg pickup truck (e.g., Chevrolet C2500) impacting at
the critical impact point of the guardrail at a speed of 62 mph (100 km/hr) and at an impact angle
of 25 degrees.

The performance of the guardrail is evaluated based on criteria for structural adequacy of the
barrier, vehicle stability during and after redirection, and occupant risk factors. In particular,
NCHRP Report 350 requires that the guardrail must redirect the vehicle without allowing the
vehicle to penetrate behind the system, the vehicle must remain upright during and after
redirection, occupant impact with the interior of the vehicle must not exceed velocities more than
39.3 ft/s (12 m/s) and the longitudinal ridedown accelerations of the occupant must not exceed
20 g’s.
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Guardrail Mounting Options
The ODOT Type 5 guardrail with tubular backup uses a different post type and anchoring
mechanism depending on the amount of soil cover over the culvert (see Appendix 1 for details),
as listed below:
o Cover depth < 1.0 ft
= Post Type = W6x25
= Post mounted to top of culvert with partial soil cover
0 1.0<Cover depth <2’-6”
= Post Type = W8x28
= Post mounted to top of culvert with partial soil cover
0 2’-6” < Cover depth < 3’-5”
= Post Type = W6x25
= Post encased in 2.5 ft of concrete (starting at grade)
o Cover depth > 3’-5”
= Post Type = W6x25
= Post embedded in soil 3’-5” deep

It was not be feasible to evaluate every scenario of soil cover, post type and post mounting
condition, thus two post mounting conditions were selected for evaluation in the analysis: 1)
posts completely encased in concrete and 2) posts embedded in 3’-5” of soil. These mounting
conditions represent the most stiff and the most flexible boundary condition, respectively, for the
system and were chosen because they bound the problem (i.e. the performance of the other

mounting options should fall somewhere between these two scenarios).

Finite element models of the ODOT GR-2.2 guardrail and the ODOT GR-3.4 transition systems
were developed and the LS-DY NA finite element analysis software was used to simulate

NCHRP Report 350 Test 3-10 and Test 3-11 impact conditions.
The results of the analyses were critically evaluated in order to identify deficiencies in the

various components of the system that may affect its overall performance. Modifications were

then proposed to correct the problem. The proposed modifications incorporated as much of the
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existing hardware as possible and required minimal added cost for implementation and retrofit of
currently installed systems. The modified systems were then evaluated using F.E. analysis to

ensure that they would result in successful performance under test level 3 conditions.

PHASE II

Phase 2 involved analysis of the ODOT GR-3.4 transition system, which is currently used with
ODOT GR-2.2, and to suggest any improvements to the system that would enhance its
performance. Other TL-3 transitions systems were also to be considered as potential candidates
for use as a transition to the ODOT GR-2.2 guardrail.

The finite element models developed in Phase 1 were used to evaluate the TL-3 performance of
the ODOT Bridge Terminal Assembly Type 4 (ODOT GR-3.4) and its compatibility as a
transition system for the ODOT Type 5 Tubular Backup guardrail.

PHASE 111

Phase 3 involved verification that the final guardrail and transition designs were TL-3 approved
systems, and ultimately, to receive FHWA acceptance for the use of the systems on the NHS.
Verification of TL-3 performance is typically done through full-scale crash testing which was
included in the original research approach; however, full-scale testing was not required by
FHWA due to sufficient evidence of successful performance of the final system design

demonstrated in the F.E. analysis.
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PHASE | - EVALUATION AND REDESIGN OF THE ODOT GR-2.2
GUARDRAIL

MODEL DEVELOPMENT

C2500 Vehicle Model

The vehicle type recommended for NCHRP Report 350 Test 3-11 is the 2000P test vehicle (e.g.,
Chevrolet 2500 and GMC 2500). A finite element model of the Chevrolet 2500, called the
C2500 model, was developed by the National Crash Analysis Center at George Washington
University under Federal Highway Administration (FHWA) sponsorship. A modified version of
the NCAC C2500 Version 9 reduced element pickup truck finite element model was used to
simulate the impact of a 2000P vehicle into the ODOT Type 5 Tubular Backup Guardrail system
(ODOT GR-2.2 guardrail). The mass of the vehicle is 2000 kg and the center of gravity is at

approximately 737 mm above ground.

Several modifications were made to the suspension system components of the model in an earlier
study by researchers at Worcester Polytechnic Institute.>* This version of the model has been
used extensively by members of the research team in previous studies for simulating vehicle-to-

guardrail impacts and the performance of the model in those analyses were satisfactory.>®

820C Vehicle Model

The vehicle type recommended for NCHRP Report 350 Test 3-10 is the 820C test vehicle (e.g.,
820-kg Geo Metro). A finite element model of the Geo Metro was developed by the National
Crash Analysis Center at George Washington University under Federal Highway Administration
(FHWA) sponsorship. Unlike the NCAC C2500 finite element model, the NCAC Geo Metro
model has not been used as extensively by the crash analysis community so the accuracy and
robustness of the model are not well known. In fact, there is very limited full-scale test data
involving the use of the Geo Metro vehicle with longitudinal barriers, thus validation of the

model’s results in such analyses are also limited.

As part of a study conducted by the Texas Transportation Institute (TTI) under the sponsorship
of the National Cooperative Highway Research Program (Project NCHRP 22-19), some
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assessments and modifications of the Geo Metro vehicle model have been made. The suspension
and tires of the model were significantly modified by TTI using a preprocessor called Virtual

Proving Ground (VPG) Version 2.0, developed by Engineering Technology Associates, Inc.

In an effort to validate (at some level) the Geo Metro finite element model, Battelle sought
existing physical crash test data for this vehicle. Full-scale test data (Test No. 511 on 5/6/97)
from a study sponsored by the California Department of Transportation (CALTRANS) was used
to verify the fidelity of the model with TTI modifications.” The CALTRANS study involved a
1992 Geo Metro impacting the Type 70 Bridge Rail (i.e., a single slope concrete barrier with 9.1
degree face and 810 mm tall) under impact condition consistent with NCHRP Report 350 test 3-
10.

The modified Geo Metro model provided satisfactory results regarding the overall kinematics of

the vehicle. See Appendix 2 for analysis results.

ODOT GR-2.2 Guardrail Model

The guardrail model consisted of two 4.1 m lengths of 12-gauge w-beam elements backed up
with TS 203x101x4.76 mm structural tubing and supported by five W6x25 posts spaced 1.9 m
on center, as illustrated in Figure 2 and Figure 3. The height of the guardrail was 550 mm from
the ground to the center of the w-beam rail element. The bolted connections of the w-beam and
backup tube to the support posts were modeled explicitly, however, the nuts and bolt head were
modeled as rigid material since deformations in these areas were expected to be insignificant in
the results. The system also included a transition section (ODOT GR-3.4) on the upstream and
downstream ends of the guardrail. Figure 4 shows the model with the upstream transition
included. The total length of the guardrail system, including the transition sections, was 15.5 m.
The boundary conditions at the ends of the w-beams on the transition sections are modeled with
non-linear springs that simulate anchor conditions corresponding to the SEWO03 (designation
from AASHTQO’s A Standardized Guide to Highway Barrier Hardware) with a ground-line strut

between the anchor posts.
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Figure 2: Cross-section view of guardrail model

As discussed earlier, it was not be feasible to evaluate every scenario of soil cover, post type and
post mounting condition, thus two post mounting conditions were selected for evaluation in the
analysis: 1) posts completely encased in concrete and 2) posts embedded in 3’-5” of soil. These
mounting conditions represent the most stiff and the most flexible boundary condition,
respectively, for the system and were chosen because they bound the problem (i.e. the

performance of the other mounting options should fall somewhere between these two scenarios).
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Figure 3: Isometric view illustrating typical components of guardrail model.
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TEST 3-11 ON ODOT GR2.2
Time = 1}

Figure 4: ODOT GR-2.2 guardrail model with ODOT GR-3.4 transition on the upstream end

For the case of posts completely encased in concrete, the posts were modeled with fixed
boundary conditions at the groundline. For the case of posts embedded in 3’-5” of soil, the posts
were modeled embedded in a “soil bucket,” which was modeled as a continuum of solid
lagrangian elements, as illustrated in Figure 4. The soil material was modeled using material type
*MAT_DRUCKER_PRAGER in LS-DYNA. The properties of the soil model were consistent with
NCHRP Report 350 standard soil. The interaction between the post and soil was modeled using

the LS-DYNA contact definition, *CONTACT_AUTOMATIC_NODES_TO_SURFACE.

ANALYSIS OF THE ODOT GR-2.2 GUARDRAIL

Guardrail Posts in Concrete Foundation — Test 3-10

The finite element models of the Geo Metro vehicle and the ODOT GR-2.2 guardrail were used
to simulate NCHRP Report 350 Test 3-10. In accordance with Test 3-10, the vehicle impacts the
guardrail at 100 km/hr at an angle of 20 degrees with respect to the rail. The impact point of the
system was 0.50 m downstream of the first post (refer to Figure 5). Time-history data (e.g.,
accelerations, velocities, displacements) were collected at the center of gravity of the vehicle in a
coordinate frame local to the vehicle using the accelerometer feature in Is-dyna.
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B
Figure 5: Vehicle impacts guardrail at 0.50 m downstream of post 1

The results of the analysis indicated that the guardrail system would safely contain and redirect
the vehicle, meeting all safety criteria of Report 350. The exit velocity of the truck was 73.83
km/hr at an angle of 5.0 degrees. The maximum roll and pitch angular displacements of the
vehicle was 1.7 degrees (away from the guardrail) and 2.8 degrees (front of vehicle pitches
upward), respectively. The occupant impact velocity in the longitudinal direction was 5.6 m/s
and the highest 0.010-second occupant longitudinal ridedown acceleration was -12.1 g. Table 1
and Figure 6 provide a summary of analysis results based on Report 350 evaluation criteria.
More details of the F.E. analysis results are presented in Appendix 3.
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Table 1: Evaluation Criteria and Simulation Summary (Guardrail Posts in Concrete Foundation - Test 3-10)

Evaluation Evaluation Criteria Test Results Assessment
Factors
Structural A. Test article should contain and redirect the vehicle; the vehicle Vehicle smoothly redirected
Adequacy should not penetrate, under-ride or over-ride the installation although with minimal deformation to Pass
controlled lateral deflection of the test article is acceptable. the barrier
Occupant D. Detached elements, fragments or other debris from the test article The vehicle model cannot
Risk should not penetrate or show potential for penetrating the occupant reproduce failure or rupture of
compartment, or present an undue hazard to other traffic, pedestrians elements, however, the analysis
or other personnel in a work zone. Deformations of, or intrusions into, | indicated that only minimal N. A.
the occupant compartment that could cause serious injuries should not | deformation of the occupant
be permitted. compartment would be
expected.
The vehicle remained upright
F. The vehicle should remain upright during and after collision with mlnlr_nal roll, pitch ar.ld
although moderate roll, pitching and yawing are acceptable yaw. Maximum roll angle: 1.7 Pass
g P g y g P ' deg. Maximum pitch angle 2.8
deg.
H. Occupant impact velocities should satisfy the following: N
Occupant Impact Velocities Limits [m/s] Longitudinal 5.6 m/s Pass
Component Preferred Maximum
Longitudinal and Lateral 9 12 Lateral 7.7 m/s
I. Occupant ridedown accelerations should satisfy the following: N
Occupant Ridedown Accelerations Limits [G’s] Longitudinal 12.1 g Pass
Component Preferred Maximum Lateral 10.1 g
Longitudinal and Lateral 15 20 '
Vehlcle K Aftfer coII|5|on_ is preferable that the vehicle’s trajectory not intrude Vehicle did not intrude Pass
Trajectory into adjacent traffic lanes.
M. The exit angle from the test article preferably should be less than . 0
60 percent of test impact angle, measured at time of vehicle loss of Exit angle 5 deg., 25% of the Pass

contact with test device.

impact angle.
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[ ]
Time = 0.050 seconds Time = 0.100 seconds Time = 0.150 seconds Time = 0.330 seconds

Barrier Type ......... ODOT GR-2.2 w/posts in concrete Occupant Impact Velocity
Vehicle Model Longitudinal ................. 6.5<12m/s
Type oo, TTI Geo Metro Lateral ..........c.ccviennnns 9.1
Mass ......oevvvnnnnn. 800 kg Occupant Ridedown Deceleration (g’s)
Initial Conditions Longitudinal ................. 12.1<204g’s
Speed .........oeeei 100 km/hr Lateral ........ccovvnvinennnnn. 10.1
Angle ... 20 degrees Maximum 50 ms Moving Average Acceleration (g’s)
Exit Conditions Longitudinal .................. 10.9
Speed ... 73.83 km/hr Lateral ........ccoevnvinennnnn. 16.9
Angle ................ 5 degrees Vertical ..........coeevieiiii. 25
Maximum Roll Angle ...... 1.7 degrees THIV (M/S) oo, 10.5
Maximum Pitch Angle ..... 2.8 degrees PHD (97S) «vvvieine e eenn, 11.0
Vehicle Stability ............ Very Stable Redirection ASI ... 193

Figure 6: Summary of analysis results for Test 3-10 on ODOT GR-2.2 guardrail with guardrail posts in concrete foundation
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Guardrail Posts in Concrete Foundation — Test 3-11

The analysis was performed according to the impact conditions specified in NCHRP Report 350
test 3-11 (i.e., 2000-kg pickup impacts at 100 km/hr at an impact angle of 25 degrees at the
critical impact point (CIP) of the system). The impact point of the system was 0.35 m
downstream of the first post (refer to Figure 7). Time-history data (e.g., accelerations, velocities,
displacements) were collected at the center of gravity of the vehicle in a coordinate frame local

to the pickup truck using the accelerometer feature in Is-dyna.

Figure 7: Vehicle impacts guardrail at 0.35 m downstream of post 1

The results of the analysis indicated that the guardrail system would safely contain and redirect
the vehicle, meeting all safety criteria of Report 350. Although the analysis resulted in successful
redirection, there was some indication of a potential for wheel snag under slightly higher impact

severity (e.g., higher mass, higher velocity or higher angle).

The exit velocity of the truck was 76.0 km/hr at an angle of 11.7 degrees. The maximum roll and
pitch angular displacements of the truck was -3.2 degrees (toward the guardrail) and -6.2 degrees
(rear of vehicle pitches upward), respectively. The occupant impact velocity in the longitudinal
direction was 6.5 m/s and the highest 0.010-second occupant longitudinal ridedown acceleration
was -6.2 g. Table 2 and Figure 8 provide a summary of analysis results based on Report 350
evaluation criteria. More details of the F.E. analysis results are presented in Appendix 4.
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Table 2: Evaluation Criteria and Simulation Summary (Guardrail Posts in Concrete Foundation - Test 3-11)

Evaluation Evaluation Criteria Test Results Assessment
Factors
Structural A. Test article should contain and redirect the vehicle; the vehicle should not Vehicle smoothly redirected
Adequacy penetrate, under-ride or over-ride the installation although controlled lateral with minimal deformation to Pass
deflection of the test article is acceptable. the barrier
Occupant D. Detached elements, fragments or other debris from the test article should not )
Risk penetrate or show potential for penetrating the occupant compartment, or present | Not possible to evaluate
an undue hazard to other traffic, pedestrians or other personnel in a work zone. | Since the vehicle model N. A
Deformations of, or intrusions into, the occupant compartment that could cause | c@nnot reproduce failure or o
serious injuries should not be permitted. rupture of elements.
The vehicle remained upright
F. The vehicle should remain upright during and after collision although and staple aft_er exiting the .
moderate roll, pitching and yawing are acceptable system. Maxwpum roI_I angle: Pass
’ ' 3.2 deg. Maximum pitch
angle 6.2 deg.
H. Occupant impact velocities should satisfy the following: N
Occupant Impact Velocities Limits [m/s] Longitudinal 6.5 m/s P
Component Preferred Maximum Lateral 9.1 m/s ass
Longitudinal and Lateral 9 12 '
I. Occupant ridedown accelerations should satisfy the following: Lonaitudinal 6.2
Occupant Ridedown Accelerations Limits [G’s] g <9 P
Component Preferred Maximum Lateral 8.4 g ass
Longitudinal and Lateral 15 20 '
Vehicle K. After collision is preferable that the vehicle’s trajectory not intrude into Vehicle did not intrude into
. . : . . Pass
Trajectory adjacent traffic lanes. adjacent traffic lane
M. The exit angle from the test article preferably should be less than 60 percent | Exit angle 11.7 deg., 47% of Pass

of test impact angle, measured at time of vehicle loss of contact with test device.

the impact angle.
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Time = 0.060 seconds Time = 0.150 seconds Time = 0.250 seconds Tir}le =0.330 seconds

Barrier Type ......... ODOT GR-2.2 w/post in concrete Occupant Impact Velocity
Vehicle Model Longitudinal ................. 6.5<12m/s
Type oo, Modified NCAC C2500 Lateral ........ccovvnvinennnnn. 9.1
Mass .....cevvveennn. 2000 kg Occupant Ridedown Deceleration (g’s)
Initial Conditions Longitudinal ................. 6.2<204Q’s
Speed ... 100 km/hr Lateral ........ccovvnvinennnnn. 8.4
Angle ................. 25 degrees Maximum 50 ms Moving Average Acceleration (g’s)
Exit Conditions Longitudinal .................. 10.5
Speed .......oenenl 76.0 km/hr Lateral ........oovvnvennnn.n. 15.6
Angle ................. 11.7 degrees Vertical ..........coeevviieii. 2.6
Maximum Roll Angle ...... 3.2 degrees THIV(M/S) o 10.5
Maximum Pitch Angle ..... 6.2 degrees PHD (97S) «vvvieiie v, 11.0
Vehicle Stability ............ Acceptable ASI ... 193

Figure 8: Summary of analysis results for Test 3-11 on ODOT GR-2.2 guardrail with guardrail posts in concrete foundation
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Guardrail Posts in Soil Foundation — Test 3-11

In the case of a cover depth over a culvert of greater than 3’-5”, ODOT uses the GR-2.2 guardrail
with steel W6x25 section posts embedded in soil 3’-5”. The F.E. analysis of this system was
performed according to the impact conditions specified in NCHRP Report 350 test 3-11 (i.e.,
2000-kg pickup impacts at 100 km/hr at an impact angle of 25 degrees at the critical impact point
(CIP) of the system). The impact point of the system was 0.35 m downstream of the first post of
the GR-2.2 section (refer to Figure 9). Time-history data (e.g., accelerations, velocities,
displacements) were collected at the center of gravity of the vehicle in a coordinate frame local

to the pickup truck using the accelerometer feature in Is-dyna.

Figure 9: Vehicle impacts guardrail at 0.35 m downstream of post 1

The results of the finite element analysis indicate that the guardrail will perform satisfactorily,
however, the vehicle did experience moderate roll during redirection. The guardrail is
sufficiently strong enough to contain and redirect the 2000-kg pickup in NCHRP Report 350
Test level 3 conditions with moderate deflection of the system. The maximum deflection of the
guardrail was 413 mm. The exit velocity of the truck was 75.0 km/hr at an angle of 17 degrees.
The maximum roll and pitch angular displacements of the truck was -19.6 degrees (toward the
guardrail) and -2.3 degrees (rear of vehicle pitches upward), respectively. The occupant impact
velocity in the longitudinal direction was 4.2 m/s and the highest 0.010-second occupant
longitudinal ridedown acceleration was -7.9 g. Table 3 and Figure 10 provide a summary of
analysis results based on Report 350 evaluation criteria. More details of the F.E. analysis results

are presented in Appendix 5.
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Table 3: Evaluation Criteria and Simulation Summary (Guardrail Posts in Soil Foundation - Test 3-11)

E\I/:ag:tgtrl:n Evaluation Criteria Test Results Assessment
Structural A. Test article should contain and redirect the vehicle; the vehicle should not . .
) . : X Vehicle was contained and
Adequacy penetrate, under-ride or over-ride the installation although controlled lateral redirected Pass
deflection of the test article is acceptable.
Occupant D. Detached elements, fragments or other debris from the test article should ) _
Risk not penetrate or show potential for penetrating the occupant compartment, or | Not pos_S|bIe to evaluate since
present an undue hazard to other traffic, pedestrians or other personnel ina | the vehicle model cannot N A
work zone. Deformations of, or intrusions into, the occupant compartment reproduce failure or rupture of o
that could cause serious injuries should not be permitted. elements.
The vehicle remained upright
F. The vehicle should remain upright during and after collision although R/Lllt s_howed rrllloderalltt? ;(;IIGachle. P
moderate roll, pitching and yawing are acceptable. aximum roli angle. 19.5 deg. ass
Maximum pitch angle -2.3 deg.
Maximum yaw angle 20.6 deg.
H. Occupant impact velocities should satisfy the following: -
Occupant Impact Velocities Limits [m/s] Longitudinal 4.2 m/s Pass
Component Preferred Maximum
Longitudinal and Lateral 9 12 Lateral 6.5 m/s
I. Occupant ridedown accelerations should satisfy the following: Lonaitudinal 7.9
Occupant Ridedown Accelerations Limits [G’s] ongitudinal 7.9 P
Component Preferred Maximum Lateral 14.9 g ass
Longitudinal and Lateral 15 20 '
Vehicle K. After collision is preferable that the vehicle’s trajectory not intrude into Exit angle of the vehicle
Trajectory adjacent traffic lanes. indicates that vehicle may Fail
intrude into adjacent traffic lane
M. The exit angle from the test article preferably should be less than 60 )
percent of test impact angle, measured at time of vehicle loss of contact with Exit angle 17.0 deg., 68% of the Fail

test device.

impact angle.
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Time = 0.100 seconds Time = 0.200 seconds Time = 0.300 seconds Time = 0.500 seconds

Barrier Type ......... ODOT GR-2.2 w/post in soil Occupant Impact Velocity
Vehicle Model Longitudinal ................. 4.2<12m/s
Type oo, Modified NCAC C2500 Lateral ..........cocevieinnnes 6.5
Mass ......ccvveenenn. 2000 kg Occupant Ridedown Deceleration (g’s)
Initial Conditions Longitudinal ................. 79<204g’s
Speed .........oenei 100 km/hr Lateral ..........coccviennnns 14.9
Angle ................. 25 degrees Maximum 50 ms Moving Average Acceleration (g’s)
Exit Conditions Longitudinal .................. 4.7
Speed ... 75.0 km/hr Lateral ........ccovvnvinennnnn. 8.1
Angle ................. 17.0 degrees Vertical ................oeeee 2.9
Maximum Roll Angle ...... 19.6 degrees THIV (M/S) oo, 7.1
Maximum Pitch Angle ..... 2.3 degrees PHD (97S) «+vvieine e, 214
Vehicle Stability ............ Acceptable ASI .. 098

Figure 10: Summary of analysis results for Test 3-11 on ODOT GR-2.2 guardrail with guardrail posts in soil
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Summary of ODOT GR-2.2 Analysis
Finite element analysis was used to evaluate the performance of the GR-2.2 guardrail system. It
was not be feasible to evaluate every scenario of soil cover, post type and post mounting
condition, thus two post mounting conditions were selected for evaluation in the analysis

1) Post completely encased in concrete

2) Posts embedded in 3’-5” of soil

These mounting conditions represent the most stiff and the most flexible boundary condition,
respectively, for the system and were chosen because they bound the problem (i.e. the

performance of the other mounting options should fall somewhere between these two scenarios).

The analyses indicated that the system would pass NCHRP Report 350 Test Level 3. However,
for the case of the posts mounted in concrete, the analysis indicated that there was a slight
potential for wheel snag on the posts. It is expected that for impact conditions more severe than
those of Test 3-11 the potential for wheel snags increases significantly. Further discussion on this
subject and means of addressing the problem are presented in the following section of this report.

IMPROVMENTS TO THE ODOT GR-2.2 GUARDRAIL

The analysis of the original guardrail design indicated that system would likely pass Report 350
test level 3 criteria, however, the results also identified a potential for the front wheel of the
vehicle to get under the rail far enough to contact the guardrail posts, as shown in Figure 11. The
steel W6x25 posts are very heavy and very stiff, and thus a wheel snag on the posts would likely

result in high decelerations and possible vehicle instability.

The w-beam on the face of the system is much less stiff than the tubular backup, and as a result
the tire of the vehicle compresses the lower part of the w-beam rail inward, wrapping the w-
beam around the tube, as illustrated in Figures 12 and 13, allowing the tire to penetrate
underneath the guardrail. The Finite element analysis did not result in the tire snagging on a
guardrail post, however, it was inferred from the analysis results that the potential for tire snag

exists, especially for more severe impact cases.
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Figure 12: Cutaway view of the guardrail illustrating deformation of w-beam “wrapping”
around tube section in Test 3-11 impact analysis.

Figure 13: View from the F.E. analysis illustrating the interaction of the tire with the guardrail
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Proposed Design Modifications
Four modified systems were proposed to mitigate wheel snag and designs 1 through 3 were

selected for further evaluation using F.E. analysis:
1) Two-tube tubular backup system
2) Rub-rail retrofit
3) Nested w-beam retrofit
4) Added tube through lower spacer block retrofit (analysis not conducted)

Design 1: Two-Tube Tubular Backup System

As opposed to having only one tube behind the w-beam for support, two thinner tubes could be
used at the top and bottom of the w-beam, similar to the “long span” design shown in Figure 14.
With such a design the guardrail would effectively have a taller face and make it less likely for

the tire to push underneath.

Figure 14: Long-span guardrail across a culvert on HW 315 in Delaware, County.

Another system that uses a two-tube design is Texas T101 bridge rail, shown in Figure 15. The
T101 was classified as a Report 350 TL-3 system in the FHWA Bridge Rail Memorandum of
May 30, 1997 based on the following Report 230 testing:

- 2,780 Ib. car impacting at 57.3 mph and 15.0 degrees

- 4,660 Ib. car impacting at 60.2 mph and 15.0 degrees

- 4,630 Ib. car impacting at 59.8 mph and 25.8 degrees
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- 6,900 Ib. bus impacting at 53.4 mph and 15 degrees

- 19,940 Ib. bus impacting at 55.3 mph and 15.2 degrees
- 20,010 Ib. bus impacting at 52.0 mph and 13.2 degrees
- 31,880 Ib. bus impacting at 58.4 mph and 16.0 degrees

The modified design of the ODOT GR-2.2 with two-tube backup is shown in Figure 16 and
includes:

» A spacer block between the two tubes

» Tubes and spacers are welded together

* One bolt with washers connects w-beam to post (same as original design)

» Standard post spacing of 1.9 m

» The tubes are bolted to the posts separately

FTS 4x3x3/16 (Fr = 50 ksi)
- W6x20 Post F'. 12 gauge W-Heam

5/8" Dia. Bolis

|1k 2 1 Donbie Ferm
Trew Pipe Sleove

ﬂ.l. S [ __._IT_I '—HL':' YL B
3 j L TR Besi B

s %3 Dia A305 Aneer Dads

Figure 15: Drawing of the Texas T101 bridge rail
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Figure 16: Finite element model of the modified GR-2.2 with two-tube backup design

The performance of the two-tube system was analyzed for NCHRP Report 350 Test 3-11 impact
conditions. Two mounting conditions for the posts were simulated: 1) full concrete embedment

and 2) 3’-5” embedment in soil. The results of those analyses are summarized below.

Full Concrete Embedment of Posts (Rigid Mounting)

The vehicle model impacted the guardrail system 0.35 m downstream of post 1. Upon contact,
the vehicle was traveling at 100 km/hr at an angle of 25 degrees with respect to the rail. The
results of the finite element analysis indicate that the guardrail will perform satisfactorily,
however, the vehicle did experience moderate roll during redirection. The vehicle exited the
system at approximately 0.370 seconds with an exit velocity of 84.6 km/hr at an angle of 10.1
degrees. The maximum roll and pitch angular displacements of the truck was -23.5 degrees
(toward the guardrail) and -6.7 degrees (rear of vehicle pitches upward), respectively.

During impact and redirection, the wheel of the vehicle did not penetrate underneath the w-beam,

as illustrated in Figure 17, thus there was little or no potential for wheel snag. Figure 18 shows
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guardrail deformation of the two-tube system compared to the standard GR-2.2 system. In the
two-tube system, the effective height of the barrier face was maintained, preventing the tire of
the vehicle from getting under the rail. The vehicle did experience moderate roll angle during

redirection, however, vehicle stability was maintained in the simulation.

oD |6
|

Figure 17: Sequential views of the simulated Test 3-11 impact event on the GR-2.2 with two-
tube backup (posts in concrete)

Time = 0.094999

Standard GR-2.2 Two-Tube Design

Figure 18: Comparison barrier deformation of the standard GR-2.2 design and the modified two-
tube backup design.

The occupant impact velocity in the longitudinal direction was 5.9 m/s and the highest 0.010-
second occupant longitudinal ridedown acceleration was -5.6 g. Table 4 and Figure 19 provide a
summary of analysis results based on Report 350 evaluation criteria. More details of the F.E.

analysis results are presented in Appendix 6.
Embedment of Posts in 3’-5” Soil

The vehicle model impacted the guardrail system 0.35 m downstream of post 1. Upon contact,

the vehicle was traveling at 100 km/hr at an angle of 25 degrees with respect to the rail. During
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impact the posts rotated back in the soil allowing the wheel to come near the base of the posts,
however, contact with the posts was not likely. Figure 20 shows the posts pushed back in the soil
and the relative distance between the tire and post. A series of snapshots of the analysis
corresponding to key events is shown in Figure 21: maximum guardrail deformation, vehicle
exiting the system and post impact trajectory of the vehicle. The analysis did indicate moderate

roll angle of the vehicle during redirection, however, vehicle stability was maintained.

The vehicle exited the system at approximately 0.370 seconds with an exit velocity of 85.3 km/hr
at an angle of 11.08 degrees. The maximum roll and pitch angular displacements of the truck was
-30.7 degrees (toward the guardrail) and -6.1 degrees (rear of vehicle pitches upward),

respectively.
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Table 4: Evaluation Criteria and Simulation Summary for Two-Tube Design with Posts in Concrete Foundation - Test 3-11

E\I/:ag:tgtrl:n Evaluation Criteria Test Results Assessment
Structural A. Test article should contain and redirect the vehicle; the vehicle should not . .
) . : X Vehicle was contained and
Adequacy penetrate, under-ride or over-ride the installation although controlled lateral redirected Pass
deflection of the test article is acceptable.
Occupant D. Detached elements, fragments or other debris from the test article should not _
Risk penetrate or show potential for penetrating the occupant compartment, or present | Not possible to evaluate
an undue hazard to other traffic, pedestrians or other personnel in a work zone. | Since the vehicle model N. A
Deformations of, or intrusions into, the occupant compartment that could cause | cannot reproduce failure or o
serious injuries should not be permitted. rupture of elements.
The vehicle remained upright
F. The vehicle should remain upright during and after collision although la)rl:t Ishovl\\/lled _moderattlal roll le: p
moderate roll, pitching and yawing are acceptable. gle. Maximum rofi angle. ass
23.5 deg. Maximum pitch
angle -6.7 deg.
H. Occupant impact velocities should satisfy the following: N
Occupant Impact Velocities Limits [m/s] Longitudinal 5.9 m/s Pass
Component Preferred Maximum
Longitudinal and Lateral 9 12 Lateral 9.3 m/s
I. Occupant ridedown accelerations should satisfy the following: Lonaitudinal 5.6
Occupant Ridedown Accelerations Limits [G’s] ongitudinal 5.6 g P
Component Preferred Maximum Lateral 11.6 g ass
Longitudinal and Lateral 15 20 '
Vehicle K. After collision is preferable that the vehicle’s trajectory not intrude into Vehicle did not intrude into Pass
Trajectory adjacent traffic lanes. adjacent traffic lane
M. The exit angle from the test article preferably should be less than 60 percent | Exit angle 10 deg., 40% of Pass

of test impact angle, measured at time of vehicle loss of contact with test device.

the impact angle.

38




Time = 0.050 seconds Time = 0.150 seconds

Barrier Type ......... Modified ODOT GR-2.2 w/ two-

tube backup (post in concrete)
Vehicle Model

Type oo, Modified NCAC C2500
Mass .....cevvvnnnnnn. 2000 kg
Initial Conditions
Speed .........oenei 100 km/hr
Angle ................. 25 degrees
Exit Conditions
Speed ......oonnen 84.60 km/hr
Angle ................. 10.1 degrees
Maximum Roll Angle ...... 23.5 degrees

Maximum Pitch Angle ..... 6.7 degrees
Vehicle Stability ............ Acceptable

Time = 0.400 seconds

Time = 0.800 seconds

Occupant Impact Velocity

Longitudinal ................. 59<12mls
Lateral ..........c.ccviennnns 9.3
Occupant Ridedown Deceleration (g’s)
Longitudinal ................. 5.6<2049’s
Lateral ..........coceviennnes 11.6
Maximum 50 ms Moving Average Acceleration (g’s)
Longitudinal .................. 9.7
Lateral ........ccoevnvinennnnn. 17.1
Vertical .............c.oeeeee. 45
LI AAGUL) 10.5
PHD (07S) «oevvveveeeeeeeie e, 11.9

Figure 19: Summary of analysis results for Test 3-11 on modified two-tube design with posts in concrete foundation



TEST 3-11 ON ODOT GR2.2
Time = 0.094999

Figure 20: View from the F.E. analysis at maximum deflection of guardrail for the two-tube
system with posts in soil

Figure 21: Sequential views of the simulated Test 3-11 impact event on the modified GR-2.2
with two-tube backup (posts in soil)

The occupant impact velocity in the longitudinal direction was 4.6 m/s and the highest 0.010-
second occupant longitudinal ridedown acceleration was -5.1 g. Table 5 and Figure 22 provide a
summary of analysis results based on Report 350 evaluation criteria. More details of the F.E.
analysis results are presented in Appendix 6.
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Table 5: Evaluation Criteria and Simulation Summary for Two-Tube Design with Posts in Soil Foundation - Test 3-11

Evaluation

Eactors Evaluation Criteria Test Results Assessment
Structural A. Test article should contain and redirect the vehicle; the vehicle should not . .
) . g X Vehicle was contained and
Adequacy penetrate, under-ride or over-ride the installation although controlled lateral . Pass
. o redirected
deflection of the test article is acceptable.
Occupant D. Detached elements, fragments or other debris from the test article should not )
Risk penetrate or show potential for penetrating the occupant compartment, or present | NOt possible to evaluate
an undue hazard to other traffic, pedestrians or other personnel in a work zone. | Since the vehicle model N A
Deformations of, or intrusions into, the occupant compartment that could cause | c@nnot reproduce failure or
serious injuries should not be permitted. rupture of elements.
The vehicle remained upright
F. The vehicle should remain upright during and after collision although but Ishowed moderattlel roll le: Pass
moderate roll, pitching and yawing are acceptable angre. MaX|mu_m roft angle. marginal
’ ' 30.7 deg. Maximum pitch
angle -6.1 deg.
H. Occupant impact velocities should satisfy the following: -
Occupant Impact Velocities Limits [m/s] Longitudinal 4.6 m/s Pass
Component Preferred Maximum
— Lateral 7.4 m
Longitudinal and Lateral 9 12 alera fs
I. Occupant ridedown accelerations should satisfy the following: Lonaitudinal 5.1
Occupant Ridedown Accelerations Limits [G’s] g 49 Pass
Component Preferred Maximum Lateral 8.9 g
Longitudinal and Lateral 15 20 '
Vehicle K. After collision is preferable that the vehicle’s trajectory not intrude into Vehicle did not intrude into
. . . . . Pass
Trajectory adjacent traffic lanes. adjacent traffic lane
M. The exit angle from the test article preferably should be less than 60 percent | Exit angle 13 deg., 52% of Pass

of test impact angle, measured at time of vehicle loss of contact with test device.

the impact angle.
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Time = 0.050 seconds . Time = 0.150 seconds Time = 0.400 seconds | Time = 0.800 seconds

Barrier Type ......... Modified ODOT GR-2.2 w/ two- Occupant Impact Velocity
tube backup (post in soil) Longitudinal ................. 4.6 <12 m/s

Vehicle Model Lateral ........ccovvnvvnennnnn. 7.4

Type oo, Modified NCAC C2500 Occupant Ridedown Deceleration (g’s)

Mass ......ccvveenenn. 2000 kg Longitudinal ................. 5.16<204g’s
Initial Conditions Lateral ........ccovvvinennnnn. 8.9

Speed ........ooennin 100 km/hr Maximum 50 ms Moving Average Acceleration (g’s)

Angle ...l 25 degrees Longitudinal .................. 59
Exit Conditions Lateral ..........c.ccovennnns 9.8

Speed ... 85.3 km/hr Vertical ........ccoevienin 24

Angle ............... 11.8 degrees THIV(M/S) oo 8.1
Maximum Roll Angle ...... 30.7 degrees PHD (97S) «vevveine e, 10.5
Maximum Pitch Angle ..... 6.1 degrees ASI .. 119
Vehicle Stability ............ Acceptable

Figure 22: Summary of analysis results for Test 3-11 on modified two-tube design with posts in soil foundation
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Design 2: Rub-Rail Retrofit

Another design solution for improving the performance of the ODOT GR-2.2 guardrail was the
simple modification of adding a rub-rail below the blockouts, which would serve to prevent the
tires from snagging on the posts. The rub-rail will not, however, prevent the wheel from pushing
underneath the w-beam and possibly impacting the spacer blocks. The rub-rail was placed 50.8
mm (2 inches) below the blockouts in the finite element model, as shown in Figure 23, and
consisted of a single, continuous structural element 7.91 m long that spans across the entire
length of the GR-2.2 guardrail. The rub-rail was modeled as a C6x8.2 steel section, which is a

commonly used structural member for rub-rails in other roadside hardware. The C6x8.2 rub-rail

element is designated as part number RLRO1 in the Standardized Guide to Highway Barrier

Hardware.

Figure 23: FE model of the modified ODOT GR-2.2 guardrail with rub-rail retrofit
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The performance of the ODOT GR-2.2 with rub-rail was analyzed for NCHRP Report 350 Test
3-11 test conditions for two cases: 1) Full concrete embedment of the posts and 2) the posts

mounted in 3’-5” of soil. The results of these analyses are summarized below.

Full Concrete Embedment of Posts

The vehicle model impacted the guardrail system 0.35 m downstream of post 1. Upon contact,
the vehicle was traveling at 100 km/hr at an angle of 25 degrees with respect to the rail. The
vehicle exited the system at approximately 0.420 seconds with an exit velocity of 78.8 km/hr at
an angle of 17.5 degrees. The maximum roll and pitch angular displacements of the truck was -
12.8 degrees (toward the guardrail) and -4.4 degrees (rear of vehicle pitches upward),

respectively.

During impact the tire of the vehicle pushed under the w-beam rail and was successfully
redirected by the rub-rail, as shown in Figure 24, with little or no risk of direct impact with a
post. The vehicle experienced minimal roll angle during redirection and remained very stable

throughout the simulated impact event.

Figure 24: Wheel of vehicle successfully redirected by rub-rail
The occupant impact velocity in the longitudinal direction was 6.4 m/s and the highest 0.010-

second occupant longitudinal ridedown acceleration was -4.0 g. Table 6 and Figure 25 provide a

summary of analysis results based on Report 350 evaluation criteria.
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Table 6: Evaluation Criteria and Simulation Summary for Rub-Rail Retrofit with Posts in Concrete Foundation - Test 3-11

E\Ifgéjt?)tr'sn Evaluation Criteria Test Results Assessment
Structural A. Test article should contain and redirect the vehicle; the vehicle should not . .
) : . i Vehicle was contained and
Adequacy penetrate, under-ride or over-ride the installation although controlled lateral redirected Pass
deflection of the test article is acceptable.
Occupant D. Detached elements, fragments or other debris from the test article should not _
Risk penetrate or show potential for penetrating the occupant compartment, or present | Not possible to evaluate
an undue hazard to other traffic, pedestrians or other personnel in a work zone. since the vehicle model N A
Deformations of, or intrusions into, the occupant compartment that could cause cannot reproduce failure or
serious injuries should not be permitted. rupture of elements.
The vehicle remained
F. The vehicle should remain upright during and after collision although lrfdri'?er::tt:gd Ii/lrr;?(?rt:llj)r/n oll Pass
moderate roll, pitching and yawing are acceptable. R .
angle: 12.8 deg. Maximum
pitch angle -4.4 deg.
H. Occupant impact velocities should satisfy the following: N
Occupant Impact Velocities Limits [m/s] Longitudinal 6.4 m/s Pass
Component Preferred Maximum
— Lateral 9.5 m
Longitudinal and Lateral 9 12 ateral 9.5 m/s
I. Occupant ridedown accelerations should satisfy the following: N
Occupant Ridedown Accelerations Limits [G’s] Longitudinal 4.0 g Pass
Component Preferred Maximum Lateral 105 g
Longitudinal and Lateral 15 20 '
Vehicle K. After collision is preferable that the vehicle’s trajectory not intrude into Vehicle did not intrude into Pass
Trajectory adjacent traffic lanes. adjacent traffic lane
M. The exit angle from the test article preferably should be less than 60 percent | Exit angle 17.5 deg., 70% of Fail

of test impact angle, measured at time of vehicle loss of contact with test device.

the impact angle.
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Time = 0.050 seconds Time = 0.150 seconds Time = 0.300 seconds Time = 0.420 seconds

Barrier Type ......... Modified ODOT GR-2.2 w/ rub-rail Occupant Impact Velocity
retrofit (post in concrete) Longitudinal ................. 6.4 <12 mls

Vehicle Model Lateral ........ccoovnvinennnnn. 9.5

Type oo, Modified NCAC C2500 Occupant Ridedown Deceleration (g’s)

Mass .....cevveeenenn. 2000 kg Longitudinal ................. 40<204g’s
Initial Conditions Lateral ..........coceviennnns 10.5

Speed .............. 100 km/hr Maximum 50 ms Moving Average Acceleration (g’s)

Angle ... 25 degrees Longitudinal .................. 10.4
Exit Conditions Lateral ........ccoevnvinennnnn. 16.0

Speed ......ooinene 78.8 km/hr Vertical .............c.ceenee. 2.4

Angle ............... 17.5 degrees THIV (M/S) oo, 10.7
Maximum Roll Angle ...... 12.8 degrees PHD (9°S) <o e, 10.7
Maximum Pitch Angle ..... 4.4 degrees ASI . 197
Vehicle Stability ............ Acceptable

Figure 25: Summary of analysis results for Test 3-11 on modified rub-rail retrofit with posts in concrete foundation
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Embedment of Posts in 3’-5” Soil

The vehicle model impacted the guardrail system 0.35 m downstream of post 1. Upon contact,
the vehicle was traveling at 100 km/hr at an angle of 25 degrees with respect to the rail. The
vehicle exited the system at approximately 0.420 seconds with an exit velocity of 80.4 km/hr at
an angle of 14.3 degrees. The maximum roll and pitch angular displacements of the truck was -
22.1 degrees (toward the guardrail) and -6.0 degrees (rear of vehicle pitches upward),

respectively.

During impact the tire of the vehicle contacted the rub-rail and was successfully redirected, as
shown in Figure 26, with little or no risk of direct impact with a post. A series of snapshots of the
analysis corresponding to key events is shown in Figure 27: maximum guardrail deformation,
vehicle parallel with guardrail, and vehicle exiting the system. The vehicle did experience
moderate roll angle during redirection, however, vehicle stability was maintained in the

simulation.

Figure 26: Wheel of vehicle successfully redirected by rub-rail

Figure 27: Sequential views of the simulated Test 3-11 impact event on the modified GR-2.2
with rub-rail (posts in soil)
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The occupant impact velocity in the longitudinal direction was 4.5 m/s and the highest 0.010-
second occupant longitudinal ridedown acceleration was -6.5 g. Table 7 and Figure 28 provide a
summary of analysis results based on Report 350 evaluation criteria. More details of the F.E.
analysis results are presented in Appendix 7.

Design 3: Nested W-Beam Retrofit

Design 3 was another retrofit solution to the GR-2.2 guardrail that entailed the simple
modification of adding a w-beam rail element “nested” on top of the original w-beam rail. The
nested w-beams provide adequate stiffness of the guardrail face to prevent the tires from pushing
under the system. This solution is more attractive than the rub-rail retrofit because the rub-rail
does not prevent the wheels from pushing underneath the w-beam where they would be exposed
to the possibly of impacting the spacer blocks.

This design was evaluated for only one guardrail post mounting condition; the posts on either
end of the GR-2.2 were embedded in 3’-5” of soil and the remaining posts of the GR-2.2 (the
middle posts) were fully encased in concrete, as shown in the standard ODOT drawing of the
GR-2.2 in Figure 29. The standard ODOT drawing of the GR-2.2 show the end posts embedded
in a minimum of 3’-5” of soil for ALL installations, and thus the scenario of end posts in soil and
middle posts fully encased in concrete is more representative of the upper bound stiffness of the
GR-2.2 guardrail. The posts of the GR-3.4 transition were modeled as soil mounted.

End-Posts in Soil, Center Posts “Fixed” at Groundline

The vehicle model impacted the guardrail system 0.35 m downstream of post 1. Upon contact,
the vehicle was traveling at 100 km/hr at an angle of 25 degrees with respect to the rail. The
vehicle exited the system at approximately 0.340 seconds with an exit velocity of approximately
72 km/hr at an angle of 10.0 degrees. The maximum roll and pitch angular displacements of the
truck was -23.0 degrees (toward the guardrail) and -9.0 degrees (rear of vehicle pitches upward),
respectively.

During impact, the wheel was prevented from pushing underneath the rail. Figure 30 shows a
comparison of the modified GR-2.2 with nested w-beam rails and the original GR-2.2 system,
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illustrating the reduced potential for snagging. Table 8 and Figure 31 provide a summary of

analysis results based on Report 350 evaluation criteria.
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Table 7: Evaluation Criteria and Simulation Summary for Rub-Rail Retrofit with Posts in Soil Foundation - Test 3-11

E\I/:ag:tgtrl:n Evaluation Criteria Test Results Assessment
Structural A. Test article should contain and redirect the vehicle; the vehicle should not . .
) . : X Vehicle was contained and
Adequacy penetrate, under-ride or over-ride the installation although controlled lateral redirected Pass
deflection of the test article is acceptable.
Occupant D. Detached elements, fragments or other debris from the test article should not _
Risk penetrate or show potential for penetrating the occupant compartment, or present | Not possible to evaluate
an undue hazard to other traffic, pedestrians or other personnel in a work zone. | Since the vehicle model N. A
Deformations of, or intrusions into, the occupant compartment that could cause | cannot reproduce failure or o
serious injuries should not be permitted. rupture of elements.
The vehicle remained upright
F. The vehicle should remain upright during and after collision although la)rl:t Ishovl\\/lled _moderattlal roll le: p
moderate roll, pitching and yawing are acceptable. gle. Miaximum rofi angle. ass
22.1 deg. Maximum pitch
angle -6.0 deg.
H. Occupant impact velocities should satisfy the following: N
Occupant Impact Velocities Limits [m/s] Longitudinal 4.5 m/s Pass
Component Preferred Maximum
Longitudinal and Lateral 9 12 Lateral 6.3 m/s
I. Occupant ridedown accelerations should satisfy the following: Lonaitudinal 6.5
Occupant Ridedown Accelerations Limits [G’s] ongitudinal 6.5 P
Component Preferred Maximum Lateral 10.6 g ass
Longitudinal and Lateral 15 20 '
Vehicle K. After collision is preferable that the vehicle’s trajectory not intrude into Vehicle did not intrude into Pass
Trajectory adjacent traffic lanes. adjacent traffic lane
M. The exit angle from the test article preferably should be less than 60 percent | Exit angle 14.3 deg., 57% of Pass

of test impact angle, measured at time of vehicle loss of contact with test device.

the impact angle.
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Time = 0.050 seconds Time = 0.150 seconds Time = 0.300 seconds Time = 0.435 seconds

Barrier Type ......... Modified ODOT GR-2.2 w/ rub-rail Occupant Impact Velocity
retrofit (post in soil) Longitudinal ................. 45<12m/s

Vehicle Model Lateral ........ccovvnvvnennnnn. 6.3

Type oo, Modified NCAC C2500 Occupant Ridedown Deceleration (g’s)

Mass .....cevvveennn. 2000 kg Longitudinal ................. 6.5<204Q’s
Initial Conditions Lateral ..........coccviennnns 10.6

Speed ............... 100 km/hr Maximum 50 ms Moving Average Acceleration (g’s)

Angle ............... 25 degrees Longitudinal .................. 4.9
Exit Conditions Lateral ..........coceviennnes 8.1

Speed ......oonnenl 80.4 km/hr Vertical ........................ 1.9

Angle ............... 14.3 degrees THIV(M/S) o 7.1
Maximum Roll Angle ...... 22.1 degrees PHD (9°S) <o e, 11.4
Maximum Pitch Angle ..... 6.0 degrees ASI ... 096
Vehicle Stability ............ Acceptable

Figure 28: Summary of analysis results for Test 3-11 on modified rub-rail retrofit with posts in soil foundation
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Figure 29: Standard drawing of the ODOT GR-2.2 Guardrail (see Appendix 1 for details)

Original GR-2.2 Modified GR-2.2 with nested w-beams

Figure 30: Comparison of the modified GR-2.2 with nested w-beam rails and the original GR-
2.2 system, illustrating the reduced potential for snagging
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Table 8: Evaluation Criteria and Simulation Summary for Nested W-Beam Retrofit - Test 3-11

E\I/:ag:tgtrl:n Evaluation Criteria Test Results Assessment
Structural A. Test article should contain and redirect the vehicle; the vehicle should not . .
) . : X Vehicle was contained and
Adequacy penetrate, under-ride or over-ride the installation although controlled lateral redirected Pass
deflection of the test article is acceptable.
Occupant D. Detached elements, fragments or other debris from the test article should not _
Risk penetrate or show potential for penetrating the occupant compartment, or present | Not possible to evaluate
an undue hazard to other traffic, pedestrians or other personnel in a work zone. | Since the vehicle model N. A
Deformations of, or intrusions into, the occupant compartment that could cause | cannot reproduce failure or o
serious injuries should not be permitted. rupture of elements.
The vehicle remained
F. The vehicle should remain upright during and after collision although ;J(?Irllgﬂt Ibeut E;‘;)\(’\i';dumcﬁ?lrate Pass
moderate roll, pitching and yawing are acceptable. . gle. )
angle: 23 deg. Maximum
pitch angle -9.0 deg.
H. Occupant impact velocities should satisfy the following: -
Occupant Impact Velocities Limits [m/s] Longitudinal 6.5 m/s Pass
Component Preferred Maximum
Longitudinal and Lateral 9 12 Lateral 9.1 m/s
I. Occupant ridedown accelerations should satisfy the following: Lonaitudinal 6.5
Occupant Ridedown Accelerations Limits [G’s] ongitudinal 6.5 P
Component Preferred Maximum Lateral 8.9 g ass
Longitudinal and Lateral 15 20 '
Vehicle K. After collision is preferable that the vehicle’s trajectory not intrude into Vehicle did not intrude into Pass
Trajectory adjacent traffic lanes. adjacent traffic lane
M. The exit angle from the test article preferably should be less than 60 percent | Exit angle 10.0 deg., 40% of Pass

of test impact angle, measured at time of vehicle loss of contact with test device.

the impact angle.
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Time = 0.800 seconds

Time = 0.050 seconds Time = 0.150 seconds Time = 0.300 seconds

Barrier Type ......... Modified ODOT GR-2.2 w/ nested Occupant Impact Velocity
w-beam rail Longitudinal ................. 6.5<12mls
Vehicle Model Lateral ........ccovvnvvnennnnn. 9.1

Type oo, Modified NCAC C2500 Occupant Ridedown Deceleration (g’s)
Mass .....cevvieenenn. 2000 kg Longitudinal ................. 6.5<20Q’s
Initial Conditions Lateral ..........coccviennnns 8.9
Speed .............. 100 km/hr Maximum 50 ms Moving Average Acceleration (g’s)
Angle ................. 25 degrees Longitudinal .................. 10.6
Exit Conditions Lateral ..........c.ccveinnnes 15.6
Speed ... 78.0 km/hr Vertical .............coeeeeee. 25
Angle ............... 10.0 degrees THIV(M/S) o 10.5
Maximum Roll Angle ...... 23.0 degrees PHD (9°S) <o e 13.7
Maximum Pitch Angle ..... 9.0 degrees ASI . 196

Vehicle Stability ............ Acceptable

Figure 31: Summary of analysis results for Test 3-11 on nested w-beam retrofit with posts in soil foundation



Summary of Design Modification Results

The three modified systems that were evaluated (i.e., the two-tube system, the rub-rail retrofit

and the nested w-beam retrofit), successfully prevented wheel contact with the guardrail posts

and it is expected that the forth modified system (i.e., the added tube through lower blockouts)

would be successful as well. The increase in stiffness of these systems did not adversely affect

the occupant risk measures and in each case the potential for wheel snag was significantly

reduced. Tables 9 and 10 below show summaries of the occupant risk measurements computed

from each analysis case.

Table 9: Occupant risk data computed using TRAP (posts in concrete).

Full-Concrete Encasement of Guardrail Posts

Report 350 Criteria Original Two-Tube Rub-Rail Nested W-
Design Design Retrofit Beam Retrofit
Occupant | | ong. 6.5 5.9 6.4 6.5
Impact Velocity
(OIV) (m/s) Trans. 9.1 9.3 9.5 9.1
Ridedown Long. 6.2 5.6 4.0 6.5
acceleration
(g’s) Trans. 8.4 11.6 10.5 8.9
50-ms average | [ ong. 10.5* 9.7* 10.4* 10.6*
acceleration
(@’s) Trans. 15.6* 17.1* 16.0* 15.6*
* occur prior to occupant impact with the interior
Table 10: Occupant risk data computed using TRAP (posts in soil).
Guardrail Posts Embedded in 3’-5” Soil
Report 350 Criteria Original Two-Tube Rub-Rail Nested W-
Design Design Retrofit Beam Retrofit
Occupant | | ong. 4.2 4.6 4.5 -
Impact Velocity
(OIV) (m/s) Trans. 6.5 7.4 6.3 -
Ridedown Long. 7.9 5.1 6.5 -
acceleration
(g’s) Trans. 14.9 8.9 10.3 -
50-ms average | [ ong. 4.7 5.9 4.9 -
acceleration
(g’s) Trans. 8.1 9.8 8.1 -
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PHASE Il - EVALUATION AND REDESIGN OF THE ODOT GR-3.4 TRANSITION

When a relatively flexible longitudinal barrier is connected to a stiffer barrier, the abrupt change
in stiffness at the connection may lead to vehicular pocketing, snagging and/or penetration of the
system. A transition guardrail section is, therefore, often used to produce a gradual stiffening
between the two barrier systems. There are several transition designs" that have been approved
for use on the National Highway System (NHS). These systems are generally designed to
transition from a semi-rigid guardrail such as a strong-post guardrail system to a rigid bridge rail
or other rigid abutment. For these cases, the transition is required to be very rigid as it nears the
attachment point to the rigid barrier.

The current transition system used to connect the ODOT GR-2.2 guardrail to the ODOT Type 5
guardrail (strong-post guardrail system) is the ODOT GR-3.4 (ODOT Bridge Terminal
Assembly Type 4), shown in Figures 32 and 33 (refer to Appendix 1 for detailed drawings).
This transition was not approved as a TL-3 system for general use as a transition to a rigid
barrier. Unlike most rigid barriers, the GR-2.2 has a range of stiffness values depending on the
mounting conditions of the guardrail posts, as discussed in Phase 1. It was decided by the
research team that none of the current FHWA approved TL-3 transition systems would likely be
compatible with the GR-2.2 because of their relatively high lateral stiffness. For example, in
cases where the posts of the GR-2.2 are embedded in concrete, the guardrail is very stiff - similar
to a bridge rail system. On the other hand, where there is sufficient soil cover over a culvert, the
posts of the GR-2.2 will be embedded in soil with no attachment to the culvert, resulting in a
more flexible system. All other post mounting conditions used in the system result in guardrail
stiffnesses that are somewhere between these two bounding cases. Thus, it is necessary to
determine if the current system is compatible with the GR-2.2 guardrail over a wide range of

guardrail stiffness levels.

A critical impact scenario that must be considered when evaluating the GR-2.2 is an impact on

the downstream end of the guardrail at the connection to the transition system. For the case of a

" Approved TL-3 transition systems listed on the FHWA website at:
http://safety.fhwa.dot.gov/roadway dept/road hardware/longbarriers.htm
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non-rigid mounting condition of the GR-2.2 (e.g., posts embedded in soil), the GR-2.2 may be
less stiff than the transition and pocketing may occur, causing the vehicle to snag at the

connection point of the transition.
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Figure 33: Photo of the ODOT GR-2.2 guardrail and ODOT GR-3.4 transition at a site along
HW 315 north of Columbus, Ohio.

It should be noted that the ODOT Bridge Terminal Assembly Type 4 (GR-3.4) is the same
system as the MBGF (T101), which is the transition system used with the Texas T101 bridge rail
— it is our understanding that the MBGF (T101) has only been approved as a TL 3 transition for
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use with the Texas T101 bridge rail. The T101 is very similar to the ODOT GR-2.2 (refer to
discussion in Phase 1) which indicated to the research team that this transition may also be
compatible with the GR-2.2.

The research approach taken for Phase 1l was to:
» Evaluate the performance of the ODOT GR-3.4 (ODOT Bridge Terminal Assembly Type
4) for use with the ODOT GR-2.2 (ODOT Type 5 Tubular Backup Guardrail) with rub-
rail and determine if it qualifies as an NCHRP Report 350 TL-3 system
» Identify any weaknesses of the system that may affect its performance
» Identify other TL-3 transitions that may work effectively with the GR-2.2 or propose any
changes to the current system that will result in improved performance

ANALYSIS OF THE ODOT GR-3.4 TRANSITION
Six impact conditions were considered and five were selected
for further evaluation:

1) GR-2.2 with posts in soil
a. Impact on transition at approximately 1.5 m
upstream of barrier

2) GR-2.2 with posts “fixed” at groundline (concrete
encased) (Critical)
a. Impact on transition at approximately 1.5 m
upstream of barrier

3) GR-2.2 with posts in soil (Critical)
a. Impact on GR-2.2 at approximately 1.3 m
upstream of transition

4) (Analysis not conducted) - GR-2.2 with posts “fixed”
at groundline (concrete encased)
a. Impact on GR-2.2 at approximately 1.3 m
upstream of transition
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5) GR-2.2 with end-posts in soil, center posts
“fixed”” at groundline (concrete encased)
(Critical)

a. Impact on Transition at approx. 1.5 m
upstream of transition

6) GR-2.2 with end-posts in soil, center posts
“fixed”” at groundline (concrete encased)
a. Impact on GR-2.2 at approximately
1.3 m upstream of transition

Cases 2 and 3 were considered critical cases for the combination of the transition system with the
GR-2.2. In case 2 the vehicle is impacting on the transition (somewhat flexible) and is
approaching a very stiff GR-2.2 which may result in “pocketing” and subsequent snagging on the
guardrail end. Case 3 is a similar scenario where the vehicle impacts the flexible GR-2.2 (with
posts in soil) and approaches the relatively stiff transition section which may result in

“pocketing” and subsequent snagging on the end of the transition.

Cases 2 and 3 represent the two extreme conditions of guardrail stiffness (i.e., all posts
embedded in concrete) and if the transition and guardrail are compatible in these two cases then
they should be compatible in all post mounting conditions of the GR-2.2 guardrail. The results of
Cases 2 and 3 also will provide some insight regarding how the system may performance when
used in Bridge Rail application. Recall that the GR-2.2 was derived from the Ohio Box Beam
Bridge Rail. Although the bridge rail is no longer being installed, there are a large number of old

installations still in service.

A more representative upper bound of the stiffness of the GR-2.2 is evaluated in cases 5 and 6,
where the end posts are embedded in soil and the center posts are embedded in concrete. The
standard ODOT drawing of the GR-2.2 (refer to Figure 29) show the end posts embedded in a
minimum of 3’-5” of soil for ALL installations. Case 5 is more representative of the scenario of

vehicle impact on the transition, approaching the guardrail (e.g., compared to case 2). Similarly,
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Case 6 is more representative of the scenario of vehicle impact on the guardrail, approaching the

transition section (e.g., compared to Case 4).

Case 1 and Case 2

Cases 1 and 2 both involve the vehicle impacting on the transition system at approximately 1.5 m
upstream of the GR-2.2 guardrail. In case 1, the GR-2.2 guardrail posts are mounted in 3’-5” of
soil, and in case 2, the posts are fully constrained at the groundline to simulate full concrete
encasement of the posts. Figure 34 below shows sequential views of the F.E. analysis results of
cases 1 and 2 from an overhead view. In case 1, both the transition and the guardrail deflect
approximately the same amount and the vehicle is redirected very smoothly. In case 2, there is
some pocketing as the posts of the transition deflect during impact while the guardrail remains

rigid, however, the vehicle continues to redirect with only minimal snagging.
Occupant risk measures were computed using the results of the analysis and the software TRAP

and are provided below in Table 11. The acceleration-time history computed at the center of
gravity (c.g.) of the vehicle is shown in Figure 35.
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CASE 1 CASE 2

TEST 311 ON 0DOT GR2.2.
Loadease 1: Time = 0.0UO0UD

TEST 311 ON 0DOT GR2.2 TEST 311 ON 0DOT GRZ2.
Lo 0040000 - denss

Loadease 1: Time = 0040000

TEST 311 ON 0DOT GR2.2.
L

Loadense 1: Time = 0.0795499

TERT 311 ON 0DOT GR2.2
Loadease 1: Time = 0.200000

Figure 34: Sequential views of the NCHRP Report 350 Test 3-11 analysis of the ODOT Bridge
Terminal Assembly Type 4 and GR-2.2 Guardrail for Cases 1 and 2.
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Table 11: Occupant risk values computed using the software TRAP for Case 2

Occupant Risk Factors

Impact Velocity (m/s) at 0.0921 seconds on right side of interior

x-direction
y-direction

6.2
10.0

Ridedown Accelerations (g's)

x-direction  -9.1  (0.0989 - 0.1089 seconds)
y-direction  -8.5 (0.2118 - 0.2218 seconds)
THIV (km/hr): 40.0 at 0.0907 seconds on right side of interior
THIV (m/s): 11.1
PHD (g's): 12.7 (0.1066 - 0.1166 seconds)
ASI: 2.17 (0.0359 - 0.0859 seconds)
i M
5 LA AN : v
NATATRA W Ak aaan F A\ Mo
L T )
il i
|

Figure 35 :Acceleration-time histories computed at the c.g. of the vehicle during Test 3-11
impact analysis of the ODOT Bridge Terminal Assembly Type 4 and GR-2.2

Case 3
In Case 3, the posts of the GR-2.2 are embedded in soil and the pickup truck impacts the system
on the GR-2.2 at approximately 1.5 m upstream of the transition. The critical scenario in this

case is pocketing of the system at the connection of the GR-2.2 guardrail and the GR-3.4
transition.

02
Time (sec;

)

Guardrail for Case 2.

Two different soil conditions were considered in this case:

Representative case: where the soil properties are the same for both the guardrail and
transition and are representative of NCHRP Report 350 standard soil.

Conservative case: where the guardrail soil is less stiff than transition soil

o Soil for guardrail model is more representative of Report 350 weak soil

o Soil for transition model is representative of Report 350 standard soil
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Figure 36 below shows sequential views of the results of case 3 for both the representative case
and the conservative case from an overhead view. In both cases there was notable snagging of
the impact-side front wheel as the wheel passed across the connection of the GR-2.2 and the GR-
3.4. The snag of the wheel was more prevalent in the conservative case and resulted in a high

longitudinal ridedown acceleration of 18.2 g’s.
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Time = 0.050 seconds

Representative Case Conservative Case

Figure 36 :Sequential views of the NCHRP Report 350 Test 3-11 analysis of the ODOT Bridge
Terminal Assembly Type 4 and GR-2.2 Guardrail for Case 3.
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A summary of Occupant risk measures were computed and are provided below in Table 12 and
Table 13 for the Representative Case and the Conservative Case, respectively. The acceleration-

time histories for the two cases are shown in Figures 37 and 38.

Table 12: Occupant risk values computed using the software TRAP for Case 3 -
Representative Case

Occupant Risk Factors
Impact Velocity (m/s) at 0.1034 seconds on right side of interior
x-direction 7.8
y-direction 8.6
Ridedown Accelerations (g's)
x-direction  -14.0 (0.1199 - 0.1299 seconds)
y-direction  -11.7 (0.1090 - 0.1190 seconds)

THIV (km/hr): 38.6 at 0.1005 seconds on right side of interior
THIV (m/s): 10.7
PHD (g's): 16.4 (0.1160 - 0.1260 seconds)
ASI: 1.63 (0.0518 - 0.1018 seconds)
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Figure 37 :Acceleration-time histories computed at the c.g. of the vehicle during Test 3-11
impact analysis of the ODOT Bridge Terminal Assembly Type 4 and GR-2.2
Guardrail for Case 3 — Representative Case.
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Table 13: Occupant risk values computed using the software TRAP for Case 3 -
Conservative Case

Occupant Risk Factors
Impact Velocity (m/s) at 0.1101 seconds on right side of interior
x-direction 7.6
y-direction 8.3
Ridedown Accelerations (g's)
x-direction  -18.2 (0.1141 - 0.124 seconds)
y-direction  -11.6 (0.1101 - 0.1201 seconds)

THIV (km/hr): 36.5 at 0.1064 seconds on right side of interior

THIV (m/s): 10.1

PHD (g's): 21.0 (0.1127 - 0.1227 seconds)

ASI: 1.66 (0.0699 - 0.1199 seconds)
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Figure 38 :Acceleration-time histories computed at the c.g. of the vehicle during Test 3-11
impact analysis of the ODOT Bridge Terminal Assembly Type 4 and GR-2.2
Guardrail for Case 3 — Conservative Case.

Case 4

In Case 4, the vehicle impacts on the GR-2.2 (with posts embedded in concrete) at approximately
1.5 m upstream of the GR-3.4 transition. Since the impacting vehicle moves from a stiff barrier
to a less stiff barrier, Case 4 was not considered to be a critical impact scenario and therefore an

analysis was not conducted.
Case 5

In Case 5 and Case 6, the GR-2.2 is modeled with post mounting conditions that represent the

most stiff mounting conditions that would be expected for the GR-2.2 (refer to Figure 29). The
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posts of the GR-2.2 located over the culvert are embedded in concrete and are modeled with
fixed boundary conditions. The two end posts of the GR-2.2 are embedded in soil. In Case 5, the
vehicle model impacts the system on the GR-3.4 transition at approximately 1.5 m upstream of
the GR-2.2 guardrail. Figure 39 below shows sequential views of the results of case 5 from a

downstream view point and an overhead “tight” view.

The wheel of the vehicle smoothly passed across the connection of the GR-2.2 and the GR-3.4
with no apparent likelihood of wheel snag. A summary of Occupant risk measures were
computed and are provided below in Table 14 and the acceleration-time histories are shown in
Figure 40.
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Time = 0.050 seconds

TEST 311 - Sell_Ends
Time * 0049954

Time 0.800 seconds

Figure 39: Sequential views of the NCHRP Report 350 Test 3-11 analysis of the ODOT Bridge
Terminal Assembly Type 4 and GR-2.2 Guardrail for Case 5.
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Table 14: Occupant risk values computed using the software TRAP for Case 5

Occupant Risk Factors
Impact Velocity (m/s) at 0.0973 seconds on right side of interior
x-direction 6.2
y-direction 8.1
Ridedown Accelerations (g's)
x-direction  -8.6  (0.1191 - 0.1291 seconds)
y-direction  -8.8 (0.2329 - 0.2429 seconds)

THIV (km/hr): 34.5 at 0.0956 seconds on right side of interior

THIV (m/s): 9.6

PHD (g's): 10.7  (0.2303 - 0.2403 seconds)

ASI: 1.71 (0.0383 - 0.0883 seconds)
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Figure 40: Acceleration-time histories computed at the c.g. of the vehicle during Test 3-11
impact analysis of the ODOT Bridge Terminal Assembly Type 4 and GR-2.2
Guardrail for Case 5.

Case 6
In Case 6, as in Case 5, the posts of the GR-2.2 located over the culvert are embedded in

concrete and are modeled with fixed boundary conditions. The two end posts of the GR-2.2 are
embedded in soil. The vehicle model impacts the system on the GR-2.2 guardrail at
approximately 1.5 m upstream of the GR-3.4 transition connection. Figure 41 below shows
sequential views of the results of case 6 from a downstream view point and an overhead view (of

wheel only).
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Time = 0.050 seconds

Time = 0.200 seconds

[9C-

Figure 41: Sequential views of the NCHRP Report 350 Test 3-11 analysis of the ODOT Bridge
Terminal Assembly Type 4 and GR-2.2 Guardrail for Case 6.
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During impact, the wheel pushes underneath the rail and snags on the lower spacer tube.
Although the ride-down accelerations were within the limits required by NCHRP Report 350,
they were relatively high and could be reduced by preventing the wheel snag that occurred at the
splice connection. A summary of Occupant risk measures were computed and are provided

below in Table 15 and the acceleration-time histories are shown in Figure 42.

Table 15: Occupant risk values computed using the software TRAP for Case 6

Occupant Risk Factors
Impact Velocity (m/s) at 0.0947 seconds on right side of interior
x-direction 6.4
y-direction 7.6
Ridedown Accelerations (g's)
x-direction  -13.1 (0.0988 - 0.1088 seconds)
y-direction  -15.6 (0.1031 - 0.1131 seconds)

THIV (km/hr): 34.0 at 0.0925 seconds on right side of interior
THIV (m/s): 94
PHD (g's): 19.9 (0.1030- 0.1130 seconds)
ASI: 1.51 (0.0393 - 0.0893 seconds)
; ; i
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Figure 42: Acceleration-time histories computed at the c.g. of the vehicle during Test 3-11
impact analysis of the ODOT Bridge Terminal Assembly Type 4 and GR-2.2
Guardrail for Case 6.

A summary of occupant risk factors and vehicle maximum roll and pitch angles for Cases 2, 3, 5
and 6 are presented below in Table 16. The terms T2G and G2T in Table 16 are used to denote
the two impact locations of the vehicle in the analyses; impact on the upstream transition
approaching the upstream end of the guardrail is denoted by T2G; impact on the downstream end

of the guardrail approaching the downstream transition is denoted by G2T.
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Table 16: Summary of Occupant Risk Factors and Vehicle Maximum Roll and Pitch Angles for
Cases 2, 3, 5, and 6.

Case 2 Case 3 Case 5 Case 6
Occupant Soil Mounting | Soil Soil Mounted
- Concrete End Posts
Risk ; G2T Mounted
Measure Mounting G2T
T2G Standard End Posts Standard
Weak Soil . T2G |Weak Soil .
Soil Soil
Long—-OIV | ¢, 7.6 7.8 6.2 6.4 i
(m/s)
Trans= OVl 100 | 83 | 86 | 81 | 76 :
(m/s)
Long-ridedownf g , 18.2 14.0 8.6 13.1 ;
acceleration (g) ' ' ' ' '
Trans—
ridedown 8.5 11.6 11.7 8.8 15.6 -
acceleration (g)
Roll (deg) 16.3 12.7 17.5 26.0 - -
Pitch (deg) 6.3 7.9 11.2 6.9 - -

DESIGN OF TRANSITION TO BE COMPATIBLE WITH THE GR-2.2

The most notable problem with the current system was related to the stiffness discontinuity at the
connection of the GR-2.2 guardrail and the GR-3.4 transition. Figure 43 illustrates this problem
where the wheel of the vehicle pushes the bottom of the w-beam (single layer) inward as it

approaches the splice connection (triple layer) of the GR-2.2 and the Transition.

Triple layer at the splice Single layer

Double layer

Fal

Figure 43: Analysis results illustrating cause of wheel snag at the splice connection of the GR-
2.2 and GR-3.4.
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Modification A — Modified Connection with Staggered W-Beam Rails

One solution to this problem was to modify both the GR-2.2 and the GR-3.4 by using a
“staggered” arrangement of the nested w-beam across the splice connection, as shown in the
series of figures in Figure 44. Figure 44 illustrates the arrangement of w-beam rails across the
splice connection. The result is a system with no abrupt change in stiffness, as illustrated in

Figure 45.

TEET 311 ON 0DOT GA2.2
Time = L]

The bottom w-beam rail on the transition
Is located at original position

The GR-2.2 w-beam rail is then positioned

Over these rails at its original location
“nested”

Figure 44: Modified “staggered” rail GR-2.2 and GR-3.4 system to minimize stiffness
discontinuity across splice connection.
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TEST 3-11 ON ODOT GR2.2 TWO |ayerS
Time = 1]

Three layers
at splice

Two layers

One layer

Figure 45: Modified “staggered” rail GR-2.2 and GR-3.4 system to minimize stiffness
discontinuity across splice connection.

Case 3 and Case 6 were re-evaluated using the modified system and the results of those analyses
are compared to the results of the unmodified system in Tables 17 and 18. The ride-down
accelerations were significantly reduced in Report 350 Test 3-11 impact with the modified
system compared to the original system (i.e., from 18.2 g to 8.7 g for weak soil case). The
modification to the system was sufficient to eliminate the potential for wheel snag, which is

clearly illustrated in figures 46 and 47 for Cases 3 and 5, respectively.
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Table 17: Summary of results comparing “staggered” rail system to the original system for
impact scenario Case 3.

Case 3
Soil G2T
Occupant — .
Risk original splice w/staggered rail
Measure connection
Weak Soil Stand_ard Weak Soil Stand_ard
Soil Soil
Long - OIV (m/s) 7.6 7.8 7.0 7.3
Trans — OIV (m/s) 8.3 8.6 7.8 8.5
Long-ridedown 18.2 14.0 8.7 6.2
acceleration (g)
Trans-ridedown 116 11.7 8.8 5.9
acceleration (g)
Roll (deg) 12.7 17.5 - 20.3
Pitch (deg) 7.9 11.2 - 8.3

TEST 3-11 ON ODOT GR2.2 TEST 3-11 ON ODOT GR2.2
Time = 0.13 Time = 0.13

Original Splice Connection

Modified Splice Connection

Figure 46: Results of modified “staggered” rail system compared to results of original system
for case 3, illustrating reduced potential for wheel snag.
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Table 18: Summary of results comparing “staggered” rail system to the original system for
impact scenario Case 6.

Case 6
Soil Ends G2T
Occupant — .
Risk | original splice w/staggered rail
Measure connection
Weak Soil Stand_ard Weak Soil Stand_ard
Soil Soil
Long - OIV (m/s) 6.4 - 6.6 -
Trans — OIV (m/s) 7.6 - 7.9 -

Long-ridedown

) 13.1 - 9.1 -
acceleration (g)
Trans—rld_edown 15.6 i 6.3 i
acceleration (g)
Roll (deg) - - 25.2 -
Pitch (deg) - - 6.9 -
TEST 3-11 ON ODOT GR2.2 Soil-ENDS wfsglaggered rail

Time = 0.099999 Time = 0.0999

Original Splice Connection Modified Splice Connection

Figure 47: Results of modified “staggered” rail system compared to results of original system
for case 6, illustrating reduced potential for wheel snag.

Although the modification of the splice connection of using a “staggered” rail approach results in
a significant performance enhancement of the system, it is not a very feasible solution to the
problem. In order to install the staggered rail, additional splice holes would be required at the

center-span of the w-beam rails. A more feasible solution is presented in Modification B.
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Modification B — Modified GR-2.2 with Nested W-Beam Rails

Recall from Phase I that the performance of the GR-2.2 was critically evaluated. It was
determined that the system would meet all safety criteria of Report 350 Test Level 3, however,
the analyses implied that the system’s performance could be significantly enhanced if the wheel
of the pickup truck could be prevented from pushing underneath the rail and/or prevent the wheel
from contacting the guardrail posts. The analyses showed that the w-beam on the face of the
standard GR-2.2 system is much less stiff than the tubular backup and as a result the tire of the
pickup truck in Test 3-11 would compresses the lower part of the w-beam rail inward, wrapping

the w-beam around the tube, consequently, the wheel pushed underneath the rail.

Several modifications to the GR-2.2 were critically evaluated and were shown to improve the
performance of the system:

1) Two-tube tubular backup system

2) Rub-rail retrofit

3) Nested w-beam retrofit

4) Added tube through lower spacer block retrofit (analysis not conducted)

The foregoing analyses for Modification A (the staggered rail across the connection of the GR-
2.2 guardrail with the modified GR-3.4 transition) provided information that suggests a simple
retrofit alternative to the system would be to use Nested W-Beam Rails on the GR-2.2 with an
unmodified GR-3.4 transition, as illustrated in Figure 48. This may be a more attractive solution
since the GR-3.4 will be unmodified and thus will not have to be further evaluated to ensure that
the transition from the GR-3.4 to a length-of-need guardrail (e.g., ODOT Type 5 guardrail) will
perform safely (i.e., the GR-3.4 is already approved as a transition from a strong-post guardrail
to the Texas T101 Bridge Rail).
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GR-2.2 with nested w-beam

Standard GRB,;4

< Standard GR3.

Figure 48: Modified GR-2.2 guardrail with nested w-beam rails and standard GR-3.4 transition.
The nested w-beam rails provide enough stiffness to prevent the tire of the truck from pushing

underneath the rail and also provide a more consistent stiffness across the connection of the GR-

2.2 to the GR-3.4 transition, as illustrated below in Figure 49.

Figure 49: Modified GR-2.2 guardrail with nested w-beam rails and standard GR-3.4 transition.

One impact case was evaluated based on the worse-case scenario for the wheel pushing under the
rail and corresponds to Case 6:
* Downstream impact on GR-2.2 approaching GR-
3.4
— Vehicle impacts 1.6 m upstream from

transition connection

— Modified GR-2.2 with nested rails
- Posts in concrete

- End posts in soil
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Figure 50 shows sequential views of the results of Modification B from a downstream view point
and an overhead view perspective. The wheel of the pickup truck again was prevented from
pushing underneath the rail and the system met all safety requirements of NCHRP Report 350
Test Level 3. A summary of Occupant risk measures were computed and are provided below in
Table 19 and the acceleration-time histories are shown in Figure 51.
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Time = 0.050 seconds

Figure 50: Sequential views of the NCHRP Report 350 Test 3-11 analysis of the modified GR-
2.2 with nested w-beam rails and standard GR-3.4 transition for impact.
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Table 19: Occupant risk values computed using the software TRAP for analysis of the
modified GR-2.2 with nested w-beam rails and standard GR-3.4 transition

Occupant Risk Factors
Impact Velocity (m/s) at 0.0895 seconds on right side of interior
x-direction 5.6
y-direction 8.1
Ridedown Accelerations (g's)
x-direction  -7.3  (0.0983 - 0.1083 seconds)
y-direction  -10.3 (0.2091 - 0.2191 seconds)

THIV (km/hr): 33.4 at 0.0876 seconds on right side of interior
THIV (m/s): 9.3
PHD (g's): 12.3  (0.2090 - 0.2190 seconds)
ASI: 1.63 (0.0273 - 0.0773 seconds)
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Figure 51: Acceleration-time histories computed at the c.g. of the vehicle for impact - NCHRP
Report 350 Test 3-11 analysis of the modified GR-2.2 with nested w-beam rails and
standard GR-3.4 transition

Phase Il Summary
The analyses of the original system indicated that there was a stiffness discontinuity at the

connection point of the ODOT GR-2.2 to the ODOT GR-3.4 that may lead to pocketing and

wheel snag.
Two modifications to the GR-2.2 guardrail and GR-3.4 transition system were evaluated:
1. Modified connection with “staggered w-beam rails and

2. Modified GR-2.2 with nested w-beam rails

The analyses indicated that both design modifications would meet the safety criteria of NCHRP
Report 350 Test Level 3. The modified GR-2.2 with nested w-beam rails was considered the
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more practical option because it not only solved the problem with the connection of the GR-2.2
guardrail to the GR-3.4 transition, but also improves the performance of the GR-2.2 by
preventing wheel snag on posts, as discussed in Phase I.
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PHASE Il - NCHRP REPORT 350 TL-3 QUALIFICATION OF FINAL
GUARDRAIL DESIGNS

Phase 3 involved verification that the final guardrail and transition designs were TL-3 approved
systems, and ultimately, to receive FHWA acceptance for the use of the systems on the National
Highway System. Qualification for TL-3 is typically done through full-scale crash testing which
was included in the original research approach; however, full-scale testing was not required by
FHWA due to sufficient evidence of successful performance of the final system design
demonstrated in the F.E. analysis.

The analysis results for the original design of the ODOT GR-2.2 guardrail were presented to the
FHWA in a request for approval of the ODOT GR-2.2 as a TL-3 system. An approval letter was
received from the FHWA in March 2005 qualifying the ODOT GR-2.2 as an NCHRP Report
350 Test Level 3 system for use on the National Highway System (NHS). The FHWA also
acknowledged in the March 2005 acceptance letter that the proposed modifications would
enhance the performance of the system under impact conditions that are more severe (i.e., higher
speeds or steeper impact angles) than those required in NCHRP Report 350.

The Modified GR-2.2 with nested w-beam (i.e., Nested Type 5 Guardrail with Tubular Backup)
and the standard ODOT GR-3.4 transition was presented to FHWA as an integrated system for
TL-3 approval and an acceptance letter was received on August 10, 2005. It is the opinion of the
research team that the Nested Type 5 Guardrail with Tubular Backup and the ODOT GR-3.4 are
performance-matched and should be used as an integrated system until such time that another

system is proven to be compatible.
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PROJECT SUMMARY

EVALUATION OF ODOT GR-2.2 GUARDRAIL
Finite element analysis was used to evaluate the performance of the GR-2.2 guardrail system. It
was not be feasible to evaluate every scenario of soil cover, post type and post mounting
condition, thus two post mounting conditions were selected for evaluation in the analysis

1) Post completely encased in concrete

2) Posts embedded in 3’-5” of soil

These mounting conditions represent the most stiff and the most flexible boundary condition,
respectively, for the system and were chosen because they bound the problem (i.e. the

performance of the other mounting options should fall somewhere between these two scenarios).

The analyses indicated that the system would pass NCHRP Report 350 Test Level 3. A letter
from the FHWA was received in March 2005 qualifying the ODOT GR-2.2 as an NCHRP
Report 350 Test Level 3 system.

IMPROVEMENTS TO THE ODOT GR-2.2 GUARDRAIL
In addition to assessing the likelihood for the system to pass NCHRP Report 350 Test Level 3,
the objectives of the study also included identifying weaknesses in the system and to propose
design changes and retrofit alternatives that would enhance the performance of the system. The
only weakness of the system identified in the F.E. analysis was a slight potential for wheel snag
under extreme impact conditions. The F.E. analysis indicated that the system would pass Report
350 Test Level 3, but during impact, the impact-side front tire “grazed” one of the guardrail
posts. Under Test 3-11 impact conditions the ODOT GR-2.2 should perform adequately,
however, for more severe impact conditions, wheel snag becomes more likely and can easily be
avoided with simple modifications to the system. Four modified systems were proposed to
mitigate wheel snag and three of those were analyzed using F.E.A.:

1) A modified two-tube system (analysis indicated successful performance)

2) A rub-rail retrofit (analysis indicated successful performance)

3) Nested w-beam retrofit (analysis indicated successful performance)
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4) Added tube through lower spacer block retrofit (not analyzed)

It was shown that these modifications would successfully prevent wheel contact with the
guardrail posts and that the increase in stiffness of the modified systems would not adversely

affect occupant risk measures.

EVALUATION OF THE COMPATIBILITY OF THE ODOT GR-3.4 TRANSITION

The transition system currently used with the ODOT GR-2.2 is the ODOT GR-3.4 transition
system (ODOT Bridge Terminal Assembly Type 4), however, the ODOT GR-3.4 transition is
not approved as a TL-3 system for general use as a transition to a rigid barrier. A drawing of the

ODOT GR-3.4 transition system is shown in Appendix 1.

Most transition systems are used with rigid barriers, such as bridge rails and concrete median
barriers, where the transition section is required to be very rigid as it nears the attachment point
to the barrier. The ODOT GR-2.2 guardrail, on the other hand, has a range of stiffness values
depending on the mounting conditions of the guardrail posts. Because of the relatively high
lateral stiffness of the FHWA approved TL-3 transition systems (see list of approved systems on

the FHWA website at http://safety.fhwa.dot.gov/roadway dept/road hardware/longbarriers.htm)

it was decided by the research team that none would likely be compatible with the ODOT GR-
2.2 guardrail. For example, in the case of a non-rigid mounting condition of the ODOT GR-2.2
(e.g., posts embedded in soil), the ODOT GR-2.2 could be less stiff than the transition section
which may result snagging at the connection point of the two systems caused by excessive
deflection of the guardrail in relation to the transition. Thus, a critical impact scenario that had to
be considered was an impact on the ODOT GR-2.2 at a point upstream of the connection to the
transition system. It was expected that the GR-3.4 transition system would be the most
promising candidate for use with the ODOT GR-2.2 guardrail because it is not as stiff the
standard TL-3 transition systems which are designed for use with rigid barriers.

Several finite element analyses were performed to evaluate the crash performance of the ODOT

GR-3.4 transition and ODOT GR-2.2 guardrail combination under Report 350 Test 3-11

conditions:
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1)

2)

3)

4)

5)

6)

GR-2.2 with posts in soil. Impact on transition at approximately 1.5 m upstream of
barrier

GR-2.2 with posts “fixed” at ground line (concrete encased). Impact on transition at
approximately 1.5 m upstream of barrier

(a) GR-2.2 with posts in “weak” soil. Impact on GR-2.2 at approximately 1.5 m
upstream of transition

(b) GR-2.2 with posts in “standard” soil. Impact on GR-2.2 at approximately 1.5 m
upstream of transition

(Analysis not conducted) - GR-2.2 with end-posts in soil, center posts “fixed” at
ground line (concrete encased). Impact on Transition at approximately 1.5 m upstream
of transition

GR-2.2 with end-posts in soil, center posts “fixed” at ground line (concrete encased).
Impact on Transition at approximately 1.5 m upstream of the GR-2.2.

GR-2.2 with end-posts in soil, center posts “fixed” at ground line (concrete encased).

Impact on GR-2.2 at approximately 1.5 m upstream of transition

The analyses indicated that the system would likely pass Report 350 Test 3-11, however, slight

wheel snags did occur at the connection point of the transition in cases where the impact point

was on the GR-2.2 at 1.5 m upstream of the transition (i.e., cases 3 and 6). In those two cases the

ridedown accelerations were computed to be 18.2 g and 15.6 g, respectively. The problem was

identified to be a stiffness discontinuity at the w-beam rail connection of the GR-2.2 and the GR-

3.4 transition, which resulted in the wheel pushing under the rail and then snagging at the

connection point of the transition to the guardrail.

The solution to the problem was to equalize the stiffness of the w-beam rails across the splice

connection without significantly increasing the stiffness of the GR-2.2. After evaluating various

options, the most practical and cost effective retrofit to the system was determined to be a

modified ODOT GR-2.2 guardrail with nested w-beam rails, as shown in Figure 55.
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GR-2.2 with nested w-beam

_ Standard GR-3. Standard GR-3.4

Figure 52: Modified ODOT GR-2.2 guardrail with nested w-beam rails and standard ODOT
GR-3.4 transition.

The nested w-beam rails provided enough stiffness to prevent the tire of the truck from pushing
underneath the rail and also provided a more consistent stiffness across the connection of the
GR-2.2 to the GR-3.4 transition, resulting in more than 40% reduction in maximum ridedown

accelerations compared to the original system.
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CONCLUSIONS AND RECOMMENDATIONS

Based on the results of this study, the original design of the ODOT GR-2.2 guardrail and all the
proposed modifications satisfy performance requirements of NCHRP Report 350 Test level 3.
Both the original ODOT GR-2.2 guardrail design and the modified ODOT GR-2.2 with nested
w-beams were approved by the FHWA as NCHRP Report 350 TL-3 systems and may be used on

the National Highway System at the state’s discretion.

The integrated system of the Nested Type 5 Guardrail with Tubular Backup and the ODOT GR-
3.4 transition provides significantly improved performance over the original design. It is also
considered the most practical and feasible design improvement and is therefore recommended as

a final design.
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IMPLEMENTATION PLAN

Based on the results of this study, the original design of the ODOT GR-2.2 has been accepted by
the FHWA as a TL-3 guardrail. This design is currently installed over many culverts throughout
Ohio, and since it is now considered a TL-3 system, it need only be repaired when damaged. It is
suggested, however, that the repair also include a retrofit to the system including a nested w-
beam rail on the ODOT GR-2.2 (i.e., upgrade the system to the Nested Type 5 Guardrail with

Tubular Backup) so that crash performance will be enhanced.

Drawings of the Nested Type 5 Guardrail with Tubular Backup were provided to ODOT’s
Standards Engineer, Dean Focke. Based on these drawings and the research results, ODOT has
revised their standard construction drawings of the ODOT GR-2.2 guardrail and the ODOT GR-

3.4 transition to reflect modifications that were made to these systems.
Implementation of the Nested Type 5 Guardrail with Tubular Backup should flow smoothly

since minimum hardware change is needed. In fact, the retrofit system does not include any

additional part numbers.
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