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FOREWORD

By Edward T. Harrigan
Staff Officer
Transportation Research Board

This report presents guidance on designing, selecting, and installing longitudinal traffic
barriers for curved, superelevated roadways for possible incorporation in the AASHTO
Roadside Design Guide. The report will be of immediate interest to engineers in state
highway agencies with responsibility for design and selection of roadway barrier systems.

Curved, high-speed roadways are usually superelevated to make the curved roadway
easier for vehicles to navigate. Several potential concerns and uncertainties arise when
longitudinal barriers are installed on curved, superelevated roadway sections (CSRS).

Roadway curvature increases the angle of impact of a vehicle with respect to the barrier.
This angle increase can cause an increase in impact loading that may potentially exceed
the capacity of barriers designed for impacts along tangent roadway sections. Measures of
occupant risk may also increase in magnitude.

The objective of this research was to develop guidance for highway agencies on the
design, selection, and installation of longitudinal traffic barriers on CSRS. The research was
performed by George Mason University, Fairfax, Virginia, with the support of the FHWA’s
Federal Outdoor Impact Laboratory (FOIL) at the Turner-Fairbank Highway Research
Center, McLean, Virginia.

The research encompassed extensive vehicle dynamics and finite element analyses of
vehicle-barrier impacts on CSRS. The analyses were conducted for several different vehicle
and barrier types, and for a range of roadway curvature and superelevation; shoulder width
and angle; roadside slope; and barrier orientation and placement. The results of the com-
puter analyses were validated by crash tests at the FHWA’s FOIL with full-size extended-cab
pickup trucks impacting W-beam guardrail on CSRS.

The practical outcome of the project is guidance for the AASHTO Technical Commit-
tee on Roadside Safety on the design, selection, and installation of longitudinal barriers on
CSRS. This guidance is summarized in Table 8.1 of the report, along with its implications for
the design, selection, and installation of concrete and W-beam barriers on CSRS.

This report fully documents the research. The following five appendices can be found
on the TRB website (www.TRB.org) by searching for “NCHRP Research Report 894”:
Appendix A: State DOT Survey Instrument and Instructions; Appendix B: Vehicle Dynam-
ics Simulation Results; Appendix C: Finite Element Model Validations; Appendix D: Finite
Element Simulation Results; and Appendix E: Full-Scale Crash Testing Report.
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SUMMARY

Performance of Longitudinal Barriers on
Curved, Superelevated Roadway Sections

Background and Objectives

NCHRP Project 22-29, “Performance of Longitudinal Barriers on Curved, Superelevated
Roadway Sections,” and Project 22-29A, “Evaluating the Performance of Longitudinal
Barriers on Curved, Superelevated Roadway Sections,” were initiated to develop a better
understanding of the safety performance (i.e., crashworthiness) for barriers used on curved,
superelevated roadway sections (CSRS) and to suggest options and guidance for improving
barrier selection, design, and deployment in pursuit of enhanced highway safety. CSRS are
most commonly found on major interstate-type highways, and they exist on both tight and
gentle curves (see Figure 1). The most critical CSRS situations occur on the tight curves
associated with interchanges. This research involved a four-phase effort to systematically
and comprehensively consider safety for varying CSRS situations. The research (1) reviewed
the practices and available knowledge of barriers on curves and their safety performance;
(2) analyzed issues associated with vehicle-to-barrier interfaces; (3) simulated crashes with
various types of barriers for varying curvature, shoulder configurations, and superelevation
conditions; and (4) conducted crash tests to confirm the simulation results. The project
resulted in the development of proposed enhancements to barrier design, selection, and
deployment for varying CSRS situations.

Research Approach

During the first phase of the project, the Research Team gathered relevant information
pertaining to the safety performance of longitudinal barriers on CSRS from reviewing
technical literature and conducting a survey of state DOTs (state DOT survey) to obtain
their design standards and practices. The review of domestic and international literature
(from TRID) revealed that very little research has been conducted to analyze the safety
of designs for barriers used in CSRS situations. For example, current crashworthiness
evaluation criteria only apply to straight or tangent sections of barriers, and there have been
very few efforts to test barriers on curves. The state DOT survey revealed varying practices
for the selection and deployment of barriers on CSRS, but these were essentially similar to
those for barriers on tangent sections. Analyses of crash data indicated that there are more
crashes on curved road sections, but the details in the data are not sufficient to discern
differences by features of the curve (e.g., degree of curvature, superelevation) or the type
and placement of barriers where crashes occurred. It was concluded that a clear need exists
to develop a deeper understanding of longitudinal barrier safety performance for CSRS.

The research began with applying vehicle dynamics analysis (VDA) to study the effects of
surface changes of the roadway, shoulder, and side slopes on the trajectory and orientation

Copyright National Academy of Sciences. All rights reserved.
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Figure 1. Typical CSRS with longitudinal barriers.

of a vehicle at its interface with varying barrier types and their placement. The under-
lying premise for these analyses was that a good vehicle-to-barrier interface is necessary
for adequate safety performance. Vehicles undergo changes in their roll, pitch, and yaw
as they traverse a banked roadway, a shoulder (most likely having a different slope), and
then the graded side slope before encountering a barrier. The design features for the Manual
for Assessing Safety Hardware (MASH) test vehicles (i.e., the small sedan and large pickup
truck) were input into commercially available VDA software to generate trajectory plots
for a broad set of conditions. The analyses covered a representative set of conditions as
summarized in Table 1 for three common types of longitudinal barriers. Various plots and
summaries were generated in the assessment of interface effectiveness.

Table 1. Factors considered in the research.

* Barrier Type
o Concrete barrier [height < 32 in. (813 mm)]: NJ concrete barrier
0 Strong-post W-beam guardrail [height < 31 in. (787 mm)]: G4(1S)
0 Strong-post W-beam guardrail [height > 31 in. (787 mm)]: MGS
e Vehicle Type
0 2270P pickup truck: 2007 Chevrolet Silverado model
0 1100C small car: 2010 Toyota Y aris model
e Curvature/Superelevation Combinations
0 614 ft (187 m) radius/12% superelevation
2,130 ft (649 m) radius/12% superelevation
758 ft (231 m) radius/8% superelevation
2,670 ft (814 m) radius/8% superelevation
833 ft (254 m) radius/6% superelevation
3,050 ft (930 m) radius/6% superelevation
e Shoulder Width and Slope
0 4ft(1.22m), 8 ft(2.44 m), and 12 ft (3.66 m) widths
0 0%, 3%, 6%, and 8% shoulder angles
e Roadside Slope
0 12H:1V (negative) relative to shoulder for al simulations
® |mpact Conditions
0 Impact angle: 25°
0 Impact speed: 62 mph (100 km/h)
® Barrier Placement Relative to Road Section
o Latera position: at edge of shoulder
o Vertica orientation: normal to road, normal to shoulder, or true vertical

O o0oo0oo

o

Copyright National Academy of Sciences. All rights reserved.
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Shoulder 6% 8% 12%
Angles Superelevation Superelevation Superelevation
Analyzed Corresponding Shoulder Slope
0% 6% 8% 12%
3% 3% 5% 9%
6% 0% 2% 6%
8% -2% 0% 4%

Figure 2. Shoulder slope conditions relative to the roadway
surface analyzed.

The research considered variations in shoulder width and slopes and organized the results
based on shoulder angle as noted in Figure 2. This metric reflects the cross section slope
changes on the superelevated roadway to the adjacent shoulder. A negative side slope of
12H:1V relative to shoulder was used for all simulations.

The second phase of the analyses involved crash simulation analysis using finite element
(FE) models. Simulations of crashes into barriers have been shown to effectively replicate
actual events and can provide useful metrics on safety performance. Simulations allow
variations of the vehicle-to-barrier interface to be considered as well as the necessary aspects
of barrier strength as a function of its detailed design and deployment. A subset of CSRS
conditions were selected as candidates for simulation based on results from the VDA.
Since detailed crash simulations each take 20 h to 40 h of computer processing time, the
VDA simulation results were used to minimize the number of FE cases that needed to be
simulated. Approximately 200 FE simulations were run. Various metrics were derived from
the simulations, but the focus was on the MASH Test Level 3 (TL-3) crashworthiness
measures related to vehicle stability and occupant risk (MASH 2009).

Full-scale crash testing was undertaken as the last step in this research to verify and
validate the simulation results. Three tests were conducted to provide a basis for asserting
the validity of the simulation results. The tests showed outcomes similar to the simulations
for similar conditions, leading to the conclusion that the simulation results were valid.

More details on these analysis efforts are provided in the following sections.

Vehicle Dynamics Analysis

The VDA research efforts initially involved adapting models to assess the various aspects
of vehicle-to-barrier interface performance under different CSRS conditions, as reflected in
Table 1. Human-vehicle-environment (HVE) (Engineering Dynamics Corporation 2005)
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and CarSim (CarSim 2006) programs for VDA were used to generate vehicle trajectories
to gain insights on the influences of surface features on the orientation of the vehicle and the
likely barrier interface regions for the various superelevation, slope, shoulder, and back-
slope conditions. Typical results from these analyses are the plots shown in Figure 3. For the
random set of conditions displayed, the VDA-based normalized override (blue curve) and
underride curves (green curve) can be noted. The yellow line indicates the “barrier interface
region” that would exist for a concrete barrier across positions off the shoulder where they
could be placed. The shapes of these curves reflect the maximum and minimum traces of
the primary structural regions for the two vehicles and varying speed and impact angles
considered. They vary as a result of the differences in curve radius, degree of superelevation,
shoulder width and slope, and backslope conditions. It can also be seen that the effective
placement areas (shaded green area below curves) vary by conditions. VDA interface curves
like these were generated for a range of possible barrier placement practices.

Road: 833-ft curve, 6% super Road: 3,050-ft curve, 6% super
Shoulder: 12-ft width, 6% angle Shoulder: 4-ft width, 3% angle
Road: 3,050-ft curve, 6% super Road: 3,050-ft curve, 6% super
Shoulder: 4-ft width, 0% angle Shoulder: 4-ft width, 6% angle

Figure 3. Typical override and underride limits on varying CSRS.

Copyright National Academy of Sciences. All rights reserved.
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Tabular summaries were also generated of the interface performance for all the specific
conditions of interest. The plots and tabular summaries reflect the physics of a vehicle leaving
the road on a CSRS and interfacing with barriers positioned at edge of the shoulder. The
VDA results were used to determine the maximum and minimum vehicle bumper heights at
first contact with the barrier for all combinations of curvature, superelevation, and shoulder
width and slope. In Table 2, the maximum and minimum heights are indicated. Each cell
represents the vehicle bumper height for the specific conditions. The cells with values in
red type indicate those situations where poor interface conditions are likely to exist. These
imply that the height is outside the limits (e.g., too high or too low) and there is potential
for vehicle overriding or underriding the barrier. This table as well as the interface plots
provided insights about conditions where safety issues may occur and were used to decide
which cases to evaluate using FE simulations.

The VDA results provide some useful insights about the potential effectiveness of differ-
ent types of barriers on CSRS. Some possible implications of the VDA results include the
following:

» Use barriers offering increased height and depth of their capture area for a CSRS. This
may be more important for sharper curves, higher levels of superelevation, and more
pronounced changes from roadway to shoulder angles.

e Clear zones beyond the shoulder may be an option where sufficient runout area is
available. This analysis only considered nearly level 12H:1V roadside slope conditions.

e Based on the VDA results, it was observed that there is no vehicle-to-barrier interface
issue (i.e., potential for override or underride) with concrete median barriers when used
on CSRS.

e The simulations show that there may be potential for small vehicle underride with the
Midwest Guardrail System (MGS) barriers and potential for override of the pickup truck
with the lower height G4(1S) W-beam guardrail systems.

The VDA focused on the vehicle-to-barrier interface. This is a necessary condition, but
not sufficient to ensure that the barrier will meet crashworthiness requirements. This is
where further analyses using FE models and crash simulation became necessary.

Finite Element Simulation Analyses

Simulation analysis was undertaken to analyze the impact performance of the three barrier
types for the various CSRS and barrier placement options. The LS-DYNA software used vali-
dated FE models of barriers and vehicles to simulate crashes. These models were validated
by comparisons of crash test data to simulated results for tests on tangent, level sections.
Validation efforts indicated that the models effectively replicated the crash tests based on
similarities of the motion metrics (e.g., yaw, pitch, roll, and associated velocity and accelera-
tion profiles for the x-, y-, and z-axes) indicating the viability of the simulations.

Figure 4 displays results from the simulation analyses. It shows the predicted behavior of
the vehicle and all the pertinent MASH metrics and evaluations. The basic CSRS features,
barrier placement, and impact conditions are indicated in the upper part of the table. In
this case, a 614-ft-radius curve with a superelevation of 12% is modeled. The curve has a
4-ft-wide shoulder with a 6% slope. At the edge of the shoulder, a New Jersey concrete safety
shape barrier (NJ concrete barrier) is placed with a “normal to road” orientation. A MASH
2270P vehicle traverses the CSRS and departs the traveled way and crosses the 4-ft shoulder
leading to an impact with the barrier at 100 km/h and 25°. The picture shows “snapshots”
of the vehicle position at various points of time during the approximately 2-s “crash event.”
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Table 2. Summary of results of VDA bumper-barrier interface heights.

NJ Concrete Barrier MGS W-beam Barrier G4(15) W-beam barrier
Curvature Radius (ft) | 614 | 2130 | 758 | 2670 | 833 | 3050 | 614 | 2130 | 758 | 2670 | 833 | 3050 | 614 | 2130 | 758 | 2670 | 833 | 3050
Super Elevation (%) 12 12 8 8 6 6 12 12 8 8 6 6 12 12 8 8 6 6

Shoulder | Min (in) 20.80 | 22.05 | 20.79 | 21.76 | 20.75 | 21.59 | 20.80 | 22.05 | 20.79 | 21.76 | 20.75 | 21.59 | 20.80 | 22.05 | 20.79 | 21.76 | 20.75 | 21.59

Angle 0% | pfax (in) | 24.68 | 2539 | 2455 | 2513 | 2451 | 2498 | 24.68 | 2530 | 2455 | 2513 | 24.51 | 2498 | 2468 | 2539 | 2455 | 2513 | 24.51 | 2498

Shoulder | Min (in) 21.08 | 22.11 | 21.07 | 21.83 | 21.04 | 21.62 | 21.08 | 22.11 | 21.07 | 21.83 | 21.04 | 21.62 | 21.08 | 22.11 | 21.07 | 21.83 | 21.04 | 21.62

41t Angle 3% | Npax (in) | 25.39 | 25.87 | 25.27 | 25.60 | 2523 | 25.46 | 25.39 | 25.87 | 25.27 | 25.60 | 25.23 | 25.46 | 25.39 | 25.87 | 25.27 | 25.60 | 25.23 | 2546
Shoulder

Width Shoulder | Min (in) 2142 | 22118 | 2139 | 2193 | 21.38 | 21.72 | 21.42 | 22118 | 21.39 | 2193 | 21.38 | 21.72 | 2142 | 22118 | 21.39 | 2193 | 21.38 | 21.72

Angle 6% | nax (in) | 26.15 | 26.37 | 26.04 | 26.10 | 2599 | 2592 | 26.15 | 26.37 | 26.04 | 26.10 | 2599 | 2592 | 26.15 | 26.37 | 26.04 | 26.10 | 25.99 | 2592

Shoulder | Min (in) 21.67 | 2257 | 21.63 | 22.10 | 21.61 | 21.85 | 21.67 | 22.57 | 21.63 | 22.10 | 21.61 | 21.85 | 21.67 | 22,57 | 21.63 | 22.10 | 21.61 | 21.85

Angle 8% | ppax (in) | 2668 | 2672 | 2658 | 2642 | 2653 | 2624 | 2668 | 2672 | 2658 | 2642 | 2653 | 2624 | 26.68 | 26.72 | 26.58 | 26.42 | 26.53 | 26.24

Shoulder | Min (in) 20.69 | 22.01 | 20.67 | 21.70 | 20.64 | 21.54 | 20.69 | 22.01 | 20.67 | 21.70 | 20.64 | 21.54 | 20.69 | 22.01 | 20.67 | 21.70 | 20.64 | 21.54

Angle 0% | pax (in) | 24.76 | 2546 | 24.64 | 2520 | 2459 | 2507 | 24.76 | 2546 | 2464 | 2520 | 2459 | 2507 | 2476 | 2546 | 24.64 | 2520 | 24.59 | 25.07

Shoulder | Min (in) 2077 | 21.79 | 20.75 | 2149 | 20.72 | 21.28 | 20.77 | 21.79 | 20.75 | 2149 | 20.72 | 21.28 | 20.77 | 21.79 | 20.75 | 2149 | 20.72 | 2128

8ft Angle 3% | pfax (in) | 2553 | 25.86 | 2537 | 25.57 | 25.30 | 25.39 | 25.53 | 25.86 | 2537 | 2557 | 2530 | 2539 | 2553 | 25.86 | 25.37 | 25.57 | 25.30 | 2539
Shoulder

Width | Shoulder | Min (m) | 20.91 | 2159 | 20.89 | 21.33 | 20.87 | 21.13 | 2091 | 21.59 | 20.89 | 21.33 | 20.87 | 21.13 | 2091 | 21.59 | 20.89 | 21.33 | 20.87 | 21.13

Angle 6% | nfax (in) | 26.06 | 26.06 | 2594 | 2577 | 2588 | 25.58 | 26.06 | 26.06 | 2594 | 2577 | 2588 | 2558 | 26.06 | 26.06 | 25.94 | 25.77 | 25.88 | 25.58

Shoulder | Min (in) 21.03 | 21.25 | 21.00 | 20.92 | 20.97 | 20.72 | 21.03 | 21.25 | 21.00 | 20.92 | 20.97 | 20.72 | 21.03 | 21.25 | 21.00 | 20.92 | 20.97 | 20.72

Angle 8% | ppax (in) | 2640 | 26.17 | 2624 | 2584 | 26.19 | 2565 | 2640 | 26.17 | 2624 | 2584 | 26.19 | 2565 | 26.40 | 26.17 | 26.24 | 25.84 | 26.19 | 25.65

Shoulder | Min (im) | 20.51 | 21.93 | 2048 | 21.61 | 20.44 | 2143 | 20.51 | 21.93 | 20.48 | 21.61 | 20.44 | 21.43 | 20.51 | 21.93 | 20.48 | 21.61 | 20.44 | 21.43

Angle 0% | npax (in) | 24.86 | 2556 | 24.73 | 2529 | 2465 | 25.15 | 24.86 | 25.56 | 2473 | 2529 | 2465 | 2515 | 2486 | 25.56 | 24.73 | 2529 | 2465 | 2515

Shoulder | Min (in) 2035 | 21.64 | 20.34 | 21.30 | 20.30 | 21.08 | 20.35 | 21.64 | 20.34 | 21.30 | 20.30 | 21.08 | 20.35 | 21.64 | 20.34 | 21.30 | 20.30 | 21.08

12 1t Angle 3% | pNax (in) | 25.07 | 2541 | 2495 | 2512 | 2488 | 2496 | 25.07 | 2541 | 2495 | 2512 | 2488 | 2496 | 2507 | 2541 | 2495 | 2512 | 24.88 | 2496
Shoulder

Width Shoulder | Min (in) 2023 | 2140 | 20.23 | 21.02 | 20.20 | 20.80 | 20.23 | 21.40 | 20.23 | 21.02 | 20.20 | 20.80 | 20.23 | 21.40 | 20.23 | 21.02 | 20.20 | 20.80

Angle 6% | Nfax (i) | 25.19 | 25.16 | 25.03 | 24.85 | 24.99 | 24.66 | 25.19 | 25.16 | 25.03 | 24.85 | 24.99 | 24.66 | 25.19 | 25.16 | 25.03 | 24.85 | 24.99 | 24.66

Shoulder | Min (in) 20.15 | 21.26 | 20.17 | 20.87 | 20.14 | 20.63 | 20.15 | 21.26 | 20.17 | 20.87 | 20.14 | 20.63 | 20.15 | 21.26 | 20.17 | 20.87 | 20.14 | 20.63

Angle 8% | p[ax (im) | 25.16 | 2498 | 25.05 | 24.64 | 2499 | 2442 | 2516 | 2498 | 2505 | 24.64 | 2499 | 2442 | 2516 | 2498 | 2505 | 2464 | 2499 | 2442

Note: Values in red type indicate situations where poor interface conditions are likely to exist.
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2270P - NJ Concrete Barrier (102)

Radius Super Shoulder Width Shoulder Angle | Barrier Orient. Speed Angle
614 ft 12% 4 ft 6% Normal to Road| 100 [km/h] | 25][°]

Evaluation Criteria

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

Detached elements, fragments, or other debris from the test article should not penetrate or show
D potential for penetrating the occupant compartment, or present an undue hazard to other traffic, Pass
pedestrians, or personnel in a work zone.

£ | The vehicle should remain upright during and after the collision. Max Roll (Deg) 28.54 Pass
The maximum pitch and roll angles are not to exceed 75°. Max Pitch (Deg) 23.38
Longitudinal and lateral occupant impact velocities (O1V) Vx (m/s) -5.29

H | should fall below the preferred value of 30 ft/s (9.1 m/s), or at Pass
least below the maximum allowed value of 40 ft/s (12.2 m/s). Vy (mfs) 8.15
Longitudinal and lateral occupant ridedown accelerations Ax (0) 9.92

| (ORA) should fall below the preferred value of 15.0 g, or at Pass
least below the maximum allowed value of 20.49 g. Ay (9) 17.65

Figure 4. Typical simulation analysis summary report.

The vehicle approaches as if from the inside travel lane on a departure trajectory. The simu-
lation is initiated away from the barrier to allow the vehicle model to be “stabilized” before
impact. The point of the 25° impact has the right front side of the pickup truck making first
contact with the barrier. Fractions of a second later, the vehicle yaws, leading to a rear-end
impact with the barrier while riding up the barrier and beginning an outward roll. About
0.3 s later, the vehicle has been redirected toward the travel lane and down the barrier side.
There is greater outward roll, but further contact with the barrier reverses the roll direction.
This visual sequence provides a convenient means to compare performance among various
conditions. The lower part of the table provides a summary of the MASH crashworthiness
evaluation metrics for the conditions simulated.

Similar summaries were generated to allow convenient comparisons of barrier perfor-
mance under different conditions. For example, Figure 5 compares the vehicle behavior for
MASH 3-10 and 3-11 impacts on curves of 758- and 2,670-ft radius with 8% superelevation,
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Parameters and Results Case Time Sequence View
CSRS: Radius 758 ft, 8% super 224
Vehicle: 1100C 1100C

A — Containment (Pass)
D — Detached Elements (Pass)
F — Max Roll — 26.59 (Pass)
Max Pitch — 21.99 (Pass)
H - OIV - Vx — -5.47 (Pass)
Vy - 9.76 (Pass)
| - ORA - Ax —-3.19 (Pass)
Ay - 14.23 (Pass)
CSRS: Radius 758 ft, 8% super 124
Vehicle: 2270P 2270P
A — Containment (Pass)
D — Detached Elements (Pass)
F — Max Roll - 33.66 (Pass)
Max Pitch — 29.86 (Pass)
H - OIV - Vx — -5.39 (Pass)
Vy - 8.24 (Pass)
| - ORA — Ax —-13.38 (Pass)
Ay — 18.43 (Pass)
CSRS: Radius 2,670 ft, 8% super | 264
Vehicle: 1100C 1100C
A — Containment (Pass)
D — Detached Elements (Pass)
F — Max Roll — 25.85 (Pass)
Max Pitch — 21.72 (Pass)
H - OIV - Vx — -5.49 (Pass)
Vy —9.72 (Pass)
| - ORA - Ax — -3.27 (Pass)
Ay —-13.54 (Pass)
CSRS: Radius 2,670 ft, 8% super | 164
Vehicle: 2270P 2270P
A — Containment (Pass)
D — Detached Elements (Pass)
F — Max Roll — 35.84 (Pass)
Max Pitch — 31.6 (Pass)
H - OIV - Vx - -5.57 (Pass)
Vy — 8.13 (Pass)
| - ORA - Ax —-12.09 (Pass)
Ay — 18.28 (Pass)

Figure 5. Sample comparison of radius effects for different vehicles.

and a 4-ft-wide shoulder with an 8% shoulder angle. The barriers were oriented normal to
road. The figure shows the vehicle behavior differences observed between the small car and
the large pickup truck for these conditions.

A considerable amount of information was generated by the simulations. The outcomes
are summarized in a series of tables for each barrier and MASH test condition across the
range of conditions simulated. An example is given in Table 3. For each CSRS condition
(i.e., curve radius and superelevation; shoulder width and shoulder angle), the results of the
simulation runs for impacts with specific types of barriers are provided. Some of these cells
are marked with an asterisk (*) to indicate that the outcome was based on expert judgment
derived from the FE simulations and VDA.

The Research Team drew insights from these summaries. The following findings emerged:

 Variations in barrier performance were noted for the various conditions, suggesting that
the simulation models and approach reflect the physics of barrier impacts on CSRS.

o After approximately 60 simulations for the NJ concrete barrier (as shown in this table),
most have passed the MASH Test 3-11 (the most critical test) requirements for CSRS
conditions when the barrier is installed normal to road or shoulder. The simulations
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Table 3. Sample performance table based on simulations.

32” NJ Concrete Barrier Performance Table

Curvature/Superelevation (50 mph Design Speeds)
614 ft f12% 758 ft f 8% 833 ft f 6%

5';3;;'3: r S‘I;anugl :d:r T'r:u‘ie f fn J_F EJ TIF':E J_F En J_F En Tiflte Jf En Jf En

Vertical Shoulder Road Vertical Shoulder Road Vertical Shoulder Road

0% Pass* Pass® Pass* Pass* Pass* Pass* Pass® Pass* Pass*

3% Pass (111) Pass* Pass (112) Pass* Pass* Pass* Pass* Pass* Pass*

i 6% Fail (101) Pass (113) | Pass (102) Pass (121) Pass* Pass (122) Paszs* Pass* Pazs*
8% Fail (103} Pass (114) | Pass (104) Fail (123} | Pass(129) | Pass(124) | Pass(131) Pass* Pass (132)

0% Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass*

‘ 3% Pass® Pass* Pass*® Pass® Pass*® Pass® Pass* Pass* Pass*

& 6% Fail (105) | Pass(115) | Pass (106) Pass (127) Pass* Pass (128) Pass* Pass* Pazs*
8% Fail (107) | Pass(116) | Pass (108) Fail (125} | Pass (130) Fail (126) Fail (233) Pass* Pass (134)

0% Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass*

3% Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass*

e 6% Pass (109) Pass* Pass (110) Pass* Pass* Pass® Pass* Pass® Pass®

8% Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass*

Curvature/Superelevation (80 mph Design Speeds)
2130 ft [ 12% 2670 ft f 8% 3050 ft f 6%

5';3;;'3: r S‘I;anugl :d:r T'r:u‘ie f fn Jf 'fn TIF':E f fo J_F En Tiflte f En f En

Vertical Shoulder Road Vertical Shoulder Road Vertical Shoulder Road

0% Pass* Pass® Pass* Pass* Pass* Pass* Pass® Pass* Pass*

3% Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass*
i 6% Fail (145) | Pass(153) | Pass (146) Fail (161) | Pass (165) | Pass (162) | Pass (171) Pass* Pass (172)
8% Fail (147) Pass (154) | Pass (148) Fail (163} Fail (266) Pass (164) Pass (173) | Pass (175) Fail (174)

0% Pass* Pass® Pass* Pass* Pass* Pass* Pass* Pass* Pass*

‘ 3% Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass*

&t 6% Fail (245) | Pass (155) | Pass (150) Pass* Pass* Pass* Pass* Pass* Pazs*

8% Fail (247) | Pass (15a) Fail (152) Pass* Pass* Pass* Pass* Pass* Pass*

0% Fail (249) | Pass (157) | Pass(142) Pass* Pass* Pass* Pass* Pass* Pass*

3% Pass (143) | Pass (158) | Pass (144) Pass* Pass* Pass* Paszs* Pass* Pass*

1z 6% Pass* Pasc* Pasc* Pass* Pass* Pass* Pass* Pass* Pass*

8% Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass* Pass*

Note: Asterisk (*) indicates that the outcome was based on expert judgment derived from the FE simulations and VDA.
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of impacts with the NJ concrete barrier indicated that it is more prone to fail the crash-
worthiness requirements for situations where the superelevation is 8% or greater and the
shoulder angle is 6% to 8%.

» Performance under less severe CSRS and barrier placement conditions is incrementally
improved. This suggests that current applications of the concrete barrier are viable. This
also suggests that there may not be compelling reasons to conduct full-scale crash tests
on concrete barrier.

o Efforts to simulate G4(1S) W-beam barriers for the various conditions showed consistent
results associated with barrier height. The 27%-in.-high barriers did not perform as well
as higher barriers.

 The simulations of vehicle impacts into G4(1S) barriers at a height of 27% in. for CSRS
applications showed a propensity for override, as the VDA results suggested. There were
fewer cases of vaulting for the G4(1S) barriers at 29 in. high. There were no cases where
underride was indicated to be a problem.

 Simulations of the MGS barriers (31 in. high) showed no propensity for underride issues
with the small car.

e Additional simulations for F-shape concrete barriers indicated improved performance
over the NJ concrete barrier.

The simulation efforts included some additional runs to add depth to the analyses and
provide a better understanding of the underlying physics. They provide additional metrics
or different views of the simulated impacts.

Full-Scale Testing

There was considerable discussion about which crash tests would be most important to
conduct. Ultimately, three tests were conducted:

o Test 16004. G4(1S) barrier at 29 in. high with a 2270P vehicle at 100 km/h for a 254-m
(833-ft) radius curve with a 6% superelevation with a —2% shoulder slope, and a 4-ft
shoulder. The vehicle impacted the barrier at the desired speed, but there was less drift
than anticipated, causing the vehicle to impact 2 ft to 3 ft from the desired Critical Impact
Point (CIP), hitting closer to the first downstream post. Consequently, the rail was more
rigid and the vehicle traveled along it near the top, but did not vault the barrier as had
been seen in the simulation. This was considered a marginal result.

e Test 16010. G4(1S) barrier at 29 in. high with a 2270P vehicle at 100 km/h for a 254-m
(833-ft) radius curve with a 6% superelevation with a —2% shoulder slope, and a 4-ft
shoulder. The vehicle impacted the barrier at the desired speed near the CIP. Conse-
quently, the rail was less rigid, allowing the vehicle to climb and vault over it. This result
was considered to confirm the simulation results.

e Test 16015. G4(1S) barrier at 29 in. high with a 2270P vehicle at 100 km/h for a 254-m
(833-ft) radius curve with a 6% superelevation with a —2% shoulder slope, and an 8-ft
shoulder. The vehicle impacted the barrier at the desired speed near the CIP. The rail
safely redirected the vehicle. This result was considered to confirm the simulation results
for 8-ft shoulders.

These tests were conducted for the most common type of W-beam barrier and bracketed
the pass/fail limits indicated by the simulations. Because the test results were considered
similar, they are believed to provide confirmation that the simulations reflected the real-
world safety performance of barriers on CSRS.
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Development of Guidance for Deployment
of Longitudinal Barriers on CSRS

A considerable amount of information was derived from the VDA, simulation analyses,
and crash testing. The challenge was to translate these results into guidance for the design,
selection, and installation of longitudinal barriers on CSRS. Table 4 contains the significant
implications and guidance derived for the barriers and CSRS conditions analyzed. These are
included along with the critical guidance elements (in bold) that evolved from this research.

Table 4. CSRS implications and guidance derived for the barriers
and CSRS analyzed.

Aspect

| Implications and Guidance Elements

Barrier Design

General

Poor vehicle-to-barrier interface limits the barrier functions in a crash.

Good interface is a necessary, but not a sufficient condition for selection of a barrier type.
The degree of increased impact severity needs to be assessed.

Consider using interface analyses (i.e., VDA) to evaluate special cases or other types of
barriers to increase confidence in the design.

Consider higher barriers to better accommodate larger vehicles for CSRS applications.

Concrete
Barriers

Concrete safety shapes do not have underride problems, but face slopes can induce rollovers.
Use higher concrete barriers where there is a concern about override associated with
CSRS features.

Concrete barriers with an appropriate face slope may be considered the most universally
effective design for CSRS conditions.

Design concrete barriers with minimum face slope to limit vehicle ride-up and maintain
a viable interface area overlap.

W-Beam
Barrier

The need for a higher barrier is apparent, but increasing the rail height necessitated review of
underride potential.

Increases in barrier height are most important for tight curves where excessive speeds
are likely to occur (e.qg., off-ramps, downhill).

Follow the FHWA Technical Memorandum of May 17, 2010, that recommends the
nominal height for new installations of G4(1S) barrier be 29 in. for CSRS (Nicol 2010).
Consider 31-in.-high W-beam barrier designs for CSRS situations.

Selection

Curvature and
Superelevation

Conduct deeper analysis of short-radius, high superelevation CSRS situations.
Limit the use of tight curves with high superelevations.
Consider using higher barriers on CSRS with appropriate underride protection.

Shoulder
Width and
Angle

Limit major changes in shoulder slope to avoid impacting the barrier when the
suspension effects can maximize the potential interface area.

Use wider shoulders where slope changes must be large to allow the suspension to
stabilize the vehicle before impact.

Limit shoulder angle to comply with the AASHTO recommendation that melting snow
flow away from the road.

Roadside Slope

Limit the variation of slope change on the roadside for situations where the barrier is
not placed adjacent to the shoulder to provide an acceptable interface.

Barrier Type

Consider higher (e.g., 31-in.) W-beam barrier designs for CSRS situations.

Select barriers with increased height for tight curves where high speeds are likely to
occur.

Consider using concrete barriers with minimum face slope (e.g., F-shape) to reduce the
risk of rollover.

Installation
Orientation Promote use of barrier orientation perpendicular to the roadway for concrete barriers.
Placement Limit the placement of barriers to the edge of the shoulder on CSRS, particularly where

there is a non-trivial slope change going to the roadside slope.
Use wider shoulders with lower shoulder angles relative to the road on CSRS with short
radii and high superelevation.

Maintenance

Analysis on the effectiveness of damaged barriers on CSRS is needed.
Further analysis of relative priorities for barrier maintenance on CSRS may be needed.

Note: Critical guidance elements are shown in bold type.

Copyright National Academy of Sciences. All rights reserved.
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These are subject to further vetting, rewording, and editing in consultation with AASHTO
committees. This construct provides a summary of the findings of the multifaceted analyses
that support the proposed guidance for barrier design, selection, and installation.

Conclusions

In this effort, it was determined that there is limited information on the influences of
CSRS features on safety. It was found that there were physics-based criteria for determining
appropriate curvature and banking parameters to allow vehicles to safely negotiate curves
under varying surface conditions. Criteria for basic curve design are found in the AASHTO’s
A Policy on Geometric Design for Highways and Streets (Green Book) (AASHTO 2011a). It was
noted, however, that there was very limited guidance available for addressing concerns about
vehicles leaving the roadway under CSRS conditions. While there is the basic understanding
that crashes occur more often on curves than on tangent sections, the influences of CSRS
features on crash propensity were not clear. It was noted that there is a fundamental issue
with the level of detail associated with crash reporting that limits analysis options. The usual
data captured for crashes falls short on details about the features of the road at or upstream
of the crash location. In some cases, there are basic features that are provided on crash
reports (e.g., pavement condition), but rarely are details on grade or curvature captured.
This limits the ability to analyze CSRS crashes because the necessary data is not routinely
captured. The problem occurs even when an agency has the road features data but cannot
link it to specific crash sites.

There has been a growing understanding of the dynamics of vehicles as they traverse
specific surfaces, but such analyses have not typically been undertaken in most crash analysis
efforts, despite the availability of software tools for the purpose. Sophisticated simulation
tools that allow the physics of vehicle dynamics and vehicle-to-barrier impacts to be analyzed
may not be applied due to limited funds. The interest in understanding the safety perfor-
mance of barriers on CSRS provides the impetus for using advanced tools when ordinary
research approaches are limited.

This effort was undertaken in three phases to enhance the understanding of the safety
performance of barriers on CSRS and develop guidance for their effective design, selection,
and installation. The following insights resulted from this research:

e There has been little effort to determine whether longitudinal barriers adjacent to CSRS
perform in the way same as those on tangent sections.

 Current guidance for barrier design, selection, and maintenance is essentially the same as
that for tangent sections.

» VDA using commercially available tools provides a means to study the effects of speed,
surface features, and vehicle type on the trajectory and orientations of a vehicle departing
the traveled way on CSRS.

e Vehicle trajectories for two types of vehicles traveling at 62 mph (10km/h) were examined
to determine their interface with barriers at various locations along the roadway.

e The VDA provided useful information on vehicle-to-barrier interfaces for a range of
CSRS conditions.

» VDA results were used to determine which situations warranted deeper analyses using
simulation.

e FE simulations were undertaken to investigate the impact performance (i.e., physics) of
selected vehicles impacting one of three types of barriers placed on a CSRS.

 The simulation analyses focused on MASH impact conditions to evaluate the performance
for NJ concrete, G4(1S) W-beam, and MGS barriers.
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e The results indicated that there was some potential for failure, but options for address-
ing the problems existed.

o Three full-scale crash tests were conducted that validated the simulation analyses. These
tests also demonstrated approaches for conducting future tests of barriers on CSRS.

The findings from all three phases of the research were summarized into proposed
actions that could increase barrier safety on CSRS. The proposed actions will be shared with
various groups for feedback and refined for possible incorporation into guidance documents
and state practices. Needs for future research were also defined. NCHRP Research Report 894
documents in detail the analyses and results from this project. These were synthesized into
a series of proposals for effective design, selection, and installation of longitudinal barriers
on CSRS.

13
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CHAPTER 1

Introduction

Highways consist of tangent and curved roadway sections
for which there are well-established geometric design criteria.
Curved roadway sections on higher speed roads are gener-
ally constructed with superelevation to compensate for the
centripetal forces exerted on the vehicles, making it easier for
the driver to control the vehicle through the curved section.
Guidelines for the design of CSRS are found in the Green Book.
These indicate superelevation rates for varying degrees of cur-
vature for two speeds. They do not provide design guidance
for shoulder features or barriers for superelevated curves.

There is limited guidance for the selection, design, and
installation of barriers for CSRS of the road network. While it
is well known that crashes occur proportionately more often
on curves than tangent sections, the influence of curvature,
superelevation, and roadway features on crash propensity or
severity is not well understood. Barriers are often deployed
on CSRS as a continuation of barriers on adjacent sections
or to address situations created by the superelevated curve
(i.e., the protection from a drop to the backslope, often asso-
ciated with the embankment needed to provide the super-
elevation slope). Guidance for the deployment and testing
of barriers on CSRS is limited. The need exists for a better
understanding of the behavior of vehicles that leave the trav-
eled way in such situations and the associated performance
requirements for barriers deployed on the CSRS.

This report provides an overview of efforts and findings
under two NCHRP projects: NCHRP Project 22-29, “Perfor-
mance of Longitudinal Barriers on Curved, Superelevated
Roadway Sections,” and NCHRP Project 22-29A, “Evaluating
the Performance of Longitudinal Barriers on Curved, Super-
elevated Roadway Sections.” These were initiated to address
the limited knowledge and guidance on barrier performance
on CSRS through reviews of current agency practices, pub-
lished research and guidance, accumulated knowledge about
crashes and safety issues, and a three-phase effort to analyze
the influences of specific CSRS conditions on barrier perfor-
mance. The research developed insights from comprehensive

VDA, crash simulation, and full-scale testing to develop guid-
ance for improved selection, design, and deployment practices
for common longitudinal barriers [e.g., NJ concrete, G4(1S)
W-beam guardrail, and the MGS] for CSRS situations.

1.1 Background

The safety performance of longitudinal barriers under
current and past crashworthiness evaluation criteria has been
assessed under idealized impact conditions where a linear
section of the barrier is installed on level terrain and the
impacting vehicle is freewheeling with minimum roll and
pitch effects. This protocol has evolved to provide a “practical
worst-case” impact condition that is reproducible and com-
parable. In reality, barriers are rarely installed and impacted
under ideal conditions, and installations and impacts on
CSRS are examples of conditions that are far from ideal.

State DOTs have addressed the installation of barriers for
CSRS in varying ways because there is limited guidance in
both the Green Book and the Roadside Design Guide (AASHTO
2011b). Figure 1.1 shows examples of concrete and steel
W-beam longitudinal barriers installed on CSRS. Curved road-
way sections are generally constructed with superelevation to
compensate for the centripetal forces exerted on the vehicles,
making it easier for drivers to control their vehicle at higher
speeds through the curved section.

Both curvature and superelevation can affect vehicle
dynamics and the vehicle’s trajectory, orientation, weight
distribution, and speed. Recent research has noted that the
dynamic effects can significantly affect the interface between
the vehicle and the barrier as it leaves the road (Marzougui
et al. 2008a, 2010a, 2012a). On curved sections, the vehicle
can leave the road at a sharper angle and consequently hit
the barrier with higher impact severity. The higher impact
severity can lead to increased forces on the occupants, more
intrusion into the occupant compartment, ruptured barriers,
or unusual interactions between contacted components. In
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Figure 1.1. Example CSRS with typical longitudinal barriers.

addition, a sharper impact angle can increase vehicle instabil-
ity and may lead to vehicle rollover, override, or penetration
of the barrier. The sharper angles increase vehicle climb for
rigid barriers and tire/post snagging for semi-rigid strong-
post barriers. Furthermore, the road superelevation may
cause the vehicle to approach the barrier at a different orien-
tation (i.e., roll, pitch, and yaw) and hence impact at a height
higher relative to the barrier than would be the case for a flat
surface. This is particularly critical when a shoulder has a
negative slope relative to the roadway surface.

Background for this research was gathered from reviewing
the literature, conducting a state DOT survey, and inves-
tigating crash data in search of issues associated with safety
performance of CSRS. These efforts revealed that there had
been little previous research for longitudinal barriers on
CSRS, no common barrier selection, design, or installation
practices for barriers on CSRS across the United States, and
limited opportunity to discern safety issues due to limited

data for impacts with barriers on CSRS. Thus, there was
a need to assess barrier safety performance as a function
of curvature, superelevation, shoulder configuration (i.e.,
width and slope), and impact conditions. The MASH crash-
worthiness requirements served as the benchmark for the
assessment.

1.2 Project Objectives and Scope

The objectives of this research were to (1) evaluate the
crash performance of standard longitudinal barriers installed
on CSRS; (2) determine if the curvature and superelevation
details used by state DOTs degrade the performance of the
barriers to the extent that they will no longer meet the
crash test criteria for MASH; and (3) develop guidance for
the design, selection, and installation of barriers on CSRS.
The effort applied state-of-the-art analysis tools to enhance the
understanding of the influencing factors and identify possible

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/25290?s=z1120

Performance of Longitudinal Barriers on Curved, Superelevated Roadway Sections

16

future research to study barrier modifications, changes to
roadway geometrics, or both in response to any safety issues
identified. Under the second phase of the research, the evalu-
ation of crash performance included (1) a review of the devel-
opment and validation of the crash simulations in NCHRP
Project 22-29 using LS-DYNA FE models of four vehicles
and three barrier types (G4-1S, MGS, and vertical concrete)
and (2) completion of one planned simulation from NCHRP
Project 22-29.

The Research Team met these objectives by using simula-
tion analyses and validating the results using crash tests. A
wide spectrum of cases was analyzed in detail and cases where
the barrier type, design, or placement did not meet require-
ments were isolated. The following sections describe perti-
nent accomplishments from NCHRP Project 22-29 and the
efforts that were undertaken in this project.

1.3 Research Approach

Curvature and surface slope are known to affect vehicle
dynamics and influence vehicle trajectories, orientation, and
speed. On curved sections, the vehicle is more likely to leave the
road at a sharper angle and impact the barrier with greater
force, which could potentially result in a higher impact
severity. The degree of superelevation in combination with
the shoulder slope can lead to a higher interface with the
barrier, which can increase vehicle instability, barrier climb,
vehicle rollover, or override. Further, the superelevation with
a negative shoulder slope might cause the vehicle to impact
the barrier at a different orientation (roll and pitch). Thus,
an important starting point for analyses of barriers on CSRS
is establishing an understanding of the dynamics of vehicles
leaving the roadway and traversing the shoulder and side
slope before impacting the barrier.

Much effort has been devoted to analyzing the dynamic
effects of vehicles on non-level terrain and the subsequent
effects on their trajectories and interfaces with barriers. VDA
has been shown to provide new insights on the effects of a
vehicle’s suspension system on trajectories in all three dimen-
sions. For example, trajectory data in the vertical direction is
directly related to the height of the interface of the vehicle and
the barrier. This effect is more likely to occur when there is
a change in the surface slope between the roadway and the
shoulder leading to a shift in the distribution of the vehicle’s
weight, which could lead to an override or underride of the
barrier due to poor interface. The combined effect of the
superelevation of the roadway, the slope of the shoulder,
and the side slope of the roadside for a vehicle leaving the
roadway on a curve can be explicitly analyzed using VDA
tools. These tools readily allow the range of combinations
of roadway, shoulder, and side slope design features to be
analyzed for varying types of vehicles and their paths or

trajectories determined. Thus,a VDA approach was proposed
as the starting point for this research to cover a broad range
of CSRS conditions.

Because VDA only provides insights on the vehicle-to-
barrier interface, the second phase of the analyses was to
use crash simulation analysis to understand barrier strength
and behavior for impacts on varying CSRS. Simulations of
crashes into barriers have been shown to effectively replicate
actual events and therefore, can provide useful metrics on
safety performance. An array of FE models for vehicles and
barriers was available to support such analyses. Simulations
allow variations of the vehicle-to-barrier interface to be con-
sidered, as well as the necessary aspects of barrier strength as
a function of its detailed design and deployment. Since simu-
lation runs are time-consuming, it was planned that a subset
of CSRS conditions would be selected for simulation based
on the VDA results. Various metrics can be derived from
the simulations, including the MASH TL-3 crashworthiness
measures related to vehicle stability and occupant risk. The
simulation analysis supports the generation of many crash
metrics as well as digital views of the vehicle-to-barrier
impacts. These were considered essential to understanding
barrier safety performance on CSRS. These simulation results
also provide a means to explain the nature of vehicle-to-barrier
interactions, as well as compare the effects of various factors
on behavior and performance.

Full-scale crash testing was the last step to verify and
validate the simulation results. Tests were conducted to deter-
mine the validity of the simulation results. The tests showed
outcomes that were similar to the simulations for similar con-
ditions, leading to the conclusion that the simulation results
were valid. Since guidelines for the testing and deployment
of roadside safety barriers on sloped surfaces and curved sec-
tions do not exist, it was recognized that innovative efforts
would be needed. Crash testing protocols for barriers have
evolved to provide a practical worst-case impact condition
that is reproducible and comparable. Barriers had been tested
under idealized impact conditions, with the tested barriers
being installed on a straight section, having a flat approach
terrain, and the impacting vehicle freewheeling with mini-
mum roll and pitch effects. These protocols have evolved
to provide important assessments that determine whether
safety hardware is “crashworthy.” While crash testing pro-
tocols have evolved to include tests for a variety of angular
impact conditions, one aspect that is not fully addressed is
the crashworthiness of barriers installed on CSRS. A review
of the literature revealed that only a few efforts had addressed
the safety of designs or provided guidance for placement
on CSRS. The need existed to understand performance of
longitudinal barriers along the CSRS to develop effective
barrier designs and appropriate placement guidelines for such
locations.
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The research approach involved summarizing the research ¢ Chapter 4—Vehicle Dynamics Analysis for Vehicles Leaving
findings in each of the facets to allow translation of the results the Traveled Way on CSRS
into guidance on the design, selection, and installation of e Chapter 5—Crash Simulation Analysis of Impacts into
longitudinal barriers on CSRS. It is planned that guidance Longitudinal Barriers on CSRS
derived from these efforts will be presented to AASHTO and e Chapter 6—Full-Scale Testing and Results
FHWA for their critical review and possible integration into ¢ Chapter 7—Development of Guidance for Improved Longi-
the appropriate documents. NCHRP Research Report 894 tudinal Barrier Design, Selection, and Installation on CSRS
describes the findings and explains the rational for the pro- ¢ Chapter 8—Conclusions

posed guidelines.
The report also includes Appendices A through E as follows:

1.4 Report Organization
p 9 Appendix A: State DOT Survey Instrument and Instruc-

This report is organized as follows: tions; Appendix B: Vehicle Dynamics Simulation Results;

Appendix C: Finite Element Model Validations; Appendix

e Summary D: Finite Element Simulation Results; and Appendix E:

e Chapter 1—Introduction Full-Scale Crash Testing Report. These appendices can be

e Chapter 2—Literature Review and State DOT Survey found on the TRB website (www.trb.org) by searching for
e Chapter 3—Crash Data Analysis “NCHRP Research Report 894”.
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CHAPTER 2

Literature Review and State DOT Survey

2.1 Introduction

A detailed literature review was conducted to gather infor-
mation and synthesize relevant past efforts. The focus was on
studies related to the design, performance evaluation, mainte-
nance, and application details of longitudinal barrier systems
when placed on CSRS with emphasis on crash testing and
computer simulations. TRID was used to identify domestic
and international reference materials. The findings from the lit-
erature search revealed limited references related to this topic.
Summaries of relevant knowledge from domestic and inter-
national reference materials are presented in this chapter.

2.2 Barrier Crashworthiness Research

One of the first research efforts to determine the perfor-
mance of traffic barriers on curved alignments was described
in Bridge Rail Retrofit for Curved Structures (Bronstad and
Kimball 1986). Three bridge rail systems were installed on a
curved, superelevated structure and crash tested. The railings
tested were two 813-mm- (32-in.-) tall NJ concrete barriers
(one installed true vertical and the other perpendicular to the
superelevated bridge deck) and a retrofitted tubular Thrie-
beam rail (i.e., double-sided Thrie-beam rail), installed per-
pendicular to the deck (Figure 2.1). Test vehicles included an
820-kg (1,800-1b) sub-compact car (Honda Civic), a 1,020-kg
(2,250-1b) compact car (Vega), and a 9,070-kg (20,000-1b)
school bus. Impact conditions for all tests were nominally 64
km/h (40 mph) with a 15° impact angle. The simulated bridge
deck used in the testing was constructed with a 48.8-m (160-ft)
outside radius on a 4.5% downgrade. The superelevation was
12% with no shoulder break.

All three barriers contained and redirected the vehicles in
the crash tests. There was not a significant difference in per-
formance between the two concrete barrier orientations (i.e.,
true vertical or perpendicular to the superelevated roadway
surface), but vehicle climb was reduced in the perpendicular
orientation tests. In all of the concrete barrier tests, the cars

climbed at least 460 mm (18 in.) up the barrier. In one test of
the vertically oriented barrier, the vehicle nearly climbed to
the top of the barrier, even at the relatively low impact speed
and angle. The tubular Thrie-beam retrofit design, installed
perpendicular to the roadway surface, performed better than
the safety shape in all the crashes.

The second and most relevant reference was an FHWA
report entitled Traffic Barriers on Curves, Curbs, and Slopes
dated August 1993 (Stout et al. 1993). This study investigated
performance of guardrails on curves, on slopes, and with
curbs. The research was conducted in four main phases. In the
first phase, previous references on related topics were reviewed.
The second phase consisted of analyzing crash datasets to
identify issues related to the study topic. Next, a series of crash
tests were conducted on guardrails to assess their performance
when installed on curves, on slopes, and with curbs. In the final
phase, an attempt was made to use computer simulation using
the Numerical Analysis of Roadside Design (NARD) program
to assess the barrier performance under these conditions.

The literature review revealed that the W-beam and Thrie-
beam barriers did not meet the NCHRP Report 230 testing
requirements when installed on non-level terrain at the tested
offset distances from the edge of the road, while the cable bar-
rier system did meet these requirements. Another finding
indicated a similar observation that different lateral barrier
offsets and heights could lead to vehicle override and under-
ride in sloped median installations. A third finding was that
vehicle behavior is affected by highway features and roadside
barriers. A final finding indicated that roadside slopes signifi-
cantly affect barrier performance.

The data analysis revealed limited information due to the
small size of some of the datasets available. Some of the key
findings from the crash data analysis are listed as follows:

e Pertaining to curved roadside sections, the accident data
showed no evidence that guardrail performance is worse
on curved road sections than on straight sections.
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(b) 32-in. NJ bridge rail—normal to deck

(c) Tubular Thrie-beam bridge rail—normal to deck

Figure 2.1. Cross sections of tested bridge rails (Bronstad and

Kimball 1986).

e For installations on side slopes, the performance of barriers
placed behind the hinge point was significantly worse than
when placed before the hinge point. This was the case even
though all barriers were installed in relatively gentle slopes
(shallower than 4H:1V) as recommended by AASHTO
guidelines for guardrail installations.

In the third phase of the study, crash tests were conducted.
Two tests involved impacts with an 820-kg (1,800-1b) small
car and 2,450-kg (5,400-1b) pickup truck, both at 96.5 km/h
(60 mph) and 20° impact angle into a standard W-beam
guardrail on a 363-m (1,192-ft) radius curve with level ter-
rain. These tests indicated that the barrier would meet the
crashworthiness requirements. Four additional tests were

conducted with the 2,450-kg (5,400-1b) pickup at 96.5 km/h
(60 mph) and 20° impact angle, but approaching the barrier
on the diagonal of a 10% superelevation upslope. Four differ-
ent barrier and placement conditions were tested as noted in
Table 2.1. In all cases for the standard guardrail at normal
heights the outcome was negative. Only the high-performance
Thrie-beam barrier met the requirements for these crash con-
ditions. The report did not cite specific issues with the vehicle-
to-barrier interface that might be a focal point for barrier
redesign on curves. While these tests provided some use-
ful insights, they only considered a curve radius of 363 m
(1,192 ft), superelevation slope of 10%, speed of 96.5 km/h
(60 mph), impact angle of 20°, and a 2,450-kg (5,400-1b)
pickup truck. There is a need to consider a broader set of
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Table 2.1. Full-scale crash tests conducted on 10% superelevation.

Outcome
The vehicle was redirected on the

Placement
Beyond 3-m

Test Barrier
Standard W-beam

1862-6-89 | guardrail w/ 1.83- | (10-ft) shoulder | traffic side of the barrier, but rolled
m (6-ft) posts over.
Standard W-beam | Beyond 3-m The vehicle vaulted the rail and rolled
1862-9-90 | guardrail w/ 2.13- | (10-ft) shoulder | over. The lateral torsion in the longer
m (7-ft) posts posts increased buckling.
1862-10-90 | 1Nrie-beam Beyond 3-m The vehicle was redirected by this
guardrail (10-ft) shoulder | high-performance barrier.

Standard W-beam
guardrail w/ 1.83-

At edge of
traveled way

This option was intended to eliminate
the possibility that the vehicle would

1862-16-91 | m (6-ft) posts

become airborne at the break point of
the superelevated section and shoulder,
but the vehicle still vaulted and rolled.

impact conditions consistent with updated crashworthi-
ness criteria.

2.3 Terrain Effect Studies

A more recent study, not directly related but relevant to the
topic of this research, was conducted at the Texas Transportation
Institute (TTI) (Sheikh and Bligh 2006). Using FE simulations,
this study investigated the safety performance of 813-mm-
(32-in.-) high F-shape concrete barriers when installed on
sloped medians. The simulations included different median and
barrier placement configurations. In the first configuration, the
study focused on barriers installed at the center of symmetric
V-shaped medians with side slopes of 6:1 or shallower (Fig-
ure 2.2). Horizontal curvatures were not considered in this study.

To identify the most critical impact scenarios for this con-
figuration, simulations without a barrier were conducted to
determine the trajectory of the corner of the front bumper
relative to the ground as the vehicle traverses the median. This
trajectory is shown in Figure 2.3. Two critical barrier place-
ments (i.e., median widths) were identified: (1) when the vehicle
is at its highest point relative to the barrier and (2) when the
vehicle is at its lowest point relative to the barrier. The first
point was found to be 4 m (13.25 ft) from the edge of the
road and the bumper point was about 150 mm (6 in.) higher
than it would be when the barrier is installed on flat terrain.
The second point was identified to be 7.2 m (23.5 ft) from the
edge of the road, and the bumper was about 50 mm (2 in.)
lower than the flat terrain condition.

2% roadway cross-

slope 20:1
cross-slope
6:1
cross-slope
6-ft shoulder

Simulations using a 2000P vehicle (represented by a Chev-
rolet C2500 pickup model) traveling at 100-km/h (62.2-mph)
initial speed and 25° impact angle were conducted to assess
the barrier performance in these two critical impact configu-
rations. The barrier in these simulations was assumed rigid
because it was not expected that it would undergo significant
deformation or damage during the impact. Both simulations
showed that the barrier met all NCHRP Report 350 criteria
(Ross et al. 1993).

Two additional configurations were investigated where the
barrier was placed on one side of the median. In the first config-
uration, the barrier was placed on the shoulder [Figure 2.4(a)].
In the second configuration, the barrier was placed at the
edge of the shoulder as shown in Figure 2.4(b). In the latter
case, one side of the median was regraded to accommodate
the placement of the 0.61-m (2-ft) base of the barrier. A total
median width of 9.1 m (30 ft) [2.2 m (40 ft) (with 1.22-m
(4-ft) shoulders] was used in the second case. In both cases,
the barrier’s vertical alignment was perpendicular to the road
surface. The height of the bumper corner point relative to
ground level as the vehicle crosses the median is shown in
Figure 2.5. The bumper impact height for the first case was
200 mm (8 in.) lower than it would be on flat terrain and
about 75 mm (3 in.) higher than it would be for flat terrain
installations for the second case. Simulations with the 2000P
vehicle traveling at a 100-km/h (62-mph) initial speed and
an impact angle of 25° were conducted. In these simulations,
the vehicle impacted the back side of the barrier after crossing
the symmetric V-shaped 6:1 sloped median. The simulations

Figure 2.2. Barrier placed in the middle of a 6:1 or shallower sloped median (Sheikh and Bligh 2006).
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Lateral position of the bumper (ft)

Figure 2.3. Bumper height relative to the ground as vehicle crosses the median
(Sheikh and Bligh 2006).

(a) Barrier placed on shoulder

(b) Barrier placed at edge of shoulder

Figure 2.4. Barrier placed at the edge of a 6H:1V or shallower sloped median
(Sheikh and Bligh 2006).
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Nominal bumper height (in.)

Case 4

Case 3

Lateral position of the bumper (ft)

Figure 2.5. Bumper height relative to the ground as vehicle crosses the median

(Sheikh and Bligh 2006).

showed that the barrier met all NCHRP Report 350 criteria
in both cases.

It is noted from these simulations that the 813-mm (320-in.)
F-shape concrete barrier performed adequately, even when the
height of the vehicle relative to the barrier was 150 mm (6 in.)
higher (Figure 2.3) and 200 mm (8 in.) lower (Figure 2.5) than
that of the flat terrain case.

Two full-scale crash tests were conducted to validate the
simulation results. The tests were set up in similar configura-
tions to the first two simulation cases (representing barrier
placement at the center of V-shaped symmetric medians).
Both tests met the NCHRP Report 350 criteria. Based on the
simulations and tests, guidelines for the use of concrete barriers
on sloped medians were recommended for the Texas DOT
(TxDOT) as follows: “The TxDOT cast-in-place permanent
F-shape barrier and the precast free-standing F-shape barrier
are considered suitable for placement on roadside and median
fore-slopes of 6H:1V or less. Additionally, these barriers are
suitable to be placed at any lateral offset of the barrier from the
roadway edge and for any width of depressed V-ditch median as
long as the barrier is placed at its center. Similar or better per-
formance would be expected for placements on more gentle
(e.g., 8H:1V) slopes.” Testing was not conducted for the cases
where the barrier was installed on the shoulder and no recom-
mendations for these cases were included.

In another study conducted at TTI, the effects of barrier
vertical orientation (inclination) on the performance of
safety shape bridge rail parapets were investigated (Sheikh
and Alberson 2005). Simulations with F-shape parapets

installed on five different roadway cross slopes were con-
ducted and compared to study the effects of barrier vertical
orientation. The cross slopes studied are shown in Table 2.2.
For all cross section profiles, the parapet was modeled plumb
to the earth. The simulations were conducted using a 2000P
vehicle model impacting the barrier at 100 km/h (62.2 mph)
and a 25° angle.

Using the simulation results, the effects of barrier orien-
tation on the vehicle roll and pitch angles and vehicle center
of gravity (CG) vertical displacement (representing vehicle
climb) were assessed. Figure 2.6 shows plots of these mea-
sures for different roadway cross slopes. The simulations
showed that the vehicle roll, pitch, and vertical displacement
increase with increased cross slope angles (i.e., increased
inclination).

Table 2.2. Cross slopes used
in the study (Sheikh and
Alberson 2005).
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(b) Pitch angle versus inclination

(c) CG vertical displacement versus inclination

Figure 2.6. Effects of roadway cross slopes on vehicle roll, pitch, and displacement (Sheikh and Alberson 2005).

2.4 General Curve Safety Guidance

Another reference related to the topic of this research
is NCHRP Report 500: Guidance for Implementation of the
AASHTO Strategic Highway Safety Plan, Volume 7: A Guide
for Reducing Collisions on Horizontal Curves (Torbic et al.
2004). This report includes guidelines developed to reduce
fatal and serious injuries on curved roads. The guidelines
are aimed at reducing the likelihood of a vehicle leaving the
road and minimizing the adverse consequences of run-off-
road situations at horizontal curves. The guidelines are listed
below. The first 15 guidelines are aimed at reducing the num-
ber of vehicles leaving the road, while the last 5 are intended
to reduce the severity of crashes on curved roads. The last
two guidelines specifically address roadside safety hardware;
limited information was available in the report on their
implementation:

1. Provide advance warning of unexpected changes in hori-
zontal alignment
2. Enhance delineation along the curve

O 00 N QN U1 B~ W

16.
17.
18.
19.
20.

. Provide adequate sight distance

. Install shoulder rumble strips

. Install centerline rumble strips

. Prevent edge drop-offs

. Provide skid-resistant pavement surfaces
. Provide grooved pavement

. Provide lighting of the curve

10.
. Widen the roadway
12.
13.
14.
15.

Provide dynamic curve warning system

Improve or restore superelevation

Modify horizontal alignment

Install automated anti-icing systems

Prohibit/restrict trucks with very long semitrailers on
roads with horizontal curves that cannot accommodate
truck off tracking

Design safer slopes and ditches to prevent rollovers
Remove/relocate objects in hazardous locations
Delineate roadside objects

Add or improve roadside hardware

Improve design and application of barrier and attenuation
systems
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2.5 Road Design Guidelines

A few guidelines were obtained from respondents of the
state DOT survey. An initial review showed that these guide-
lines are similar to the Green Book recommendations sum-
marized in the following subsection. Guidelines pertaining
to curved road sections address only geometric aspects of
the road. No specific information was found related to lon-
gitudinal barrier installations. Few differences were observed
between the state DOT survey responses and Green Book
guidelines for maximum superelevation rates, side friction
factors, superelevation design tables, and so forth.

The fundamentals for barrier design and deployment on
U.S. highways is provided in the Green Book and the Roadside
Design Guide. These documents were reviewed to understand
the prevailing rationale and determine the conditions and
parameters cited for when barriers are needed, the recom-
mended types, and where and how they are to be deployed.
The focus was on longitudinal barrier installations on high-
speed CSRS. The relevant elements from these documents
are summarized below. Because states can establish their
own standards and practices, a state DOT survey was also
conducted.

2.5.1 Green Book

To establish a safe and comfortable driving environment
on curved road sections, guidelines for the selection of road
curvatures and superelevations, given a selected design speed,
are provided in the Green Book. The guidelines that are rel-

evant to this research include design speed; maximum super-
elevation rate; side friction factor; minimum curve radius;
superelevation distribution methods and superelevation cal-
culation; and shoulders. These guidelines are used by most
states when determining the curvatures and superelevation
rates of curved roads. These guidelines were also used in this
effort to create the road profiles for the computer simula-
tions. These guidelines are summarized in the following
subsections.

2.5.1.1 Design Speed

The Green Book defines design speed as “a selected speed
used to determine the various geometric features of the
roadway.” The design speed should be selected based on the
topography, anticipated operating speed, adjacent land use,
and functional classification of the highway. The design speed
affects many aspects of the roadway geometric elements. It
directly influences superelevation and curvatures as well as
several other design parameters. The Green Book recommen-
dation for minimum design speed on high-speed roadways
(freeways) is 80 km/h (50 mph). The use of design speeds
of 100 km/h (60 mph) or higher is encouraged for urban
freeways, because it can be achieved with minimal additional
costs. A 110 km/h (70 mph) design speed is recommended
for rural freeways and interchange locations consistent with
higher design speeds. For mountainous terrain, a design
speed of 80 to 100 km/h (50 to 60 mph) is recommended.
The Green Book gives an approximation of the running speed
as a function of design speed as shown in Table 2.3.

Table 2.3. Average running speed versus design speed (AASHTO 2011a).
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2.5.1.2 Maximum Superelevation Rate

Vehicles traveling on curved roads are subjected to a lat-
eral force known as centrifugal force. This lateral force, which
pushes the vehicle outward from the curved road center point,
increases as the vehicle speed increases or the radius of the
curve decreases. Superelevation is the sloping (banking) of the
road to oppose this lateral centrifugal force. For high-speed
roadways, the Green Book recommended range for maximum
superelevation rate is 6% to 12%. This range is reduced to
6% to 8% in regions where snow or ice is of concern, because
vehicles traveling at low speeds in snowy or icy conditions tend
to slide on roads with high superelevations. A superelevation
rate of 6% to 8% is also recommended for viaducts; the lower
6% superelevation rate is recommended when freezing and
thawing conditions are likely.

2.5.1.3 Side Friction Factor

The side friction factor is defined in the Green Book as the
“vehicle need for side friction.” When a vehicle is traveling
on a curved road, the lateral centrifugal force is resisted by a
combination of the superelevation and the friction between
the tires and the road surface. For a given vehicle speed and
curvature radius, an increase in superelevation would lead to
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lower lateral friction force (i.e., a larger portion of the cen-
trifugal force is resisted by the superelevation). The side fric-
tion factor is the ratio between this lateral friction force and
the weight of the vehicle (with a small conservative simpli-
fication). The side friction factor fis expressed in the Green
Book as follows:

VZ
" I5R

—0.0le

f

where Vis the vehicle speed (mph), R is curve radius (ft), and
e is the superelevation rate (%).

The side friction factor depends on many variables such
as the speed of the vehicle; weight; braking and accelerating;
suspension; and tire design and condition. It decreases when
the speed of the vehicle increases, and during braking or
acceleration. The maximum value of the side friction factor
is reached when the vehicle starts to skid. To avoid skidding,
the maximum side friction factor used in highway design is
much less than the actual value (i.e., roads are designed based
on a portion of the maximum side friction available to ensure
safety and comfort of the driver). Based on several research
studies, the Green Book defines a curve for maximum side
friction factor versus design speed. This curve is shown in
Figure 2.7.

Figure 2.7. Side friction factor assumed for road design (AASHTO 2011a).
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2.5.1.4 Minimum Curvature Radius

The minimum curvature radius defines the sharpest curva-
ture for a given design speed, maximum superelevation, and
maximum side friction factor. It can be expressed as follows:

Vi

Rmin =
15(0.01€max + fonax )

where V), is the design speed (mph), ., is maximum side
friction factor, and e,,,, is the superelevation rate (%).

2.5.1.5 Superelevation Distribution Methods
and Superelevation Calculations

For a given design speed and road curvature, several com-
binations of superelevation and side friction can be used to
resist the lateral centrifugal force. The Green Book lists five
different methods for the distribution of the superelevation
and lateral friction forces. For high-speed roadways, the last
method (Method 5) is recommended. In this method, the
superelevation and side friction have a curvilinear relation-
ship with respect to the inverse of the curvature radius. Using
the maximum side friction factor shown in Figure 2.7 and this
method, diagrams of superelevation in relation to curvature
radius and design speed for different maximum supereleva-
tions are generated. A sample diagram is shown in Figure 2.8.
Using the same method, superelevation tables were generated.

A sample superelevation design table is included in Table 2.4.
These diagrams and tables are used to determine road curva-
tures and superelevation rates.

2.5.1.6 Shoulders

The Green Book recommends that shoulders in heavily
traveled high-speed highways be at least 3 m (10 ft) wide, with
a 3.66-m (12-ft) width preferable. On four-lane freeways, the
recommended shoulder width on the left side of the road is
1.22 m to 2.44 m (4 ft to 8 ft) and on the right side at least 3 m
(10 ft). Asphalt and concrete shoulders should be sloped from
2% to 6%. Gravel or crushed rock shoulder slopes should be
from 4% to 6% and turf shoulders should be 6% to 8%.

2.5.2 Roadside Design Guide

A review of the Roadside Design Guide revealed no specific
recommendations for longitudinal barrier installations on
curved and superelevated road sections (i.e., barrier instal-
lations on curves follow the same guidelines as on straight
roads). A few recommendations related to the research topic
are listed as follows:

¢ A barrier should not be installed on a slope steeper than
6H:1V unless it has been tested and found to meet the
NCHRP Report 350 or MASH evaluation criteria.

Figure 2.8. Sample design superelevation diagram, for e,.,= 6% (AASHTO 2011a).
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Table 2.4. Sample design superelevation table, e., = 6% (AASHTO 2011a).

¢ Only flexible and semi-rigid barriers should be installed on
slopes steeper than 10H:1V.

e A barrier should be placed as far as possible from the trav-
eled way as practical without hindering its proper operation
and performance. Barrier offset distances (Shy-Line) range
from 1.22 m (4 ft) for a 50-km/h (30-mph) design speed to
3.66 m (12 ft) for a 130-km/h (80-mph) design speed.

2.6 State DOT Survey Results

A state DOT survey was conducted to identify common
barriers used on CSRS and to gather information pertaining
to specific state standards, guidelines, and practices for the
design, installation, and construction for such situations. The
survey instrument was designed such that the questions were
kept to a minimum but covered needed information and
identified where the states had their own standards, guidance,
or practices. It deemed more efficient to pursue the details
of standards, guidance, or practices only with the states that
had them. Thus, there were only eight questions included in

the survey. The questionnaire is included in Appendix A. The
survey sought the following information:

e Types of longitudinal barriers currently used or likely to be
used in the future on high-speed CSRS.

e The existence of specific criteria for which high-speed
CSRS need barriers.

e Existence of specific criteria for the type of barrier to be used.

e Availability of data for crashes in such situations.

e Availability of in-service barrier performance assessments
and safety concerns.

¢ References for the specific standards, guidance, and practices.

Of the 50 states surveyed, 33 responded for a 68% response
rate. The responses received are summarized as follows:

Question 1. The participants were asked to provide infor-
mation on the types of longitudinal barriers that are currently
in place or are being installed on high-speed CSRS in their
state. They were also asked to rank these barriers based on
their usage (most to least commonly used). The survey form
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Table 2.5. Longitudinal barriers usage on high-speed CSRS.

Previously Installed Barriers Currently Being Installed Barriers
# of States | Ranking | Ranking # of States | Ranking | Ranking
Using Factor | Factor RiLOIEiiI Using Factor | Factor F?;r?lgﬁ:
Barrier® 1° 2° 9 Barrier® 1° 2° 9

W-beam barrier

(<31-in. height) 31 1.35 26 1 26 1.77 21 1
Concrete barrier

(<32-in. height) 27 2.48 2 2 22 2.82 1 4
Concrete barrier

(>32-in. height) 24 3.08 0 3 25 2.80 0 3
Cable barrier 20 3.70 2 4 20 3.30 1 5
system

Thrie-beam 15 42 1 5 15 413 0 6
barrier

W-beam barrier

(>31-in. height) 9 4.33 0 6 11 2.45 5) 2

@ Number of participating states (33 total) that indicated barrier used in high-speed CSRS.

P Rating factor based on states’ barrier rankings (sum of rankings divided by number of states using barrier).

¢Rating factor based on number of states that ranked barrier as 1 (most commonly used).

Note: The darker shaded areas indicate the most commonly used longitudinal barrier on CSRS; the lighter shaded areas

indicate the second most commonly used barrier.

focused on W-beam, Thrie-beam, and concrete barriers of
various heights. The information received was grouped and
ranked as shown in Table 2.5. The rankings obtained from the
participating states were used to establish a global ranking for
all states. A first ranking factor was computed by summing
all rankings listed by the states for each barrier and dividing
it by the total number of states that use that particular bar-
rier. This factor is shown in the third column of Table 2.5
for “previously installed barriers” and the seventh column for
“currently being installed barriers.” The smaller this ranking
factor, the higher the barrier usage. Another ranking factor
used is the total number of states that ranked the barrier as
1 (most commonly used). This factor is shown in columns 4
and 8 for previously installed barriers and currently being
installed barriers, respectively. Higher numbers for this fac-
tor indicate higher usage. Based on these two factors, a global
ranking was determined (columns 5 and 9 in Table 2.5) to
identify the most commonly used longitudinal barriers.

The W-beam guardrail, with a height less than 31 in., was
ranked as the most commonly used longitudinal barrier
on high-speed CSRS. This was the case for both previously
installed and currently being installed barriers. All participants
indicated that it is used in their state and 26 participants ranked
it as the most commonly installed. For previously installed bar-
riers, the concrete barrier with a height less than 32 in. ranked
second. This barrier is used by 29 of the 33 participating states
and was ranked first (most commonly used) by 2 states. For
currently being installed barriers, the W-beam guardrail with a
height of 31 in. or higher ranked second. Eleven of the 33 par-
ticipating states indicated that they are currently installing this

barrier and 5 participants ranked it as the barrier most often
currently being installed. Concrete barrier with a height greater
than 32 in. was ranked third for both previously installed and
currently being installed barriers. Concrete barrier with a
height less than 32 in. was ranked fourth for currently being
installed barriers. These results were consistent with expec-
tations; however, because higher barriers would increase the
likelihood of capturing unstable vehicles, it might have been
expected that there would have been more use of higher varia-
tions of W-beam and concrete barriers on CSRS.

An unexpected response was in the usage of cable barrier
systems on high-speed CSRS. Even though this system was
not one of the barriers listed in Question 1, it was added by
20 of the 33 states as previously and currently being installed
in their state. Two of the participants indicated that cable
barrier was ranked first for previously installed barriers in
their state for CSRS, one mentioned it is for roadside appli-
cation only. One of the participants indicated that cable bar-
rier is currently being installed in their state and is ranked
first among the barriers. This response may accurately reflect
that cable barriers are increasingly being used in median and
roadside applications, which may include CSRS. The focus of
this research has been on the outer, roadside applications of
barriers. These responses suggest that future analysis should
focus on the median barriers in such situations.

Question2. The participants were asked to provide infor-
mation on the type of barriers that are likely to be the stan-
dard applications in high-speed CSRS in future installations.
The information from the states was analyzed and grouped as
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Table 2.6. Barriers for future installations.

Longitudinal Barrier Type # of S_tatt_es That Plan to Us_e the
Barrier in Future Installations
Concrete Barrier (All types) 25
» Single slope 10
* F-shape 7
e NJ 3
» Double-faced 2
W-beam guardrail 15
Cable barrier 13
Strong-post W-beam guardrail 8
MGS 8
Thrie-beam 7
Box-beam 3

shown in Table 2.6. Concrete barriers were listed most often (by
25 of the 33 states). Participants also provided some additional
details relative to the barriers’ cross sectional shape with single
slope and the F-shape concrete barriers being listed by 10 and
7 participants, respectively. The NJ and double-faced concrete
barriers were listed by three and two participants, respectively.
The W-beam guardrail was listed by 15 of the 33 states. The
cable barrier system was mentioned by 13 of the 33 states. The
strong-post W-beam and the MGS were each mentioned by
8 of the 33 states. The Thrie-beam barrier was mentioned by
7 states. Three states listed the Box-beam barrier. Detailed
descriptions of these barriers and web links to technical draw-
ings were included for most barriers listed by the respondents.

Question3. The participants were asked if their state has
special criteria to determine whether a barrier is warranted
on a high-speed CSRS. Eleven states indicated “yes” and 22
indicated “no,” suggesting that special criteria may only exist
in a third of the states. Five states mentioned that they use
the Roadside Design Guide for curve adjustment and for clear
zone. Three other states indicated that they use their own
state road design manual. Four states indicated that they are
investigating increasing the clear zone and considering other
alternatives based on the specific case. Three states men-
tioned that they evaluate each site separately and make an
engineering judgment on appropriate treatment. One state
noted it is considering using 42-in.-high concrete barriers in
some applications and Thrie-beam guardrails in others.

Question4. The participants were asked if their state has
special criteria for selecting the barrier type and test level for
longitudinal barriers to be installed on a high-speed CSRS.
Seven participants said “yes” and 26 answered “no.” The cri-
teria listed by the seven participants included the following:

e Use NCHRP Report 350 or MASH (2 states),
e Use higher test level than the usual TL-3-based crash his-
tory (3 states),
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e Use 42-in.-high concrete barrier (1 state), and
e Use own state location and design manuals (4 states).

While the use of prevailing crashworthiness requirements
would seem to be the norm, the last three responses suggest
that there are considerations for treating high-speed CSRS
differently.

Question 5. The participants were asked if their state has
available data related to crashes involving longitudinal barriers
installed on high-speed CSRS. Thirteen states answered “yes”
and 20 answered “no.” Seven states—Arkansas, Delaware, Iowa,
Kansas, Ohio, Oklahoma, and Pennsylvania—indicated that
they should be able to pull crash data with some limited
parameters from crash reports. North Carolina indicated that
it could provide a crash dataset for sections of high-speed
roadways with the distinction of curved versus straight road-
ways (without details of curvature specifications). Montana
and New Jersey indicated that their database may contain
some of the crash data on superelevated and curved roadways
with guardrails, but the superelevations are not reported.
Indiana has 825 collisions with guardrail face/end on Inter-
state highways in 2011, but each crash would then have to be
investigated to see if it was on a high-speed curve. Washington
State has a State Travel and Collision Data Office (STCDO)
that handles crash data.

Question 6. The participants were asked if their state
is aware of in-service evaluations or accident investigations
related to longitudinal barriers installed on high-speed CSRS.
Two participants answered “yes” to this question. Illinois
mentioned that the crash investigations are confidential, but
may be shared if requested for research. North Carolina indi-
cated that many longitudinal barrier analyses have been com-
pleted, with before and after crash data evaluations where
they installed barriers as a Spot Safety or Hazard Elimination
project for roads that have curves. To date, they have evalu-
ated 26 guardrail projects at bridges and 31 guardrail projects
for shoulder applications. Alaska mentioned that crash inves-
tigations are not widespread, and only site-specific evalua-
tion of installed rail is conducted. The responses indicate that
detailed in-service evaluations or case studies for crashes on
these types of road sections are not generally available.

Question 7. The participants were asked if there are
locations in their state where longitudinal barriers placed on
a high-speed CSRS did not function as desired. Seven par-
ticipants answered “yes,” 22 said “no,” and 4 had no answer.
One state had a case where an impacting car encroached
into opposite travel lanes through a cable barrier installed in
a median on a curve. Another state indicated that a W-beam
median guardrail was replaced by a single slope 45-in. concrete
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barrier in the median of a CSRS because of repetitive hits on
the guardrail. One state had a segment of roadway that was
the subject of an improvement project to permit the guard-
rail removal because motorists rebounded from the guardrail
into the traveled way of an opposing lane, or else impacted the
guardrail on the opposite shoulder. Another state is replacing
a 32-in.-high concrete barrier rail with a 46-in.-high concrete
barrier rail on a section of curved roadway in a mountainous
location to reduce the likelihood of large trucks penetrating
the barrier. Another state reported trucks that either dumped
their loads on a curved overpass or tipped over the concrete
parapet. One state indicated it had situations where vehicles
penetrated through TL-3 cable barriers.

Question 8. The participants were asked to list any avail-
able additional information related to the performance of
longitudinal barriers placed on high-speed CSRS. A few states
listed their own state guides (posted on their websites). Two
states listed the Roadside Design Guide and the Green Book.

2.7 Summary

A detailed literature review was conducted to gather infor-
mation and synthesize relevant past efforts. The focus was
on studies related to the design, performance, maintenance,
and application details of longitudinal barrier systems when
placed on CSRS. TRID was used to identify domestic and
international reference materials. The literature did not pro-
vide much insight about concerns related to the safety per-
formance of barriers placed on curves, much less on CSRS;
however, the following insights were gained:

¢ Thenature of impacts on curved sections is not well known.
Theoretically, without driver inputs, impacts would occur
at shallower angles. The influences of gravitational forces
on the impact angle on sloped surfaces have not been
analyzed in depth.

e There has been very limited testing of barriers on curved
sections. The most significant studies undertaken for the
FHWA occurred in 1986 and 1993. These efforts included
analyses and tests related to curbs, superelevation, and bridge
rails by Bronstad and Kimball (1986) and Stout et al. (1993).
Later studies focused on barrier interface issues associated
with slopes (Sheikh and Bligh 2006; Sheikh et al. 2008).

e There have been successful efforts using simulation to
understand the trajectories of vehicles on sloped surfaces.
Recent applications of VDA software included efforts to
determine effective placement of cable barriers on median
slopes (Marzougui et al. 2012a). VDA tools had been applied

earlier for vehicle performance studies and accident
reconstruction.

e Design guidance provided in the Green Book focuses on
selecting curvatures and superelevation that will allow a
vehicle to be driven around a curve at high speeds in com-
fort and the assurance that under wet conditions vehicles
traveling at posted speeds would not be likely to lose control.

¢ Guidance for the placement of longitudinal barriers is avail-
able in the Roadside Design Guide for the instances when
control is lost, but there is little specific guidance offered for
barriers on CSRS.

The literature found and reviewed did not provide much
insight about concerns related to the performance of barriers
placed on CSRS.

A state DOT survey was conducted to identify common
barriers used on CSRS and to gather information pertaining
to specific state standards, guidelines, and practices for the
design, installation, and construction for such situations.

Representatives from 33 state DOTs responded to the sur-
vey (a response rate of 67%). The responses provided use-
ful information relative to current state DOT standards and
practices as follows:

e A variety of longitudinal barriers are used for CSRS situa-
tions by the states.

e State DOTs do not have specific criteria for longitudinal bar-
riers on CSRS. They tend to accept the NCHRP Report 350
or MASH crashworthiness requirements as sufficient.

¢ No state reported knowledge of issues related to crashes on
CSRS from in-service performance reviews or other studies.

¢ State DOTs noted that they plan to use the same types of
barriers for future CSRS barrier deployments.

e The longitudinal barriers used varied by type and were
about equally split between concrete safety shapes and
W- or Thrie-beam designs.

e Some states specify a higher barrier for CSRS deployments
where there is evidence of a crash problem.

e Concrete barriers 42 in. high are sometimes specified.

These findings suggest that most state DOTSs have not per-
ceived the need for special barrier requirements for CSRS.
This might be attributed to the fact that superelevation
is more commonly used on high-speed roads that gener-
ally have better safety performance. The state DOT survey
revealed that most states do not currently have special design,
selection, or installation guidance for the installation of
longitudinal barriers on CSRS.
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CHAPTER 3

Crash Data Analysis

Crash data analysis is useful in understanding the fre-
quency and severity of crash events and, when the data is
adequate, often allows situational, behavioral, and impact
influences to be discerned. This research was initiated on
the premise that there is a potential safety problem associ-
ated with typical longitudinal barriers when they are installed
on curved road sections. The safety problem is believed to be
exaggerated when traffic moves at high speeds on roadway
sections that are superelevated, which allows drivers to easily
negotiate the curves at high speeds. While anecdotal informa-
tion suggests there is a problem, its magnitude and extent are
not clear. This effort began with investigations of several avail-
able crash data sources to determine the extent and magnitude
of the problem and to gain insights on barrier performance so
that effective standards and guidance could be generated. The
sources of crash data included the following:

¢ National Automotive Sampling System/Crashworthiness
Data System (NASS/CDS)

¢ National Automotive Sampling System/General Estimate
System (NASS/GES)

e Fatality Analysis Reporting System (FARS)

These are all publicly available datasets maintained by the
National Highway Traffic Safety Administration (NHTSA).
The NASS/CDS dataset is the most detailed, but has the fewest
cases. Its basic data has been supplemented by road features
data in many cases through independent research. The NASS/
GES is the least detailed or comprehensive, but it reflects the
full range of crashes nationwide and as such allows global
metrics of specific safety issues to be derived. The FARS data-
set provides more detail than GES, but it is only focused on
fatal crashes, and its coverage of crash features lacks the detail
to directly isolate crashes into longitudinal barriers on high-
speed CSRS.

Other data sources exist that could provide useful infor-
mation, but they fall short of the needs of this research. For
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example, if an agency were to have a good highway features
inventory, then it would be possible to identify all the loca-
tions where CSRS exist. However, specific data on road curva-
ture and the specific starting and ending points of the curves
are rare. It is even rarer that features such as superelevation
are available in a database. If these locations could be refer-
enced, it might not be possible to accurately determine all the
crashes that occurred in proximity of the feature. The process
of determining crash locations is not based on GPS coordi-
nates in many places, and often the location data is inexact
or inaccurate. Thus, it is not likely that a sound estimate of a
crash problem associated with longitudinal barriers on high-
speed CSRS can be defined.

Analysis of crash data was undertaken to understand the
conditions that influence crash potential and barrier perfor-
mance. The parameters examined included road curvature,
vehicle type, number of road lanes, vertical elevation (i.e., road
profile), lighting condition, surface condition, weather condi-
tion, and speed limit. Cases where the longitudinal barrier
was installed on a curved section were compared with cases
where the barrier was installed on a straight section. A sum-
mary of the analyses using these three datasets is presented.

3.1 NASS/CDS Data Analyses

The NASS/CDS database was used to identify critical factors
related to longitudinal barrier performance when installed on
CSRS. Datasets from 1988 through 2009 were included in the
analysis. The data included a total of 186,465 cases during these
22 years. The datasets were weighted to be representative of
the total number of crashes. Both weighted and unweighted
data are presented here for comparison. A summary of the
results from the analysis is presented below.

The first step in the analysis was to reduce the dataset to the
cases involving a longitudinal barrier as a first harmful event.
A total of 4,489 vehicles were found to have the first harmful
event as collision with a traffic barrier. These cases included
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Table 3.1. First harmful event by barrier type (unweighted

and weighted).
. Unweighted Weighted
First Harmful Event

Number | Percent | Number | Percent
Concrete traffic barrier 2,066 | 46.02% | 726502 | 40.70%
Other traffic barrier (includes guardrail) 1,773 | 39.50% | 833,809 | 46.71%
Bridge rail 650 14.48% | 224,743 | 12.59%
Total longitudinal barrier 4,489 | 100.00% | 1,785,054 | 100.00%

both curved and straight roads. The variable “OBJCONT1”
in the dataset was used to distinguish between “Concrete
traffic barrier” (OBJCONT1 = 54), “Other traffic barrier
including guardrails” (OBJCONT1 = 56), and “Bridge”
(OBJCONTI = 64). Table 3.1 shows the unweighted and
weighted numbers of cases.

Next, the cases were grouped by injury level—[ Abbreviated
Injury Scale (AIS)]—as shown in Table 3.2. Out of 4,110 cases
involving longitudinal barriers (note that 379 cases have
missing or unknown injury information), 993 (24%) resulted in
serious injuries (AIS = 3), 671 (16%) resulted in moderate
injury (AIS=2), 1,684 (41%) resulted in minor injury (AIS=1),
and 762 (19%) had no injury (AIS = 0). When using the
weighting factor, the distribution showed 46% no injury,
44% minor injury, 6% moderate injury, and 4% serious
injury. It should be noted that NASS/CDS data is biased
toward more serious crashes.

The data was then sorted based on curvature alignment (i.e.,
left or right curvature or straight). Table 3.3 data indicates that
27% of the vehicle crashes with barriers occurred on curved
roads while the rest were on straight roads. For the weighted
data, the portion of accidents that occurred on curved roads
is one-third, while two-thirds occurred on straight roads. The
number of cases for right and left curved roads is similar.

The data for impacts with barriers was then used to
compare curved versus straight road cases. Table 3.4 and
Table 3.5 show the distribution of the vehicle class and the
injury classification for curved and straight roads, respec-
tively. The data indicates that 26% of the cases resulted in
serious injuries for the curved roads compared with 23%

Table 3.2. Unweighted and weighted cases by AlS.

Classified Abbreviated Unweighted Weighted
Injury Scale Number Percent Number Percent
AIS 2— 3,117 75.84% | 1,586,921 | 96.39%
AlS 3+ 993 24.16% 59,396 3.61%
Total 4,110 100.00% | 1,646,317 | 100.00%
Missing and Unknown Cases (109 + 270) = 379

Note: AIS has six levels: 1: minor; 2: moderate; 3: serious; 4: severe; 5: critical;
and 6: maximal. AlIS 2— designates AIS 2 or less injury severity; AIS 3+ designates
AIS 3 or higher injury severity.

for the straight roads for unweighted data. When the data is
weighted, 3.7% resulted in serious injuries for curved roads,
while the straight roads have 3.5% of the serious injuries. The
data shows that the percentage of serious crashes on curved
roads is similar to that of straight roads. It can be noted as
well that the percentage of accidents by vehicle type is similar
for curved and straight roads.

Additional parameters examined in the NASS/CDS data
included number of road lanes, vertical elevation, surface
condition, lighting condition, weather condition, and speed
limit. The data based on these parameters is listed in Table 3.6
through Table 3.11, respectively. The tables show the cases
involving longitudinal barriers as the first harmful event for
curved and straight roads on the left and only curved road
cases on the right side for comparison. The following can be
noted from the tables:

¢ Crashes into longitudinal barriers on curved sections are
more likely to occur on roads with fewer lanes (narrower
roads). Table 3.6 shows that for one- and two-lane roads,
the percentage of crashes on curved roads is higher than
that of the combined (curved and straight) cases. The
reverse is observed for roads with a higher number of lanes
(wider roads).

e Crashes into longitudinal barriers on curved roads are
more likely to occur on uphill and downbhill grades than
on flat surfaces. For uphill and downhill roads, Table 3.7
shows that the percentage of crashes on curved roads is
higher than that of the combined (curved and straight)
road crashes.

Table 3.3. Unweighted and weighted cases
by road alignment.

. Unweighted Weighted
Road Alignment Number | Percent | Number | Percent
Curved Road 1,201 | 26.75% | 576,478 | 32.29%
Curved Road Right 601 13.39% | 296,064 | 16.59%
Curved Road Left 600 13.37% | 280,414 | 15.71%
Straight Road 3,288 | 73.25% | 1,208,575 | 67.71%
Total 4,489 | 100.00% | 1,785,053 | 100.00%
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Table 3.4. Unweighted and weighted cases by vehicle
and AIS for curved roads.

Curved Roads
AIS2- | AIS3+ | Total AlS2- | AIS3+ Total
Vehicle Unweighted Weighted
Class
Number Number NE(r;tl?)Ier Number Number NE(r;tngler
Passenger 761 397,581
cars 562 199 (68.99%) 381,705 15,876 (74.56%)
. 135 54,436
Pickups 97 38 (12.24%) 52,661 1,774 (10.21%)
Utility 157 60,156
Vehicles | 17 40 (14.23%) | 98359 | L7981 44 Hag)
50 21,072
Vans 37 13 (4.529%) 20,692 379 (3.95%)
813 290 513,417 19,828
Toal | 737106) | (26.20%) | 10 | (96.28%) | (3.72%) | 233245
Unknown AlIS and other vehicles cases = 399 unweighted for curved and straight roadways.

Note: AIS has six levels: 1: minor; 2: moderate; 3: serious; 4: severe; 5: critical; and 6: maximal.
AIS 2-designates AIS 2 or less injury severity; AlS 3+ designates AIS 3 or higher injury severity.

Table 3.5. Unweighted and weighted cases by vehicle
and AIS for straight roads.

Straight Roads
AIS2- [ AIS3+ | Total AlS 2— AlS 3+ Total
Vehicle Unweighted Weighted
Class
Number | Number NE(;’:EIEI’ Number Number | Total Number
Passenger 2,181 805,716
Cars 1,682 499 (73.02%) 776,569 29,147 (72.62%)
. 358 161,521
Pickups 277 81 (11.99%) 156,789 4,732 (14.56%)
Utility 310 101,972
Vehicles | 2%/ B | (038w | BT | 345 (9.19%)
138 40,278
Vans 93 45 (4.62%) 38,166 2,112 (3.63%)
2,289 698 1,070,072 | 39,416
. 0 . 0 . .07/0
Total | 76.63%) | 2337%) | 2% | “(96.45) | @5%) | 109487
Unknown AIS and other vehicles cases = 399 unweighted for curved and straight roadways.

Note: AIS has six levels: 1: minor; 2: moderate; 3: serious; 4: severe; 5: critical; and 6: maximal.
AIS 2—designates AIS 2 or less injury severity; AlS 3+ designates AIS 3 or higher injury severity.

Table 3.6. Vehicle cases by number of lanes.
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Table 3.7. Vehicle cases by vertical elevation.

Table 3.8. Vehicle cases by road surface condition.

Table 3.9. Vehicle cases by lighting condition.

Table 3.10. Vehicle cases by weather condition.
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Table 3.11. Vehicle cases by posted speed limit (km/h).

e Crashes into longitudinal barriers on curved roads are
more likely to occur on wet, snowy, and icy roads than on
dry roads. In Table 3.8, the percentages of crashes on wet,
snowy, and icy roads are higher on curved roads than that
of the combined (curved and straight) roads.

e Other parameters (lighting condition, weather condition,
and posted speed) did not show significant effects on
the crash distribution when comparing cases on curved
roads with those on the combined (curved and straight)
roads.

Further analyses of this data for barriers on straight versus
curved sections may be useful to isolate the differences.

3.2 NASS/GES Data Analyses

Similar analysis was conducted using the NASS/GES data-
base. Datasets from 1988 through 2009 were included in the
analysis. The data included a total of 2,065,308 vehicle cases
over these 22 years. The datasets were weighted to be rep-
resentative of the total number of crashes. Both weighted
and unweighted data are presented here for comparison. A
summary of the results from the analysis is presented below.

The first step in the analysis was to reduce the dataset
to the cases involving a longitudinal barrier as a first harm-
ful event. A total of 38,380 vehicles were found to have
the first harmful event as a collision with a traffic barrier.
These cases included both curved and straight roads. The
variable “V_EVENT” in the dataset was used to distinguish
between “Bridge structure” (V_EVENT = 34), “Guardrail”

(V_EVENT = 35), and “Concrete traffic barrier or other
longitudinal barrier” (V_EVENT = 36). Table 3.12 shows the
unweighted and weighted number of cases.

Next, the cases were divided into two injury groups using
the maximum severity in the vehicle (MAX_VSEV) as shown
in Table 3.13. The first group has no injury (O) (MAX_VSEV
= 0), possible injury (C) (MAX_VSEV = 1), and non-inca-
pacitating evident injury (B) (MAX_VSEV = 2). The second
group has incapacitating injury (A) (MAX_VSEV = 3) and
fatal injury (K) (MAX_VSEV =4).

Out of 38,380 cases involving longitudinal barriers,
5,581 (14.54%) resulted in incapacitating (A) and fatal
injuries (K); 6,112 (15.92%) resulted in non-incapacitating
evident injury (B); 5,854 (15.25%) resulted in possible
injury (C); and 19,759 (51.48%) had no injury (O). When
using the weighting factor, the distribution showed 163,418
(4.75%) resulted in incapacitating (A) and fatal injuries (K);
377,664 (10.98%) resulted in non-incapacitating evident
injury (B); 497,291 (14.46%) resulted in possible injury (C);
and 2,286,580 (66.55%) had no injury (O).

Table 3.12. First harmful event by barrier type
(unweighted and weighted).

Unweighted Weighted
Number
Bridge structure 3,801 9.9% 340,126 | 9.89%
Guardrail 19,771 | 51.51% | 1,996,229 | 58.06%
Concrete traffic barrier 14,808 | 38.58% | 1,101,994 | 32.05%

Total Longitudinal Barrier | 38,380 |100.00% | 3,438,349 | 100.00%

First Harmful Evert

Number | Percent Percent
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Table 3.13. Unweighted and weighted cases by AlS.

Classified Abbreviated Unweighted Weighted
Injury Scale Number | Percent | Number | Percent
Non-incapacitating 31,725 82.66% | 3,161,536 | 91.95%
Incapacitating + K 5,581 14.54% 163,418 4.75%
Missing and Unknown |y 70| 58005 | 113395 | 3.3%
Cases
Total 38,380 | 100.00% | 3,438,349 | 100.00%

The data was then sorted based on curvature alignment.
Table 3.14 indicates that 25.4% of the vehicle crashes occurred
on curved roads while the rest occurred on straight roads.
For the weighted data, the percentage of accidents occurring
on curved roads is 26.71%. Approximately one-quarter of
the crashes occurred on curved roads, while approximately
three-quarters occurred on straight roads.

The data was then used to compare curved versus straight
road cases. Table 3.15 and Table 3.16 show the distribu-
tion of the vehicle class and the injury classification for
curved and straight roads, respectively. The data indicates
that 15.74% of the cases resulted in serious injuries for
the curved roads compared with 14.75% for the straight
roads for the unweighted data. The data shows that the
percentage of cases with serious injuries on curved roads
is similar to that on straight roads. The percentage of acci-
dents by vehicle type was found to be similar for curved
and straight roads.

Additional parameters examined included number of road
lanes, vertical elevation, surface condition, lighting condi-
tion, weather condition, and speed limit. The data based on
these parameters is listed in Table 3.17 through Table 3.22.

Table 3.14. Unweighted and weighted cases
by road alignment.

. Unweighted Weighted
Road Alignment Number | Percent | Number | Percent
Curved Road 9,750 25.40% | 918,393 | 26.71%
Straight Road 28,630 | 74.60% | 2,519,956 | 73.29%
Total 38,380 | 100.00% | 3,438,349 | 100.00%

The tables show the cases involving longitudinal barriers as
the first harmful event for curved and straight roads on the
left and curved road cases on the right side for comparison.
The following can be noted from the tables:

¢ Crashes into longitudinal barriers on curved sections are
more likely to occur on roads with fewer lanes (narrower
roads). Table 3.17 shows that for one- and two-lane roads,
the percentage of crashes on curved roads is higher than
that for the combined (curved and straight) road cases. The
reverse is observed for roads with a higher number of lanes
(wider roads).

e Crashes into longitudinal barriers on curved roads are
more likely to occur on grades than on flat surfaces. For
roads with grades, Table 3.18 shows that the percentage
of crashes on curved roads is higher than that of the com-
bined (curved and straight) road crashes.

¢ Crashes into longitudinal barriers on curved roads are
more likely to occur on wet, snowy, and icy roads than on
dry roads. In Table 3.19, the percentages of crashes on wet,
snowy, and icy roads are higher on curved roads than on
the combined (curved and straight) roads.

Table 3.15. Unweighted and weighted cases by vehicle and AlS for curved roads.

Curved Roads
. o Incapacitating . o Incapacitating
Vehicle Nonincapacitating K Total Nonincapacitating K Total
Class Unweighted Weighted
Number Number NE(r:"tngIer Number Number NTJ(;}IEIEI’
Passenger 5,940 613,363
Cars 5114 826 (63.83%) 585,109 28,254 (70.04%)
Pickups + 1,201 129,620
vans 1,033 168 (12.90%) 123,510 6,110 (14.8%)
Utility 802 78,209
Vehicles 644 158 (8.62%) 74,588 3,621 (8.93%)
93 10,888
Buses 82 11 (1.00%) 9,763 1,125 (1.24%)
Trucks 749 66 (8.871??’ %) 24,196 1,243 ?25 'g;:;
Motorcycles 220 235 ( e | 10,520 7,655 (?6%/5)
7,842 1,464 827,686 48,008
Total ©426%) | (5.74%) | 2306 (94.52%) (5.48%) 875,694
Other vehicle type, missing, and unknown injuries = 444 unweighted and 42,699 weighted for
curved roadways.
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Table 3.16. Unweighted and weighted cases by vehicle and AlS for straight roads.

Straight Roads
Nonincapacitating Incapfcrgatmg Total Nonincapacitating Incapic:(tatmg Total
Vehicle Class Unweighted Weighted
Number Number N-LI;(r)T:f)Ier Number Number NE(;:EIer
Passenger 17,517 1,638,531
Cars 14,917 2,600 (63.66%) 1,564,498 74,033 (68.01%)
Pickups + 3,777 384,070
Vans 3,267 510 (13.73%) 367,179 16,891 (15.94%)
Utility 3,132 280,998
Vehicles 2,529 603 (11.38%) 268,516 12,482 (11.66%)
Single Unit 42 1,091
Truck 42 0 (0.15%) 1,091 0 (0.05%)
Trucks 2,359 168 (51582;)) 61,236 2,301 (g.gé%/Z)
222 27,821
Buses 201 21 (0.81%) 25,934 1,887 (1.16%)
Motorcycles 143 156 299 (1.09%) 8,000 4,970 ((1)25%1702)
23,458 4,058 2,296,454 112,654
Total (85.25%) (14.75%) 20516 | 95 3000 (4.6%) 2,409,108

Missing and unknown injuries =1,114 unweighted and 110,848 weighted for curved roadways.

Table 3.17. Vehicle cases by number of lanes.

Table 3.18. Vehicle cases by vertical elevation.

Table 3.19. Vehicle cases by road surface condition.

Copyright National Academy of Sciences. All rights reserved.
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Table 3.20. Vehicle cases by lighting condition.

Table 3.21. Vehicle cases by weather condition.

Table 3.22. Vehicle cases by posted speed limit (km/h).

e Other parameters (lighting condition, weather condition,
and posted speed) did not show significant effects on the
crash distribution when comparing cases on curved roads
to the combined (curved and straight) road cases.

3.3 FARS Data Analysis

Datasets from the FARS for the years 1982 through 2010
were used in the analysis. These datasets include only cases
where one or more fatalities occurred. Years prior to 1982

were not included in the analyses because the variables in
these datasets were less descriptive. The 29-year dataset con-
sidered in the analysis included a total of 905,289 cases with
at least one fatality.

First, the data was truncated to include only the cases where
a longitudinal barrier was the first harmful event. A total of
41,634 (4.60%) cases involved a longitudinal barrier as the
first harmful event. A variable “HARM_EV”in the dataset was
used to distinguish between “Bridge rail” (HARM_EV = 23),
“Guardrail face” (HARM_EV = 24), and “Concrete barrier”
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Road Alignment Curved Roads Straight Roads Cﬁxé%h;gggs
Number | Percent | Number | Percent | Number | Percent
Bridge Rail 1,508 3.62% 3,354 8.06% | 4,862 | 11.68%
Guardrail and Cable Barrier | 13,008 | 31.24% 17,173 41.25% | 30,181 | 72.49%
Concrete Barrier 2,222 5.34% 4,369 10.49% | 6,591 | 15.83%
Total 16,738 | 40.02% | 24,896 | 59.79% | 41,634 | 100%

(HARM_EV = 25). One additional variable, “Cable barrier”
(HARM_EV =57), was introduced after the year 2008, which
was included in the “Guardrail face” (HARM_EV = 24) cate-
gory in prior years. Cases with this variable (HARM_EV = 57)
were added to the “Guardrail face” cases to be consistent with
prior years. The data was sorted based on roadway alignment
and listed in Table 3.23. There were 30,181 (72.49%) fatal
crashes involving guardrail barriers, 6,591 (15.8%) involving
concrete barriers, and 4,862 (11.7%) involving bridge rails.
A total of 16,738 (40.2%) fatal crashes involving longitudi-
nal barriers were on curved roads and the remaining 24,896
(59.8%) cases occurred on straight roads. Although crashes
on curved roads account for only one-quarter of the total
number crashes (based on the NASS/GES dataset), crashes on
curved roads are more severe than crashes on straight roads.

Table 3.24 and Table 3.25 show the distribution of fatal
crashes based on the vehicle class and barrier type for curved
and straight roads, respectively. Fatal crashes on curved
roads are about half (50%) the number of fatal crashes on
straight roads for passenger cars, pickups and vans, and

utility vehicles. This figure of occurrence increases to 63%
and 76% for Single Unit Trucks (SUT) and large and heavy
trucks, respectively, when comparing fatal crashes on curved
roads with those on straight roads. About 69% of fatal crashes
involving longitudinal barriers on straight roads occur with
guardrails, while the remaining crashes occur with bridge rails
or concrete barriers. For curved roads, 77% of fatal crashes
occur with guardrails and the remaining crashes occur with
bridge rails or concrete barriers.

The motorcycle data shows that the fatality numbers on
curved roads are twice as high as those on straight roads.
This observation is true for bridge rails and guardrails while
the concrete barriers have similar values on curved and
straight roads.

Additional parameters examined included number of road
lanes, vertical elevation, surface condition, lighting condi-
tion, weather condition, and speed limit. The data based on
these parameters is listed in Table 3.26 through Table 3.31,
respectively. The tables show the cases involving longitudi-
nal barriers as the first harmful event for curved and straight

Table 3.24. Vehicle crashes by vehicle and barrier type

for curved roads.
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Table 3.25. Vehicle crashes by vehicle and barrier type
for straight roads.

Table 3.26. Vehicle cases by number of lanes.

Table 3.27. Vehicle cases by vertical elevation.
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Table 3.28. Vehicle cases by road surface condition.
Table 3.29. Vehicle cases by lighting condition.
Table 3.30. Vehicle cases by weather condition.
roads on the left and curved road cases on the right side for (curved and straight) road crashes. This is opposite to what
comparison. The following can be noted from the tables: was found in the NASS/CDS and NASS/GES datasets.
e Other parameters (surface condition, lighting condition,
e Fatal crashes into longitudinal barriers on curved sec- weather condition, and posted speed limit) did not show

tions are more likely to occur on roads with fewer lanes
(narrower roads). Table 3.26 shows that for one- and two-
lane roads, the percentage of crashes on curved roads is
higher than that for the combined (curved and straight)
road cases. The reverse is observed for roads with a higher
number of lanes (wider roads).

Fatal crashes into longitudinal barriers on curved roads
are less likely to occur on grades than on flat surfaces. For
roads with grades, Table 3.27 shows that the percentage of
crashes on curved roads is lower than that of the combined

significant effects on the crash distribution when compar-
ing cases on curved roads with the combined (curved and
straight) road cases.

3.4 NCHRP Project 17-22
Data Analysis

The dataset from NCHRP Project 17-22, “Identification
of Vehicular Impact Conditions Associated with Serious
Ran-Off-Road Crashes,” was also used to investigate barrier
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Table 3.31. Vehicle cases by posted speed limit (km/h).

performance when installed on curved road sections. This
dataset supplements existing NASS/CDS data with additional
information pertaining to the roadside such as side slope,
roadway alignment, curvature, grade, profile, and roadside
barrier characteristics (including post-crash measurements).
The NCHRP 17-22 dataset was combined with the NASS/
CDS data and the cases that involved impacts into longitu-
dinal barriers on curved road sections were identified. Forty
crashes were found where the vehicle impacted a longitudinal
barrier on a curved road section. These cases were summa-
rized and information containing a description of the crash,
a crash diagram, crash scene, barrier, and vehicle pictures,
and road characteristics were extracted.

Due to the small number of cases found in the database,
no significant conclusions could be extracted from the anal-
ysis. The cases were analyzed and grouped into three main
categories: (1) barrier redirected the vehicle successfully;
(2) barrier (including end terminal) caused rollover; and
(3) other special cases. Out of the 40 cases, 32 were included
in group 1, where the barrier redirected the vehicle back to the
roadway. In 10 of these cases, the driver and occupants had
no injuries (only property damage). In 16 of the remaining
cases, the crash had no fatalities, but had injuries and prop-
erty damage. In most of these cases, the vehicle was redi-
rected by the barrier, crossed the travel lane, and remained
upright. The remaining six cases had one or more fatali-
ties. In these cases, the vehicle was redirected after the first
impact, but impacted another barrier or an obstacle on the
opposite side.

The second category (other special cases) had seven cases
where the barrier did not safely redirect the vehicle:

¢ In two of the seven cases, the vehicle hit a concrete barrier
and rolled after impact. One case had low injury and the
other was fatal (occupant was unbelted).

e In one case, the vehicle hit a W-beam bullnose and rolled
over.

e In one case, the vehicle hit a turned-down end terminal,
which caused the vehicle to vault and roll over.

¢ Inone case, the vehicle broke through the end terminal and
hit a tree. An AIS 3 injury was recorded.

e Inone case, the vehicle impacted a Thrie-beam barrier and
rolled over. An AIS 2 injury was recorded.

e In one case, the vehicle hit a W-beam barrier and rolled
over. The occupant was unbelted and the crash was fatal.

Thelast category had only one case where the vehicle hit the
back of a Thrie beam barrier. The vehicle vaulted the Thrie-
beam, continued into the opposite traffic lanes, impacted
another Thrie-beam barrier, and came back into the traffic
lanes. Two occupants died in the crash.

3.5 Data Analysis Summary

Various datasets were analyzed to isolate a specific safety
problem. The findings are summarized by dataset as follows:

e NASS/CDS: This represented the most detailed set of data,
albeit most of the data items focus on the impact and injury
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severities. Data for 1988 through 2009 was analyzed for

crashes into concrete barriers, other guardrail, and bridge

rails. Of these, 46.7% hit an “other barrier” guardrail
and 41% hit a concrete barrier. The analysis involved

4,489 U.S. barrier impact cases, which when weighted

reflected 1,785,054 crashes. The weighted results indicated

the following:

— Serious injuries (or worse) occurred in 4% of the
crashes, moderate injuries in 6%, minor injuries in
449%, and no injuries in 46% of the crashes based on
an AIS scale.

— Crashes involved passenger cars 74.6% of the time.

— Crashes occurred on curved roads 32.3% of the time.

— Other analyses isolated frequency of crashes by light-
ing conditions, road surface condition, number of lanes,
and grade. It was noted that crashes into barriers were
more likely to occur for narrow roads (two or fewer
lanes), on wet or icy pavements, and on uphill or down-
hill grades.

— Because the data did not include measures of the radii,
superelevation, or shoulder features for any of the crash
locations, it was not possible to isolate any specific safety
problems for barriers on CSRS.

NASS/GES: This more general dataset provided less detail

on crashes and included some different data items. The

dataset included 2,065,308 vehicle cases over the same
22-year period:

— The data for first harmful event includes 38,380 cases
of collision with a traffic barrier. Of these, 58% hit a
guardrail and 32% a concrete barrier. The differences
in percentages can be attributed to variations in data
definitions.

— Incapacitating injuries or fatalities occurred in 4.75% of
the crashes, and non-incapacitating injuries in 91.9% of
the crashes.

— Crashes occurred on curved roads 26.7% of the time.

— The analyses of other conditions led to similar insights
related to crashes with barriers as above.

— The data was also insufficient to isolate any safety prob-
lems for barriers on CSRS.

FARS Data: This dataset was compiled for all fatal crashes

and the dataset contained 905,289 cases for the years 1982

through 2010. Fatal crashes with the first harmful event

being hitting a longitudinal barrier were isolated. The bar-
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riers types included bridge rail, guardrail face, concrete,

guardrail end, and cable barriers (after 2008):

— Crashes with guardrail face were represented in 76.3%
of the cases and concrete barrier in 15.7% of the cases.

— Crashes occurred on curved roads 40.3% of the time.

— The analyses of other conditions led to similar insights
related to crashes with barriers as above, but it was
noted that fatalities were more likely to occur on grades.

— The data was also insufficient to isolate any safety prob-
lems for barriers on CSRS.

e NCHRP 17-22 Data: This project created a data of CDS
cases of longitudinal barrier impacts from three studies.
Supplemental data reflecting roadway conditions was
added to the 700+ cases. It was hoped that this supple-
mental data would provide some relevant roadside crash
cases. Forty usable cases were isolated, but only seven were
related to CSRS conditions. The Team decided that this was
too few to derive any meaningful insights.

The analyses of crashes revealed what is generally known,
that is, that crashes occur more frequently on curves than
on tangent sections. The available data does not, however,
allow much mining into the effects of the various design
features associated with basic curves, much less with super-
elevated curves. Given that vehicles are known to leave the
road on curves more frequently (e.g., due to loss of side fric-
tion, visibility issues), it is appropriate to consider whether the
barriers deployed for these situations are providing compara-
ble safety. The available sources of crash data do not typically
include sufficient details about the roadway curvature or the
barrier type, dimensions, or placement relative to the shoulder
to allow safety performance to be analyzed. Further, many state
DOTs cannot link their roadway geometry and barrier inven-
tories to crash data. Various sources of data were explored, but
none were found to offer useful insights on any variations on
the safety of longitudinal barriers installed on CSRS.

It was therefore concluded that available crash data would
not be able to provide specific insights on whether typical
longitudinal barriers function similarly on CSRS as they do
for tangent sections of roadway. The absence of specific data
in police crash reports on the types of barrier impacted, the
nature of the curve, or details about the shoulder configu-
ration made it necessary to use other means to analyze the
safety performance of barriers used in CSRS situations.
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CHAPTER 4

Vehicle Dynamics Analysis for Vehicles
Leaving the Traveled Way on CSRS

4.1 Background

The curvature and surface slope on a roadway are known
to effect vehicle dynamics and influence vehicle trajectories,
orientation, and speed. On curved sections, the vehicle is more
likely to leave the road at a sharper angle and consequently
impact the barrier with greater force that could potentially result
in higher impact severity. The degree of superelevation in com-
bination with the shoulder slope can lead to variations in the
vehicle-to-barrier interface which can increase vehicle insta-
bility, barrier climb, vehicle rollover, or override/underride.
Further, the superelevation with a negative shoulder slope
might cause the vehicle to impact the barrier at a different ori-
entation (roll and pitch). Thus, an important starting point for
the analysis of barriers on CSRS is understanding the dynamics
of vehicles as they leave the traveled way on CSRS and interface
with barriers.

A considerable amount of effort has recently been devoted
to analyzing the dynamic effects of vehicles on non-level
terrain and the subsequent effects on their trajectories and
interfaces with barriers. VDA has been shown to provide new
insights on the effects of a vehicle’s suspension system on tra-
jectories in all three dimensions. For example, trajectory data
in the vertical direction is directly related to the interface of
the vehicle and the barrier. The slope changes from the road-
way to the shoulder could affect the vehicle’s trajectory and
cause it to contact the barrier too high, which may lead to
undesirable override or underride conditions. The combined
effect of the superelevation of the roadway, the slope of the
shoulder, and the side slope of the roadside for a vehicle leav-
ing the roadway in a curve can be explicitly analyzed using
VDA tools. These tools readily allow the range of combina-
tions of roadway, shoulder, and side slope design features to
be analyzed for varying types of vehicles, and their paths or
trajectories can be determined.

Guidelines for the testing and deployment of roadside
safety barriers on sloped surfaces and curved sections are

limited. For example, crash testing protocols for barriers have
evolved to provide a practical worst-case impact condition
that is reproducible and comparable. Thus, barriers are tested
under idealized impact conditions, with the barrier being
tested installed on a straight and level section minimizing the
roll, pitch, and yaw effects on the impacting vehicle. These
protocols have evolved to determine whether safety hardware
is “crashworthy.” While crash testing protocols have evolved
to include tests for a variety of angular impact conditions,
one aspect that is not fully addressed is the crashworthiness of
barriers installed on CSRS. A review of the literature revealed
only a few older efforts address the safety of designs or pro-
vide guidance for placement on CSRS.

The need exists to systematically analyze a typical set of
curved, superelevated roadway situations and the possible
paths of errant vehicles to understand (1) the trajectories
along the possible vehicle paths, (2) the associated vehicle-to-
barrier interfaces for various barrier types and placement, and
(3) how the stability of the vehicle (i.e., functions of induced
roll, pitch, and yaw effects) may affect the engagement with
the barrier and its crashworthiness. VDA results provide a
convenient means to understand trajectories and interface
scenarios, as well as indicate those critical scenarios that may
warrant crash simulation analyses.

The analysis of the overall motion of a vehicle can be very
complex, especially at higher speeds. However, vehicle motion
is primarily governed by the forces and moments generated
by the interaction of the tires and the ground. In vehicle
dynamics studies, six degrees of freedom are studied: longi-
tudinal, lateral, and vertical displacement; and roll, pitch, and
yaw angles. Generally, the vehicle fixed coordinate system is
associated with the CG of the vehicle, but it is possible to
generate metrics that allow the frontal interface region for
each vehicle to be determined. The data allows the evaluation
of potential barrier effectiveness given road departure speed
and angle for the surface conditions associated with the road-
way, shoulder, transition to the side slope, and the side slope.
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Such metrics are important for understanding the position of
the frontal region of the vehicle relative to the barrier.

4.2 Objective

The objective of the research reported in this chapter was
to apply vehicle dynamics tools to assess the trajectories of
vehicles leaving the traveled way on CSRS. The intent was
to develop a better understanding of the influence of vari-
ous roadway curvatures, superelevation, shoulder/roadside
designs, and barrier features and placement on the dynamic
response of vehicles and to assess the safety performance of
barriers used in these situations.

4.3 Research Approach

Vehicle dynamics simulations were performed to assess
vehicles’ trajectories as they crossed from the traveled way to
varying shoulder and side slope conditions for different road-
way curvatures and superelevation. Simulations were con-
ducted with varied vehicles, speeds, and departure angles. The
following sections describe the VDA set ups, the software tool
used, factors considered, and the cases selected for analyses.

4.3.1 Vehicle Dynamics
Analysis Applications

The concept of using vehicle dynamics simulation software
to analyze run-off-road vehicle behavior and motion is gain-
ing popularity. In 1997, McMillan et al. conducted simula-
tion studies to analyze driver response to roadway departure.
This analysis was used to evaluate the ability of collision
countermeasure systems to prevent run-off-road accidents.
Similar analyses have been performed by Pape et al. (1996) and
Hadden et al. (1997) where they extended the VDANL (vehicle
dynamics analysis, nonlinear) model of the vehicle/driver to
assess the effectiveness of the countermeasure system. Other
studies have focused on the results of an off-road crash. Day
and Garvey (2000) used EDVSM (Engineering Dynamics
Vehicle Simulation Model) to perform rollover simulations.
They described the limitations of rollover simulation for
on-road and off-road accident reconstruction. The use of
simulation software for the analysis of off-road crashes has
been broad. Claar et al. (1980) concentrated on suspension
modeling for improving off-road ride comfort, whereas some
studies have focused on friction influences in the case of
water or snow on the road surface, as did Mancosu (2002).

There has been little research using vehicle dynamics sim-
ulation software to analyze and enhance the roadway design
itself. Sicking and Mak (2004) presented a paper which sug-
gested that efforts should focus on developing better vehicle
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and roadside safety hardware models. Also, they indicated that
significant effort must be devoted to improving the capability
of computer simulations to model run-off-road crashes. The
NCAC (National Crash Analysis Center) staff used the HVE
simulation program to study the effect of edge drops on guard-
rail roadside barrier performance (Marzougui et al. 2007). They
used varied initial conditions and different vehicles to analyze
the behavior of the vehicle encountering various edge drops.
The NCAC used VDA to trace two critical points on impacts
with W-beam guardrails to determine barrier effectiveness
relative to vehicle underride or vaulting. Similarly, the NCAC
made extensive use of VDA to analyze the effects of median
configurations on the effectiveness of cable barrier placement
(Marzougui et al. 2008a, 2009a, 2010a). A major use of VDA
that provided the basis for guidelines for the placement of
cable median barriers was reported in NCHRP Report 711
(Marzougui et al. 2012a). Last, a study conducted at Penn-
sylvania State University showed the utilization of commer-
cially available VDA software as a tool to analyze the effect
of highway median width and slope on vehicle stability. The
researchers used the CarSim programs to run thousands
of simulations using different vehicles, median widths and
slopes, steering conditions, and initial conditions to gener-
ate various metrics, including roll and lateral velocity. The
resulting data was used to provide a preliminary assessment
of tradeoffs in the size and slope of median profiles versus the
types of accidents observed (Brennan and Hamblin 2007).

4.3.2 Analyzing Vehicle Dynamics

There is a well-developed body of knowledge about the
physics of vehicles that has evolved with the automotive
industry. Detailed VDA has been packaged into commercially
available software tools. The VDAs in this effort were under-
taken with the CarSim software. CarSim is a nonlinear vehicle
simulation program capable of analyzing vehicle-roadway
interaction and providing a detailed description of the vehicle’s
trajectory taking into consideration speed, weight, suspension
system, surface features, and other factors. It is readily linked
to development tools such as MATLAB to extend its function-
ality. It also allows batch inputs to reflect ranges of conditions
that define performance enveloped.

4.3.3 Critical Vehicle Interface
Analysis Approach

The findings of the literature review, the state DOT sur-
vey, reviews of design documents like the Green Book, and
discussions with the NCHRP Project 22-29A panel led to the
identification of factors believed to affect the safety perfor-
mance of longitudinal barriers placed on CSRS. The initial
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set of factors and specific parameters associated with them
are indicated below:

e Barrier type
— Concrete barrier [height <32 in. (813 mm)]: NJ concrete
barrier
— Strong-post W-beam guardrail [height <31 in. (787 mm)]:
G4(195)
— Strong-post W-beam guardrail [height>31 in. (787 mm)]:
MGS
e Vehicle type
— 2270P pickup truck: 2007 Chevrolet Silverado Model
— 1100C small car: 2010 Toyota Yaris Model
e Curvature/superelevation combinations
— 614 ft (187 m)/12%
— 2,130 ft (649 m)/12%
— 758 ft (231 m)/8%
— 2,670 ft (814 m)/8%
— 833 ft (254 m)/6%
— 3,050 ft (930 m)/6%
e Shoulder width and slope
— 41t (1.22 m), 8 ft (2.44 m), and 12 ft (3.66 m) shoulder
widths
— 0%, 3%, 6%, and 8% shoulder angles
e Roadside slope
— 12H:1V (negative) from the edge of shoulder for all
shoulder slopes
¢ Impact conditions
— Three impact angles: 20°, 25°, and 30°
— Three impact speeds: 57 mph, 62 mph, and 67 mph
(90 km/h, 100 km/h, and 110 km/h)
e Barrier placement relative to road section
— Lateral position: at edge of shoulder, 4 ft (1.22 m) offset,
and 8 ft (2.44 m) offset

— Vertical orientation: normal to road and parallel to true
vertical

VDA software was used to model vehicle behavior when
traversing the shoulder and side slope for the above range
of conditions to obtain trajectories for each case. Aggregat-
ing the results across subsets of these parameters allowed the
generation of maximum and minimum trajectory traces that
provide a means for analyzing the vehicle-to-barrier interface
for varying lateral placement. These results provide a basis
for identifying critical scenarios for the FE simulations, as
well as providing insights useful to generating proposals for
improved practices.

4.4 VDA Considerations

Undertaking VDA requires information about vehicles, the
barriers to be studied, the effective interface areas, and the
terrain or surface conditions associated with CSRS. The fol-
lowing sections describe these aspects as they were defined
for this research.

4.4.1 Vehicles Considered

The research focused primarily on two types of vehicles
typically found on U.S. highways: a Chevrolet Silverado
pickup truck (2,270 kg) and a Toyota Yaris sedan (1,100 kg).
These vehicles correspond to test vehicles defined in MASH.
The specific weight, size, frontal geometry, and suspension
systems of these vehicles were incorporated into the VDA.

In these analyses, two points were defined for each type of
vehicle considered to represent the primary interface (engage-
ment) region on the vehicle. These are labeled Point 1 and
Point 2 in Figure 4.1. The points are located at positions on

Figure 4.1. Vehicle models used in VDA and their interface points.
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the front of the vehicles that represent the engagement point
that differentiates between tendencies to override or under-
ride a barrier. Point 1 for the small vehicle is located at a
height of 21 in., while Point 2 for the pickup is at a height of
25 in. These point positions were defined by examining the
frontal profile of the vehicles and reviewing full-scale crash
tests conducted using similar vehicles. The traces of these
points are critical in determining the interface with barriers
for any vehicle trajectory.

4.4.2 Vehicle-to-Barrier Interface Regions

Three barriers were selected for analysis and an inter-
face region was defined such that if the two critical points
(Point 1 and Point 2) are inside this region at the start of the
impact, the barrier is considered likely to redirect the vehicle.
If Point 1 (from the small car) falls below the interface region,
an underride or significant snagging is likely to occur. Simi-
larly, if Point 2 (from the pickup truck) is above the inter-
face region, vehicle override is likely to occur. The interface
regions are shown with a shaded box in Figure 4.2 as the
maximums and minimums. These regions are based on the
geometry of the barrier and a review of full-scale crash tests
conducted on these barriers. For the concrete barrier, only the
override condition is considered, so there is no minimum. It
is important to note that these interface analyses accounted
for the effects of vehicle orientation (changes in roll, pitch,
and yaw angles) in computations to determine the positions
of Points 1 and 2 relative to the vehicle CG. Further, varia-
tions in the designs of these barriers, such as the inclusion of
rub rails, increased heights, or different shapes for the con-
crete barrier were not considered. The evaluations based on
these interface regions were only used in the VDA as prelimi-
nary criteria to identify the set of cases to be simulated in the
FE analysis. The actual impact is simulated in the FE evalua-
tions, and the barrier performance is assessed based on these
results.

(a) G4(1S)
Note: The shaded boxes represent the interface regions.

(b) MGS
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4.4.3 Roadway Curve Conditions

Various degrees of roadway curvature were considered
reflecting the range of superelevation applications commonly
found on highways. These range from tight curves used on
ramps to gentle sweeping curves. Figure 4.3 provides exam-
ples of the range of curves considered in the simulation. A
total of six roadway curve conditions with different curvature
and superelevation were used in the VDA. These conditions
were selected based on the Green Book design supereleva-
tion tables. The analyses incorporated three superelevations
(6%, 8%, and 12%). For each superelevation, two curvatures
were selected representing the minimum radii at the 50-mph
(80-km/h) and 80-mph (130-km/h) design speeds.

4.4.4 Analysis of Vehicle Trajectories
on CSRS

Figure 4.4 shows the typical path or trajectory (via sequen-
tial vehicle images) of a vehicle attempting to negotiate a
curve before departing the roadway, as marked by the red
line. The cross section of a superelevated curve perpendicular
to the centerline (as indicated by the black line) is depicted in
the figure. In this case, the banking of the roadway surface is
exaggerated. The shoulders can be designed to have the same
slope relative to the roadway cross section or a negative slope
for drainage purposes. The red line shows the typical path or
horizontal trajectory of an errant vehicle leaving the road on
a CSRS. It shows a rising surface reflecting a diagonal crossing
of the superelevation, followed by diagonally traversing the
negative shoulder and side slope.

In the VDA, the vehicle was run a distance of about 1,000 ft
(300 m) on this surface to be in a “curve operation” equilibrium
state before it was directed off the road. Several predefined
departure paths were input into the software to represent
various departure angles. Repeated simulations of vehicles
traversing such paths were conducted. These were varied to

(c) NJ Concrete Barrier

Figure 4.2. Interface regions for the three barriers selected.
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Superelevated Roadway Sections

(a) Sharp Curvature 614 ft (187 m)

Figure 4.3. Sample variations in roadway curvature.

reflect exit angles of 20°, 25°, and 30° for the vehicles travel-
ing at 57 mph 62 mph, and 67 mph (90km/h, 100 km/h, and
110 km/h). In this research, the roadway to shoulder slopes
that were analyzed are depicted in Figure 4.5 with a 12H:1V
roadside slope.

It is important to note that these cross sections are consistent
with the guidance provided in the Green Book. The Green Book
defines cross slope in Figures 4-2A and 4-2B, which define
“roll-over” as the algebraic difference in rate of cross slope. It
also notes that “roll-overs” should not exceed 8%. The scheme
defined for this research is consistent with these requirements.

A number of different possible conditions for road depar-
tures were considered in the VDA with the following underly-
ing assumptions:

e The vehicle carries one average-sized male occupant.
e The roadside has a firm surface, meaning tire furrowing
into the surface is negligible.

(b) Gentle Curvature 3,050 ft (930 m)

e Vehicles are “tracking” as they enter the roadside (i.e., vehicle
initial speed is in the same direction as its longitudinal axis).

e There are no driver inputs (e.g., steering, braking) that
affect the vehicle.

e The tire-to-road friction was made identical in all runs
using a friction coefficient of 0.9.

¢ The simulation software provided dynamics analysis results
every thousandth of a second as the vehicle traversed the
roadway, shoulder, and side slope.

e There is a smooth transition between the pavement and
shoulder, and between the shoulder and side slope, to limit
any other effects that might alter vehicle stability.

4.4.5 VDA for a Worst-Case
Departure Scenario

The dynamic effects on a vehicle traversing a worst-case
path for a CSRS without a barrier was undertaken to better

Cross Section at CSRS

Path or Horizontal
Trajectory of the
Vehicle

Figure 4.4. Sample VDA perspective of a vehicle leaving the road.
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Shoulders
Slopes

12%

Shoulders 9%

6%
— 4%

\ 12 % Superelevation

Figure 4.5. Vertical surface cross sections analyzed for
superelevated curves.
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understand the effects as reflected in changes in the vehicle’s
trajectory (i.e., X-, y-, and z-coordinates, and the roll, pitch
and yaw angles). The effects were considered to be the greatest
where the higher slopes and inflection changes took place. The
worst case is represented by the cross section in Figure 4.6.
The analyses also consider that the vehicle is on a diagonal
path, so the right front tire will incur a change before the left
front tire and so forth. Such changes imply that the changes
at Points 1 and 2 located on the right front will be different
for similar points on the left front.

The VDA results shown in Figure 4.7 reflect the differences
observed between four cases with two vehicles (1100C small
car and 2270P pickup) and two road profiles (with and with-
out superelevation). Figure 4.7(a) shows the effect on the roll
angle of the vehicle. This plot covers a duration of 12 s, but the
critical period is between 4 s and 7 s (as indicated by the verti-
cal lines) where the vehicle is reaching the shoulder, traversing
it, and then encountering the side slope. Similar patterns are
noted for both vehicles and for both the superelevated and the
non-superelevated cases. A negative roll begins when the tire
encounters the shoulder slope, but it is countered as more of
the vehicle gets on the shoulder. The roll effect becomes con-
stant once the vehicle gets onto the side slope. The variation
between the sets of curves reflects the roll effect induced by
the superelevation.

Figure 4.7(b) shows the changes in pitch angle in travers-
ing the cross section with the greatest amount of deviation
associated with the shoulder. It must be noted that while the
deviations are great, the scale reflects small changes in pitch.
The inflection points occur when the shoulder and the side
slope are reached for either vehicle. The effect on the pickup
is greatest for the pickup without superelevation.

Figure 4.7(c) shows the changes in yaw angle. The dynam-
ics of both vehicles is similar for all cases as the vehicle tra-
verses the shoulder and the reaches the side slope. The pickup
shows more change in yaw on the side slope than the small
vehicle due to its longer wheelbase.

Figure 4.7(d) shows the effect of the x-value of the vehi-
cle CG, Figure 4.7(e) shows the effect on the y-value, and
Figure 4.7(f) shows the changes in z-value. There is little dif-
ference in the x- and y-values for the horizontal trajectory.
The z-value, while appearing different, only reflects the dif-
ference in height associated with the superelevation.

Figure 4.6. Typical profile for path of a vehicle
leaving the traveled way.

These metrics for the worst-case scenario show that the
vehicle is relatively stable as it traverses the shoulder and ini-
tial part of the side slope. It also suggests that the VDA tool is
reflecting the variations in surface conditions. It is apparent
that there are differences in the vehicle trajectories associated
with superelevated and level curves and for various vehicles.
It also suggests that there is not likely to be much extraneous
variance in the results, leading to the conclusion that there
was value to pursuing VDA for the various conditions of
interest.

4.5 VDA Simulation Results

The VDA software was used to generate trajectories for each
of the vehicles at the selected exit angles and speeds for each
road departure condition. The vertical trajectories or trace
paths of Point 1 for the 1100C vehicle (brown) and Point 2 for
the 2270P vehicle (blue) negotiating a curve and departing onto
the roadside of a given configuration are shown in Figure 4.8
by line color and type (note the various vehicle weights, speeds,
and exit angles in the legend). These trace paths can be visual-
ized as standing on the roadside downstream from the point a
vehicle leaves the roadway and observing the change in eleva-
tion of Point 1 or 2. Multiple curves reflect variations in depar-
ture speed and angle for each of the vehicles (as noted in the
legend). The differences in basic vehicle heights are reflected by
the relative positions of the two sets of curves. There is a con-
sistency in the heights with the road profile shown by the black
line at the base of the graph. Dynamic effects of the sprung
mass cause the curves to vary for the changes in cross section
conditions. A similar graph was generated for each set of the
conditions in the analysis matrix.

Figure 4.9 provides an example of the normalized repre-
sentation of the vertical trajectory for the same conditions. In
the normalized view, the variations in trajectory are indicated
relative to a horizontal plane as opposed to the actual cross
section surface. The curve on the bottom shows the road pro-
file or cross section as a reference for the vehicle dynamics
traces. The normalized view provides a convenient means to
analyze and compare vehicle dynamics effects for different
conditions simultaneously. The normalized version is also
useful to translate the vertical trajectories to a common plane
to allow the aggregation of groups of results to define limits.

Figure 4.10 depicts a primary use of the normalized graphs
of the trajectory data. All trajectory traces for a given set of
CSRS conditions were plotted from which maximum and
minimum limit curves can be derived. In this case, the bold
red line represents the maximum trajectory height limit
across the entire path. Similarly, the bold green line indicates
the minimum trajectory height. These limits indicate require-
ments for any barrier system in that roadside configuration
for all lateral positions beyond the shoulder. This approach
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Figure 4.7. Variations of roll, pitch, and yaw angles and x-, y-, and z-coordinates.
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Figure 4.8. Sample plot of non-normalized vehicle trajectories on CSRS.

Vertical (in)

Lateral (ft)

Figure 4.9. Sample plot of normalized vehicle trajectories on CSRS.
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Figure 4.10. Example use of normalized view to show limiting conditions.

can be used to determine the potential effectiveness for varying
barrier systems across all possible lateral positions for a given
roadside configuration.

Figure 4.11 shows more specific examples of how the plot of
maximums and minimums can be applied. For a given super-
elevated curve and roadside configuration [e.g., 614-ft (187-m)
radius curvature and 12% superelevation], the limits can be
plotted along with the interface area provided by a specific
barrier. These interface areas are represented by the blue and
green lines that reflect the maximum and minimum vertical
position of the vehicle’s critical points as it leaves the roadway
and moves onto the roadside. For the barrier to be effective, it
must have a good interface for both large and small vehicles
at any given lateral position. The two graphs show the limits
for the G4(1S) and MGS barriers, respectively, as yellow lines
across the graph for various positions where each type of bar-
rier can be placed. If the maximum and minimum limits fall
within the yellow lines, then the barrier will have a good inter-
face for both types of vehicles. Where the blue line goes above
the top yellow line, there is the opportunity for an override to
occur. Where the green line falls below the lowest yellow line,
the possibility of an underride exists.

The lower portion of Figure 4.11 shows the profile or
cross section of the road related to the upper graph. Effec-
tive placement areas are shown in this pane. The red hatched
area defines the lateral positions where the specific barrier

has an interface area above the maximum lower height limit
(green curve) and/or below the minimum height limit (blue
curve). Effective lateral placement occurs where both criteria
are met, and this is shown in shaded green. The differences in
the effectiveness of the G4(1S) and MGS barriers (by virtue
of their design differences) is reflected when the effectiveness
areas are compared. These maximum and minimum limits
are a unique function of vehicle dynamics for the given con-
figuration, but the yellow barrier isobars reflecting the effec-
tive range would depend on the barrier shape/type. These
indicate the effective lateral placement options that can serve
as guidance for specific CSRS conditions.

Table 4.1 provides a sample summary reflecting the effec-
tiveness results for a barrier (NJ Concrete Barrier) across var-
ious CSRS conditions. Plots of this type for all different curve
and roadside configurations selected were generated and are
presented in Appendix B.

The VDA simulations were used to determine the maxi-
mum and minimum heights of the critical points (Points 1
and 2) on the bumper as the vehicle first comes in contact
with the barrier. Barrier lateral placement in these evalua-
tions was 1 ft off the shoulder for each of the three barrier
systems selected. All combinations of curvature, supereleva-
tion, and shoulder width and slope for the different speeds
and impact angle were used in the evaluations. The maxi-
mum and minimum heights are tabulated in Table 4.2. Each
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Figure 4.11. Typical barrier interface and effectiveness for given profiles.
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Table 4.1. Sample profile comparisons: NJ concrete barrier.

Case

Parameters

Profile Diagram

Curvature: 3,050 ft
Superelevation: 12%

Shoulder Width/Angle: 4 ft/0%
Roadside Slope: 12H:1V

Curvature: 3,050 ft
Superelevation: 12%

Shoulder Width/Angle: 4 t/3%
Roadside Slope: 12H:1V

Curvature: 3,050 ft
Superelevation: 12%

Shoulder Width/Angle: 8 ft/6%
Roadside Slope: 12H:1V

Curvature: 3,050 ft
Superelevation: 8%

Shoulder Width/Angle: 8 ft/0%
Roadside Slope: 12H:1V

Curvature: 3,050 ft
Superelevation: 8%

Shoulder Width/Angle: 8 ft/3%
Roadside Slope: 12H:1V

Curvature: 3,050 ft
Superelevation: 8%

Shoulder Width/Angle: 8 ft/6%
Roadside Slope: 12H:1V

Curvature: 3050 ft
Superelevation: 6%

Shoulder Width/Angle: 12 ft/0%
Roadside Slope: 12H:1V

Curvature: 3050 ft
Superelevation: 6%

Shoulder Width/Angle: 12 ft/3%
Roadside Slope: 12H:1V

Curvature: 3050 ft
Superelevation: 6%

Shoulder Width/Angle: 12 ft/6%
Roadside Slope: 12H:1V

cell represents the barrier height for the specific conditions.
If the value is red, then it implies that the height is outside
the limits (e.g., too high or too low) and hence indicates that
there is not a good interface. These tables, as well as other
interface plots shown in Appendix B, are used to provide the
basis for determining those cases or types of cases that need
to be analyzed with crash FE simulation.

In Table 4.2, the critical heights range from just under 19 in.
to almost 30 in. Examining the results for each type of barrier
the following the insights are noted:

e NJ Concrete Barrier

all the curvature, superelevation, shoulder, and place-
ment conditions. Observe that there are no “red” values
in any of the minimum rows.

— Similarly, this barrier provides a good interface for all
1-ft offset placements (no “red” values).

— The highest maximum height value is 29.83 in., which
suggests that the use of a concrete barrier with a critical
interface higher than 30 in. would provide good inter-
face for all the conditions considered here.

e G4(1S) W-Beam Guardrail Barrier

— Since the concrete barrier has a 0-in. minimum inter-
face height, this barrier works for all minimum cases for

— The G4(1S) barrier appears to meet the minimum
interface requirements for all cases, as there are no
“red” values for any of the Min rows, indicating less
susceptibility to underride on the CSRS road profile.
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Table 4.2. Vehicle interface results for various CSRS and barriers.

NJ Concrete Barrier MGS W-beam Barrier G4(1S) W-beam barrier
Curvature Radius (ft) | 614 2130 | 758 2670 833 | 3050 614 | 2130 758 2670 | 833 3050 | 614 | 2130 758 | 2670 833 3050
Super Elevation (%) 12 12 8 8 6 6 12 12 8 8 6 6 12 12 8 8 6 6

Shoulder | Min (im) | 20.80 | 22.05 | 20.79 | 21.76 | 20.75 | 21.59 | 20.80 | 22.05 | 20.79 | 21.76 | 20.75 | 21.59 | 20.80 | 22.05 | 20.79 | 21.76 | 20.75 | 21.59

Angle 0% | Nfax (jn) | 24.68 | 25.39 | 24.55 | 25.13 | 24.51 | 24.98 | 24.68 | 2539 | 24.55 | 25.13 | 24.51 | 24.98 | 24.68 | 25.39 | 24.55 | 25.13 | 24.51 | 24.98

Shoulder | Min (im) | 21.08 | 22.11 | 21.07 | 21.83 | 21.04 | 21.62 | 21.08 | 22.11 | 21.07 | 21.83 | 21.04 | 21.62 | 21.08 | 22.11 | 21.07 | 21.83 | 21.04 | 21.62

4ft Angle 3% | pax (in) | 2539 | 25.87 | 2527 | 25.60 | 2523 | 2546 | 25.39 | 25.87 | 2527 | 25.60 | 2523 | 2546 | 25.39 | 25.87 | 2527 | 25.60 | 2523 | 2546
Shoulder

Width Shoulder Min (in) | 21.42 | 22,18 | 21.39 | 21.93 | 21.38 | 21.72 | 2142 | 22.18 | 21.39 | 21.93 | 21.38 | 21.72 | 21.42 | 22.18 | 21.39 | 21.93 | 21.38 | 21.72

Angle 6% | nfax (in) | 26.15 | 26.37 | 26.04 | 26.10 | 2599 | 25.92 | 26.15 | 26.37 | 26.04 | 26.10 | 25.99 | 2592 | 26.15 | 26.37 | 26.04 | 26.10 | 25.99 | 25.92

Shoulder Min (in) | 21.67 | 2257 | 2163 | 22.10 | 21.61 | 21.85 | 21.67 | 22.57 | 21.63 | 22.10 | 21.61 | 2185 | 21.67 | 2257 | 21.63 | 22.10 | 2161 | 21.85

Angle 8% | nay (in) | 26.68 | 26.72 | 26.58 | 2642 | 2653 | 2624 | 26.68 | 26.72 | 2658 | 2642 | 2653 | 2624 | 26.68 | 26.72 | 26.58 | 26.42 | 26.53 | 26.24

Shoulder Min (in) | 20.69 | 22.01 | 20.67 | 21.70 | 20.64 | 21.54 | 20.69 | 22.01 | 20.67 | 21.70 | 20.64 | 21.54 | 20.69 | 22.01 | 20.67 | 21.70 | 20.64 | 21.54

Angle 0% | Afax (in) | 24.76 | 2546 | 2464 | 2520 | 2459 | 2507 | 2476 | 2546 | 2464 | 2520 | 2459 | 2507 | 2476 | 2546 | 24.64 | 2520 | 2459 | 2507

Shoulder Min (in) | 20.77 | 21.79 | 20.75 | 21.49 | 20.72 | 21.28 | 20.77 | 21.79 | 20.75 | 21.49 | 20.72 | 2128 | 20.77 | 21.79 | 20.75 | 21.49 | 20.72 | 2128

§ft Angle 3% | pfax (im) | 25.53 | 25.86 | 2537 | 2557 | 2530 | 2539 | 25.53 | 25.86 | 2537 | 25.57 | 2530 | 25.39 [ 25.53 | 25.86 | 25.37 | 25.57 | 2530 | 25.39
Shoulder

Width Shoulder Min (in) | 2091 | 21.59 | 20.80 | 21.33 | 20.87 | 21.13 | 20.91 | 21.59 | 20.89 | 21.33 | 20.87 | 21.13 | 20.91 | 21.59 | 20.89 | 21.33 | 20.87 | 21.13

Angle 6% | pfax (in) | 26.06 | 26.06 | 2594 | 2577 | 25.88 | 2558 | 26.06 | 26.06 | 2594 | 25.77 | 25.88 | 25.58 | 26.06 | 26.06 | 25.94 | 25.77 | 25.88 | 25.58

Shoulder | Min (im) | 21.03 | 21.25 | 21.00 | 20.92 | 20.97 | 20.72 | 21.03 | 21.25 | 21.00 | 20.92 | 20.97 | 20.72 | 21.03 | 21.25 | 21.00 | 20.92 | 20.97 | 20.72

Angle 8% | Nfax (jn) | 26.40 | 26.17 | 26.24 | 25.84 | 26.19 | 25.65 | 26.40 | 26.17 | 26.24 | 25.84 | 26.19 | 25.65 | 26.40 | 26.17 | 26.24 | 25.84 | 26.19 | 25.65

Shoulder Min (in) | 20.51 | 2193 | 2048 | 21.61 | 2044 | 2143 | 20.51 | 21.93 | 20.48 | 2161 | 20.44 | 2143 | 2051 | 2193 | 2048 | 2161 | 2044 | 2143

Angle 0% | ppay (in) | 24.86 | 2556 | 24.73 | 2529 | 2465 | 2515 | 2486 | 2556 | 2473 | 2529 | 2465 | 2515 | 2486 | 25.56 | 2473 | 2529 | 2465 | 25.15

Shoulder | Min (m) | 2035 | 21.64 | 2034 | 21.30 | 20.30 | 21.08 | 20.35 | 21.64 | 20.34 | 2130 | 20.30 | 21.08 | 2035 | 21.64 | 2034 | 21.30 | 2030 | 21.08

12 fit Angle 3% | Nax (in) | 25.07 | 2541 | 2495 | 2512 | 2488 | 24.96 | 2507 | 2541 | 2495 | 2512 | 2488 | 2496 | 2507 | 2541 | 2495 | 2512 | 24.88 | 24.96
Shoulder

Width Shoulder Min (in) | 2023 | 21.40 | 2023 | 21.02 | 20.20 | 20.80 | 20.23 | 21.40 | 20.23 | 21.02 | 20.20 | 20.80 | 2023 | 2140 | 2023 | 21.02 | 20.20 | 20.80

Angle 6% | Afax (in) | 25.19 | 2516 | 2503 | 2485 | 2499 | 2466 | 25.19 | 2516 | 2503 | 2485 | 2499 | 2466 | 25.19 | 2516 | 2503 | 2485 | 2499 | 2466

Shoulder | Min (i) | 20.15 | 21.26 | 20.17 | 20.87 | 20.14 | 20.63 | 20.15 | 21.26 | 20.17 | 20.87 | 20.14 | 20.63 | 20.15 | 21.26 | 20.17 | 20.87 | 20.14 | 20.63

Angle 8% | Nfax (in) | 25.16 | 24.98 | 25.05 | 24.64 | 24.99 | 24.42 | 2516 | 24.98 | 25.05 | 24.64 | 24.99 | 24.42 | 25.16 | 24.98 | 25.05 | 24.64 | 24.99 | 24.42
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— There are cases where the maximum requirement is
not met (the “red-bold” values), indicating that there is
increased chance of override due to the CSRS road pro-
file. These are more noticeable with the higher shoulder
slope angles (6% and 8%).

e MGS W-Beam Guardrail Barrier

— The greater height of the MGS barrier accounts for
greater number of good maximum interface indications
across a range of conditions, indicating less suscepti-
bility to override due to the CSRS road profile than the
G4(1S) system.

— There is not a corresponding meeting of the minimum
requirements. Several of the cells do not meet this cri-
terion, indicating susceptibility to a vehicle going under
the barrier and its potential for snagging posts.

These and other insights demonstrate the value of the VDA
results. It is important to note here that the VDA gives an
indication of the barrier performance based on the vehicle
dynamics and geometry of the barrier. It does not account
for the increased or decreased severity of the impact resulting
from a change in vehicle orientation and speed. FE analyses
were performed to investigate these additional effects.

4.6 Conclusions

In this effort, trajectories for vehicles departing from CSRS
were determined using VDA tools. VDA tools allowed the
entry of data for specific vehicles that reflected differences
in size, weight, suspension features, and other factors as well
as the cross sectional surface for various conditions under
which a vehicle can leave the roadway (i.e., speed, angle). The
trace plots generated as the vehicle traverses the various cross
sections reflect the effects of the suspension and provide use-
ful insights into effects on the vehicle’s interface area relative
to the barrier. The latter aspect is a critical metric for assess-
ing the barrier’s potential ability to capture and redirect the
vehicle. The results from this analysis provide useful insights
for identifying critical cases for investigation using FE simu-
lations, as well as proposing guidance on selecting and placing
barriers on CSRS.
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The VDA results provide some useful insights about the
potential effectiveness of different types of barriers on CSRS:

e Barriers offering increased height and depth of their cap-
ture area should be used. This is more important for sharper
curves and higher levels of superelevation.

e Clear zones beyond the shoulder may be an option where
sufficient runout area is available. This analysis only con-
sidered nearly level 12H:1V roadside slope conditions.

It is important to remember that these analyses focus
strictly on the vehicle-to-barrier interface. This is a neces-
sary condition, but not sufficient to ensure that the bar-
rier will meet crashworthiness requirements. This is where
further analyses using FE models and crash simulation
become useful.

There are not clear choices for selecting specific cases for
crash simulation. The differences in barriers necessitates
that crash simulations be conducted for each of them. For
each barrier type, the following crash simulations should be
considered:

¢ The most common acceptable interface scenario.

¢ The most divergent case for comparison of crashworthi-
ness metrics and considerations of options for varying the
design.

Based on the results of these crash simulations, decisions can
be made on the value of additional simulations, for example,
simulations with the following:

e Impacts at shallower impact angles.

e Selected cases where poor interface might suggest a pro-
pensity to cause rollovers.

e Variations in the orientation of the barrier to true vertical.

e SUTs to understand higher interface and vehicle weight
impacts.

The benefits of these additional simulations will be weighed
in the context of providing needed insights or support for the
proposals that are to be developed.
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CHAPTER 5

Crash Simulation Analysis of Impacts
into Longitudinal Barriers on CSRS

5.1 Introduction

This research revealed that there has been little testing or
analyses of longitudinal barriers used on CSRS for reasons
ranging from the difficulty of testing barriers on such road-
ways, limited capabilities to employ other approaches, and
limited details in crash records that make it hard to isolate
incidents involving this specific type of barrier deployment.
There have been strides in analyzing barrier effectiveness
in varying deployment scenarios using simulation. This
research proposed to employ crash simulations based on
FE modeling to analyze the performance of longitudinal
barriers on CSRS. This approach was offered because crash
simulation capabilities have evolved to a point where viable
insights can be derived considering the full range of condi-
tions associated with impacting a barrier on a CSRS. This
chapter describes the FE modeling and crash simulation
that was employed.

Crash simulation results allow determination of effective
performance envelopes that can serve as the basis for enhanc-
ing or creating new guidance for highway and barrier design
and deployment on CSRS. The effectiveness of simulation
tools allows many combinations of features and impact
conditions to be investigated economically. Simulation has
become a common means to understand barrier perfor-
mance without the cost of multiple, full-scale crash tests.
Computer simulations also yield significantly more data than
can be extracted from the full-scale crash tests. The simulation
results include displacements, velocities, and accelerations
of every point on the vehicle during impacts with roadside
hardware. The deformations and energies absorbed by each
component of the vehicle and the roadside hardware under
various impact conditions are also computed and provided in
the simulation results. Such information is useful for identify-
ing critical weaknesses in the design and for providing a bet-
ter understanding of the influences of CSRS conditions and
placement features on roadside hardware safety performance.

5.2 Background

For more than 20 years, the FHWA has promoted the use of
crash simulations based on FE models as a means to develop
innovative designs and to evaluate their performance. Doing
so requires FE models of vehicles and the roadside hardware.
FE models have been developed to describe the vehicle and
test articles as a collection of elements that reflect the geo-
metry of the items, the nature of connections between adja-
cent elements, the characteristics of the element materials,
and properties associated with the relationships between
elements (e.g., joints, fracture mechanics). FE models for
vehicles are developed by reverse engineering. For hardware,
the geometries of the components are used to define elements.

Over the years, the vehicle models have become more
detailed and complete (e.g., functional representation of sus-
pension systems, interior modeling, and air bag capabilities).
This has allowed a broader range of applications. The more
recent generation of vehicle models consists of more than 1 mil-
lion elements when all the interior components are included.
Because all structural components are explicitly modeled,
these detailed models can be used to study different impact
scenarios including frontal, side, rear, oblique, and roof impacts.

The objectives of the simulation efforts were to (1) develop,
adapt, and validate FE models for longitudinal barriers typi-
cally deployed on CSRS, (2) analyze the effects of curvature,
superelevation, shoulder design, and roadside conditions on
the MASH performance of the barriers, and (3) use the simu-
lation results to formulate guidance of improved practice for
the selection and placement of barriers for such situations.
The efforts focused on a set of typical types of CSRS.

5.3 FE Modeling and Crash
Simulation Analyses

Finite element analysis (FEA) involves the use of FE
models of vehicles and barriers in crash simulations. The
simulations analyze the physics of each discrete element of
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the models for small increments of time (e.g., microseconds)
over the duration of an impact event (e.g., the vehicle hitting
the barrier). Because elements of the vehicle and the barrier
will contact each other and the forces will cause the elements
to deform, move, or fail in accordance with the defined material
properties and nature of connections between elements, it
is possible to replicate the crash dynamics that provide an
indication of a barrier’s performance. While such simulations
do take a considerable amount of time to go through all the
elements over the duration of the crash event, they are more
economical than using crash testing. Further, the details of
the elements in the model and principles of physics allow
more detailed data to be derived from the simulation, and
multiple simulation runs can permit parametric changes to
study a broader range of conditions (e.g., impacts at different
speeds and angles).

The LS-DYNA commercial FE package developed by
Livermore Software Technology Corporation (LSTC) is used
in the simulations (Hallquist 1997, 2006). It uses an explicit
Lagrangian numerical method to solve nonlinear, three-
dimensional, dynamic, large displacement problems. It has
numerous features that allow for the analysis of several non-
linear dynamic engineering problems. It has a large selec-
tion of FE types which include one node lumped mass; two
node spring; damper and beam elements; three and four
node shell elements; and eight node solid and thick shell
elements. For each of these element types, a number of
element formulations are implemented in the code. As an
example, more than 16 different shell formulations are avail-
able. These include reduced, fully integrated, and membrane
formulations.

LS-DYNA has a library of more than 180 constitutive
material models. The majority of these models can be used
with all element formulations mentioned above. These
models cover a wide range of material behaviors includ-
ing elasticity, plasticity, thermal effects, and rate dependency.
These constitutive models have been successfully used to
model several materials including metals, plastics, rubber, soil,
concrete, ceramics, composites, foams, and fluids. LS-DYNA
has over 20 options for modeling connections including
welds, rivets, and joints. Some of these connections incorpo-
rate failure. It also has over 50 different methods for modeling
initial conditions, boundary conditions, and loadings. Some
of these include initial velocity, initial stress, nodal forces,
pressure, prescribed accelerations, and fixed nodes. The most
advantageous capability of LS-DYNA over other FE codes
is its advanced contact algorithm. Over 20 contact inter-
faces are available in the code including Nodes-to-Surface,
Surface-to-Surface, Single-Surface, and Automatic-General.
These allow for solving diverse types of impact problems.

The LS-DYNA program has been used by the Research
Team in many studies to address transportation safety
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problems. Several vehicle and roadside hardware models
have been developed and used in these studies. Some of
these models were used in this research to assess the per-
formance of longitudinal barrier when installed on CSRS.
These models and associated validations are presented in
the following sections.

5.3.1 Vehicle Models

The crashworthiness analysis under NCHRP Report 350
and MASH involves different test vehicles. For NCHRP
Report 350, the small car is represented by an 820-kg vehicle
(820C) and the pickup truck by a 2,000-kg vehicle (2000P).
Under MASH, the small car is represented by an 1,100-kg
vehicle (1100C) and the pickup truck by a 2,270-kg vehicle
(2270P). These reflect the trend in the United States that
vehicle sizes and weights are increasing (a primary reason
for the new MASH requirements). Computer models rep-
resenting these four vehicles are included in the array of
vehicle models available to support crash simulation analy-
ses (National Crash Analysis Center 2012a). Basic informa-
tion about these FE vehicle models can be found in Table 5.1,
but additional information can be obtained from references
(National Crash Analysis Center 2012b, 2012¢, 2012d, 2012e).
Even though the research focuses on MASH evaluations, both
sets of models were needed to allow validation against avail-
able crash tests for the barriers. It should be noted that the test
requirements only give generic vehicle features; different vehi-
cles are often used in the actual testing. The models are believed
to be viable surrogates for each of the weight classes. The fol-
lowing sections describe the validation efforts undertaken for
the Chevrolet Silverado (representing the 2270P) and Toyota
Yaris (representing the 1100C) vehicle models (Marzougui
et al. 2012b, 2012c). These reflected the new “extended vali-
dation” approach used to create a vehicle model. The other
two models (Geo Metro and Chevrolet C2500) were devel-
oped earlier and had more usage but less rigorous validation.
Because the Silverado and Yaris are the primary models used
to assess crashworthiness against the latest criteria, the fol-
lowing additional details are provided.

5.3.1.1 Chevrolet Silverado Model (2270P)

The Silverado model was developed jointly by FHWA
and NHTSA to serve multiple purposes in this research and
advancement of vehicle and highway safety research. Reverse
engineering methods were used to build the FE model and
the attention to detail was critical to making it suitable for
application for different crash conditions. The model con-
sists of over 950,000 elements including the components of
the steering and suspension systems (Marzougui et al. 2009b;
National Crash Analysis Center 2009).
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Table 5.1. Models representing NCHRP Report 350 and MASH test vehicles.

Description

Vehicle Image

1997 Geo Metro (820C)
e Weight: 820 kg (1,806 Ib)
e CG 664 mm (26.14in.)
e Model Parameters:
Parts-230, Nodes-200,348, Elements-193,200
e  Features: FD, CD, SD
e Validations: FF, SP
e Original Release: 12/21/2000

2010 Toyota Yaris (1100C)
e Weight: 1,100 kg (2,420 Ib)
e CG 1,004 mm rear, 569 mm high
e Model Parameters:
Parts-771, Nodes-998,218, Elements-974,348
e  Features: FD, CD, SD, IM

e Release Date: 12/02/2011

e Validations: FF, OF, MDB, SI, IP, SP, SC, ST, OT

1994 Chevrolet C2500 Pickup Truck (2000P)
e Weight: 2,000 kg (4,410 Ib)
e CG 664 mm (26.14in.)
e Model Parameters:
Parts-248, Nodes-66,684, Elements-58,400
e  Features: FD, CD, SD
e Validations: FF, SP, SC, ST
e Original Release: 12/12/2000; 11/03/2008

2007 Chevrolet Silverado Pickup Truck (2270P)
e Weight: 2,270 kg (5,000 Ib)
e CG 736 mm(28.8in.)
e Model Parameters:
Parts-606, Nodes-261,892, Elements-251,241
e Features: FD, CD, SD, IM
e Validations: FF, IP, SP, SC, ST, OT
e Original Release: 2/27/2009

Validations Legend
e FF: NCAP Full Frontal
e OF: Offset Frontal
e Sl: Side Impact
e MDB: Modified Deformable Barrier
e |P: Inertial Parameters
e  SP: Spring Response
e SC: Suspension Components
e ST: Suspension Tests (full-scale)
e OT: Other

Features Legend
e FD: Fine Detail Version
e CD: Coarse Detail Version
e SD: Suspension Details
e |M: Interior Modeled

This model was initially validated following traditional
protocols for comparison of the data from the full frontal
impact with a vertical wall required under the New Car
Assessment Program (NCAP) administered by NHTSA and
the simulated results for that test. In addition, the Silverado
model was subjected to validation exercises including the
following:

e Comparisons of actual and simulated inertial properties
e Front suspension system component tests

e Rear suspension system component tests

Full-scale speed bump and terrain traversal tests

Data from these tests was useful in enhancing the model and
providing quantitative measures that increased confidence in
the predictive capabilities for roadside barrier impacts. The
results are believed to indicate that this model will provide a
sound basis for many types of crash simulation applications
in the future.

The FE model of 2270P vehicle is based on the 2007
Chevrolet Silverado 1500 pickup truck. The vehicle used for
creating the model was a 4-door crew cab, short box, vehicle
with a 4.8L, V8 engine and an automatic 4-speed transmis-
sion weighing 2,298 kg. The model was developed through
areverse engineering process. The vehicle was disassembled
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Figure 5.1. Side view of tested vehicle and model after NCAP crash.

Figure 5.2. Left and right rear sill accelerations for test and simulation.

and each part was cataloged, scanned, measured, and clas-
sified by material type. Each part was meshed to create an
accurate computer model representing the data gathered in
the disassembly, including geometry and material proper-
ties. Material data and properties were obtained through
coupon testing.

Because the Silverado model is primarily used for roadside
hardware testing, component testing and simulations were
performed to ensure accurate representation of the suspen-
sion systems. Over the years, the model has been validated
using several full-scale crash tests [NHTSA, NCAP Frontal
Barrier Impact—2007 Chevrolet Silverado, NHTSA Test
Report 5877; NHTSA, NCAP Side Impact Test—2007
Chevrolet Silverado, NHTSA Test Report 6185; and Insurance
Institute for Highway Safety (ITHS) Test CEF0825]. The tests
included automotive crashworthiness tests as well as roadside

hardware tests. One sample validation is summarized below.
Additional validations are included in Appendix C.

One of the tests that was used for the validations isa NCAP
test conducted for NHTSA (Test 5877). The vehicle in this
test impacted a rigid wall at 35 mph in a full frontal impact
configuration (90° angle). The simulation results were com-
pared with the test results. The simulation yielded similar
vehicle kinematics and deformation, as shown in Figure 5.1.
Figure 5.2 compares the left and right rear sill accelerations
of the test and the simulation. These graphs indicate good
correlation between the test and the simulation.

The left and right rear sill velocities were also compared,
showing a velocity change of 62 km/h, versus the test, which
showed a velocity change of 65 km/h (Figure 5.3). The velocity
profiles were similar for both the left and right rear sills,
indicating a symmetric response.

Figure 5.3. Left and right rear sill velocities for test and simulation.
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Figure 5.4. Side view of tested vehicle and model after NCAP crash.

5.3.1.2 Toyota Yaris Model (1100C)

This vehicle model was developed to be used in roadside
hardware evaluation, as well as in occupant risk and vehicle
compatibility analyses (National Crash Analysis Center 2011).
It was selected to conform to the MASH requirements for an
1100C test vehicle.

The model was based on a 2010 Toyota Yaris 4-door passen-
ger sedan. Similar to the Silverado model, the vehicle was dis-
assembled and each part was scanned to define its geometry,
measured for thickness, and classified by material type. Material
data for the major structural components was obtained through
coupon testing. A total of 160 tensile tests were performed to
generate the material properties for 12 different materials.

Upon completion of the model development, several auto-
motive full-scale crashworthiness tests were used for valida-
tions (NHTSA, NCAP Frontal Barrier Impact—2010 Toyota
Yaris, NHTSA Test Report 5677; and NHTSA, NCAP Frontal
Barrier Impact—2010 Toyota Yaris, NHTSA Test Report 6221).
The model has also been used in roadside hardware impacts as
the surrogate for the 1100C test vehicle. A sample validation
is summarized below. Additional validations are included in
Appendix C.
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One of the impact configurations that was used for the
Yaris model validations was an NCAP frontal crash into a rigid
barrier at 35 mph. Two full frontal NCAP tests were available
for validation of the Toyota Yaris FE model in this configura-
tion: Test No. 5677 and Test No. 6221. The overall global defor-
mation pattern of the FE model was very similar to that of
the NCAP test, as shown in Figure 5.4. Figure 5.5 compares
the left and right rear seat accelerations of the test and the simu-
lation, also indicating similar vehicle behavior between the test
and the simulation. The response of the engine during the crash
event was captured through two accelerometers. Both the engine
top and bottom accelerations in the simulation closely tracked
the engine response in the two tests, as shown in Figure 5.6.

5.3.2 Barrier Models

Crash simulation analysis requires FE models of the barriers
as well as the impacting vehicles. Three roadside hardware
devices were identified as the longitudinal barriers to be
studied in this research:

e G4(1S) W-beam guardrail with height < 31 in. Identified
as the most commonly used longitudinal barrier for both
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Figure 5.5. Left and right rear sill acceleration for test and simulation.
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Figure 5.6. Top and bottom engine accelerations for test and simulation.

previously installed and currently being installed barrier
on CSRS.

e MGS W-beam guardrail with height > 31 in. Identified
as the second most commonly used longitudinal barrier
currently being installed on CSRS.

e NJ concrete barriers with heights < 32 in. Identified as
the second most commonly used longitudinal barrier for
previously installed barrier on CSRS.

FE models that represent the longitudinal barriers listed
have been developed and used by the Research Team in pre-
vious research (Esfahani et al. 2009; Marzougui et al. 2008b,
2009¢, 2010b, 2010¢, 2010d, 2011a, 2011b, 2012d). The fea-
tures of these barrier models are described in the following
sections.

5.3.2.1 G4(1S) W-Beam Guardrail Model

This FE model of the G4(1S) was adapted from previ-
ous modeling efforts by the Research Team to reflect the
specifications for the hardware. This included the specifics
for the posts, blockouts, and connectors. The model was
based on explicit geometry of all components. Appropriate
material and cross sectional properties were assigned to all
components to ensure that the correct mass, inertia, and
stiffness of the different parts were reflected in the model.
The soil was also explicitly modeled using solid elements.
The shape of the post was incorporated in the soil mesh to
simulate the post/soil interactions. Because the geometry of
the bolts was previously found to affect system behavior, the
bolts were explicitly incorporated in the model. The model
was used in several previous studies and validated against
full-scale crash tests.

The rails in this system were made up of standard 12-gauge
W-beams with lengths of 3.807 m (12.5 ft). The rails were sup-
ported using W150 x 12.6 (W6 x 9) steel posts. These posts
were 1,830 mm (72 in.) in length and embedded 1,100 mm

(43.3 in.) into the ground. Wood blockouts were placed
between the posts and the W-beam rails and had dimensions
of 150 mm x 200 mm x 360 mm (6 in. X 8 in. x 14 in.). The
system level model of the guardrail system was modeled to
have a total length of 53.3 m (175 ft) and anchored at both ends
using a standard Breakaway Cable Terminal (BCT). The
system consisted of 29 posts and 14 W-beam sections. Fig-
ure 5.7 depicts some of the details of the model.

5.3.2.2 MGS W-Beam Guardrail Model

The MGS guardrail system used in this research was
based on the modified G4(1S) design. A similar modeling
approach was used in developing this model with few minor
differences. The differences between the two models include
the following:

e Rail height was increased to 31 in. by raising the whole
G4(1S) system (except for the soil elements) by 2% in.

Figure 5.7. G4(1S) strong-post W-beam guardrail model.
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e Blockouts were changed from 150 mm x 200 mm x 360 mm
(61in. x 8 in. x 14 in.) to 150 mm x 300 mm x 360 mm (6 in. x
12 in. x 14 in.) blocks.

e Rail splices were moved from being at a post to being in
between two posts.

The model was also used by the Team in previous studies
and validated against full-scale crash tests. Figure 5.8 shows
some of the details of the model.

5.3.2.3 NJ Concrete Barrier Model

This FE model of the NJ concrete barrier developed by the
Research Team was used for the simulations. The NJ concrete
barrier had a height of 32 in. As concrete safety barriers do not
deform or deflect even under severe crash conditions, the bar-
rier was modeled using rigid shell elements. For the simulations,
the length of barriers was extended to over 150 ft to make sure
the vehicle did not reach the end of the barrier before the end
of the simulation. The barrier model mesh was refined to sizes
between 2 in. and 3 in. to ensure optimum contact between the
vehicle and barrier without excessive penetrations. Finer mesh
was used at the edges of the barrier. The barrier was fixed to
prevent any movement or deformation in the barrier during
the crash simulation. The model is shown in Figure 5.9.

5.3.3 Barrier Modeling Details

To create the FE models of the barriers, several key features
were carefully examined and appropriate modeling tech-
niques were used to ensure that the model was an accurate
representation of the actual system. First, explicit geometry
of all components of the systems were incorporated in the
model. This included the W-beams, posts, blockouts, and

Figure 5.8. MGS strong-post W-beam guardrail model.
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Figure 5.9. NJ concrete median barrier model.

bolts. This ensured the correct mass, inertia, and stiffness
of the different parts were reflected in the model. The
soil was also explicitly modeled using solid elements. The
shape of the post was incorporated in the soil mesh to
simulate the post/soil interactions. The geometry of the
bolts was found to affect system behavior, so they were explic-
itly incorporated in the model. These modeling conventions
are described in the following paragraphs.

5.3.3.1 Modeling of Steel and Soil Elements

Appropriate material and cross sectional properties were
assigned to all components of the barrier systems. Rigid
material was assumed for the concrete barrier models. For
the W-beam guardrail models, two main LS-DYNA material
types were used. The metal components, such as the posts and
W-beams, were represented as “piecewise linear plasticity”
material in LS-DYNA. This material model has been exten-
sively used to represent structural metals, such as steel and
aluminum, and it has been fully validated and optimized.
The material behavior is isotropic elasto-plastic with strain
rate effects and failure. The properties used for these materials
were extracted from the literature as well as data from cou-
pon tests that were performed on similar steels. The “soil-and-
foam” model in LS-DYNA was used to represent soil properties.
The properties used for this model were back-calculated from
previously conducted tests. These tests consisted of a bogie
vehicle impacting wood and steel posts that are embedded in
soil similar to what has been used in the full-scale crash test.
Simulations with the same test set ups were performed, and
the material properties were varied until acceptable compari-
sons were achieved between the tests and the simulations.

5.3.3.2 Modeling of W-beam, Post, and Blockouts

A detailed FE model of the steel post with wooden blockout
is shown in Figure 5.10(a) and the FE model of the W-beam
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@ (b)

Figure 5.10. FE models of (a) steel post with blockout
and (b) W-beam rail.

is shown in Figure 5.10(b). For computational purposes, six
rails located at the middle of the entire guardrail system were
modeled using fine mesh, while the remaining rails were mod-
eled using coarser mesh. All post and rails were modeled using
quadrilateral shell elements. The material formulation used
for the rail and post is the isotropic piecewise linear elastic
plastic model. Wooden blockouts were modeled using eight
node reduced integration hexahedral solid elements. These
elements capture the behavior of the model at much less cost,
because they consume much less computer time and memory.

5.3.3.3 Bolts Modeling

Eight short bolts were used to connect the W-beams together
and a long bolt was used to connect the rails to the wooden
blockout and post as shown in Figure 5.11. For the small bolts,
the material formulation selected for the bolts and nuts was
the rigid material formulation. This assumption was made
to reduce the computation time, because small elements are
needed to capture the geometry of the bolts. These elements
would control the time step and lead to larger computation
time. By assuming the rigid material model for the bolts, their
element size was no longer critical, because rigid elements
did not control the time step. A spring was placed between

Figure 5.11. FE models of short and long bolts.
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the bolt head and the nut to represent the stiffness of the bolt.
The properties of these springs were determined from the
material properties, cross sectional area, and length of the bolt.

The long bolts have significant effects on the behavior of
the system and had to be modeled in detail. To accurately and
efficiently represent these bolts, a special modeling technique
was utilized in which the bolt was modeled with beam ele-
ments to capture its tensile, bending, and shear behavior. By
using beam elements, the time step was not controlled by the
cross sectional geometry of the bolt. Hence, a larger simula-
tion time step and smaller computation time was needed to
reach a solution. An elasto-plastic material model with failure
was assigned to the beam elements to simulate the nonlinear
and failure behavior of the bolt. The geometry of the bolt is
represented by shell elements with “null” material properties.
The null shell elements had no effect on the stiffness of the
bolts, and their size did not affect the simulation time step.
They are used to represent the bolt geometry for only contact
purposes. Nodes from shell elements were tied to the beam
element nodes to transfer the contact forces.

5.3.3.4 Soil and SoillPost Model

The soil was modeled as a cylindrical block 2.7 m (9 ft) in
diameter and 2.02 m (6.5 ft) in length as shown in Figure 5.12.
These dimensions were chosen so that the behavior of the
soil and post/soil interaction is accurately captured with
reasonable computation time. The outer boundaries of the
soil model were constrained using the non-reflection boundary
constraint option. This option is often used in modeling an
infinite domain and prevents the stress wave from reflecting

Figure 5.12. Soil model with post and wooden
blockout.
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at the fixed boundary. The soil block was modeled using
eight node hexahedral solid elements. The shape of the post
was incorporated into the soil mesh with appropriate flange
and web thickness to avoid penetration between post and soil
and to have full representation of the post/soil interaction.
An automatic single surface sliding interface was defined
between the outer faces of the post and inner faces of the
soil block to simulate the contact between the post and the
soil, and friction between the post and the soil was also
included. The material constitutive model used for the soil is
the “soil and crushable foam” model.

5.3.4 Crash Simulation Software

The crash simulations were performed using the LS-DYNA
nonlinear explicit FE code Version MPP971sR6 on an Intel
MPI 3.1 Xeon 64 parallel computer platform. The simu-
lation run times would be expected to vary for other
facilities depending on hardware, LS-DYNA version, and
precision used.

5.4 Computer Model Validations

Model validation involves simulating a known crash test
and comparing the results. A solid validation effort provides
confidence that reasonable variations of the model reflect-
ing other situations will yield representative results. For this
effort, there were multiple validations for each of the barriers
selected for analysis. These made use of the best available
crash test data existing at the time of the analysis. Table 5.2
lists the crash tests used for the model validations.

A rigorous verification and validation (V&V) effort was
undertaken to provide confidence that the models for each
of the three barriers are viable in replicating crashes into bar-
riers on CSRS. The results from the eight comparisons detail
the viability or strengths of the validations based on the V&V
results. A summary of the validation efforts is provided in
Table 5.3, which includes the graphic of vehicle roll, pitch,

and yaw angular rotations and change in vehicle velocity
along the x-, y-, and z-directions. Additional comparisons
from all seven cases, including side-by-side images from test
and simulation at different stages of impact and overlay plots
are shown in Appendix C.

V&V analytic comparisons for all seven validation cases
were also undertaken based on NCHRP Web-Only Docu-
ment 179 (Ray et al. 2010). Roadside Safety Verification
and Validation Program (RSVVP) Tables and Phenom-
ena Importance Ranking Tables (PIRTs) were generated.
Sample V&V results are included in the next sections.
Full V&V reports for each of the seven cases selected are
provided in Appendix C.

The validity of the models was assessed by analyzing the
distribution of energy associated with the crash event. The
laws of physics dictate that the total energy be balanced.
Typically, an energy balance graph is generated to assess
changes in kinetic, internal, sliding, hourglass, and total
energy. All of the comparisons were characterized by the
following:

e Relatively constant energy balances were noted suggesting
there are no unusual characterizations in the structure
of the model that would be an unrealistic sink (point of
dissipation) of energy.

¢ The kinetic energy associated with the motion of the vehicle
dropped off as the velocity decreased during the crash.

e Internal energy increased as components of the vehicle
absorbed energy through deformation.

e Sliding energy, which is associated to the friction between
the vehicle and barrier, increased as expected during the
simulations.

All of the V&V criteria for energy balance were met. These
aspects led to the conclusion that the model met the funda-
mental requirements for crash simulation.

Sample metrics derived from the RSVVP procedure in
accordance to NCHRP Web-Only Document 179 are included

Table 5.2. Full-scale crash tests used for validations.

Barrier Vehicle Test Date Place Evaluation Ref
NJ 2002 Kia Rio 2214NJ-1 5/28/04 MwRSF | MASH Polivka et al. 2006b
Concrete 2007 Silverado 476460-1-4 | 1/10/09 TTI MASH Bullard et al. 2009
G4(1S) 1989 C2500 405421-1 11/16/95 TTI NCHRP Bullard et al. 1996
Report 350
2002 RAM 2214WB -2 4/08/05 MwRSF | MASH Polivka et al. 2006a
MGS 2002 Kia Rio 2214MG -3 11/08/04 MwRSF MASH Polivka et al. 2006¢
1994 Geo Metro NPG-1 6/29/01 MwRSF NCHRP Polivka et al. 2004
Report 350
2002 Dodge Ram 2214MG-2 10/06/04 MwRSF | MASH Polivka et al. 2006d

Note: MWRSF = Midwest Roadside Safety Facility; TTI = Texas A&M Transportation Institute.
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Table 5.3. Summary validation results—change in vehicle velocities and rotations.
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Test

Model Set Up

Angular Rotations

Change in Velocity

NJ Concrete Barrier w/
Kia Rio 1100C

NJ Concrete Barrier w/
Silverado 2270P

G4(1S) Wi
C2500 2000P

Dodge Ram 2270P

G4(1S) W/

Geo-Metro 820C

MGS w/

Kia Rio 1100C

MGS w/
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Table 5.3. (Continued).

Dodge Ram 2270P

MGS w/

in Figure 5.13. The RSVVP procedure consists of apply-
ing statistical tests to determine how well the simulation
curves compare with data collected from the test. The figure
shows sample results of RSVVP for single-channel (graphs a
through f) and multichannel (graph g) comparisons. Various
means of comparing the data are shown in each comparison,
including the following (moving from the upper left to the
lower right):

e Time history plot. The red line indicates the simulated
data and the blue line indicates the test data for the crash
event. Each data point is a measure of the acceleration
recorded.

e Plot of integrated time histories. Integrating the change
of acceleration data allows the changes in velocity to be
plotted. A general decrease in velocity is noted, as expected,
although there is some deviation between the test and the
simulation after the impact.

e MPC metrics. This statistical metric provides a measure
of “goodness of fit” between the two curves. Three param-
eters are used for the evaluation: the magnitude (M),
phase (P), and comprehensive (C, combined magnitude
and phase). A value of less than 40 for M, P, and C is
considered passing the criteria.

e ANOVA metrics. Analysis of variance (ANOVA) is also
used to compare the test and simulation curves goodness
of fit. Two parameters are used for the comparison: the
average residual between the curves and the standard devia-
tion of the residuals. Values of less than 5% for the average
residual and 35% for the standard deviation are considered
passing the criteria. In this example, the metric meets the
criteria and hence the boxes are labeled “pass.”

¢ Residuals plots (time history, histogram, and cumulative).
These plots show the residual (i.e., difference between the
two curves in different forms). In the first plot, time history,
the residual is shown versus time. In the second, the residual
is shown in a histogram format where the percentage of the
residual is plotted against the percentage of its occurrence.
In the third plot, the cumulative sum of residuals is plotted.

The program allows various types of single-channel data to
be analyzed. The common crash test and simulation metrics
compared are as follows:

e X-acceleration: change in acceleration in the original
direction of travel of the vehicle

e Y-acceleration: change in acceleration in the lateral direction
of travel of the vehicle

e Z-acceleration: change in acceleration in the vertical direction
of travel of the vehicle

e Yaw rate: rate of change in original direction of travel of
the vehicle

¢ Roll rate: rate of change in lateral direction of travel of the
vehicle

e Pitch rate: rate of change in vertical direction of travel of
the vehicle

Because not all measurements have the same impor-
tance in the tests, (e.g., in some tests little roll, pitch, or
x-acceleration observed), these low magnitude channels
could fail the evaluation metrics even if the simulation is
valid. To overcome this problem, a multichannel compari-
son is incorporated in the validation process, where each
channel is given a weighting factor based on magnitude. A
sample multichannel is shown in Figure 5.13. In this case,
the figure indicates that the simulation passes on the multi-
channel comparison metrics. In addition to graphs shown
for the single-channel comparisons, this graph includes
relative weights that were computed for each of the chan-
nels used on the evaluation. These are used to weight the
importance to the overall comparison of the two sets of data
(test and simulations).

In addition to RSVVP evaluations comparing the time
history from the transducers mounted on the vehicle, NCHRP
Web-Only Document 179 procedure establishes PIRTs aimed
at comparing other aspects of the impact such as occupant
risk numbers, barrier maximum deflections, and rotations.
Table 5.4 shows a sample PIRT comparison. PIRTs for each of
the seven cases selected are provided in Appendix C.
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(a) X-acceleration

(d) Roll

(b) Y-acceleration

(e) Pitch
Single-channel RSVVP comparisons.

(c) Z-acceleration

(f) Yaw

Multichannel RSVVP Comparisons

Figure 5.13. Sample RSVVP single- and multichannel evaluations.
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Table 5.4. Sample PIRT results from the validations.

. L. Known Analysis | Relative
5
Evaluation Criteria Result Result |Diff. (%) Agree?
Test article should contain and redirect the vehicle; the
vehicle should not penetrate, underride, or override the
Al installation, although controlled lateral deflection of the Yes Yes YES
test article is acceptable.
The relative difference in the maximum dynamic o
> A2 deflection is less than 20%. tm 0.960 m 40% | YES
© " N N N N N
=] The relative difference in the time of vehicle-barrier
0,
g A3 contact is less than 20%. 0.7s 0.65s 71% | YES
< The relative difference in the number of broken or
g E A4 significantly bent posts is less than 20%. 4 4 YES
‘g A5 | Barrier did not fail (Answer Yes or No). Yes Yes YES
S
%) A6 There were no failures of connector elements (Answer Yes Yes YES
Yes or No).
There was no significant snagging between the vehicle
AT wheels and barrier elements (Answer Yes or No). No No YES
There was no significant snagging between vehicle body
A8 components and barrier elements (Answer Yes or No). Yes Yes YES
Detached elements, fragments, or other debris from the
test article should not penetrate or show potential for
E penetrating the occupant compartment, or present an Yes Yes YES
undue hazard to other traffic, pedestrians, or personnel
in a work zone (Answer Yes or No).
The vehicle should remain upright during and after the
F1 | collision. The maximum pitch and roll angles are not to Yes Yes YES
exceed 75°.
2 Maximum vehicle roll: relative difference is less than 10 9 10% YES
20% or absolute difference is less than 5°. (0.455s) (0.359) 1°
o F3 Maximum vehicle pitch: relative difference is less than 7 12 71% YES
&2 20% or absolute difference is less than 5°. (0.67 s) (0.67 s) 5°
- Fa Maximum vehicle yaw: relative difference is less than 38 36 5.2% YES
g 20% or absolute difference is less than 5°. (0.85) (0.72s) 2°
§ The occupant impact velocity in the longitudinal
@) direction should not exceed 12 m/sec and the occupant
L1 ridedown acceleration in the longitudinal direction Yes Yes YES
should not exceed 20 g.
Longitudinal OIV (m/s): Relative difference is less than 9.8%
L2 20% or absolute difference is less than 2 m/s. 71 64 0.7 m/s YES
L3 Lateral OIV (m/s): Relative difference is less than 20% 44 54 22.7% YES
or absolute difference is less than 2 m/s. ' ' 1.0m/s
Longitudinal ORA (g): Relative difference is less than 45.6%
L4 20% or absolute difference is less than 4 g. 7.9 115 369 YES
Lateral ORA (g): Relative difference is less than 20% or 20.2%
L5 absolute difference is less than 4 g. 84 10.1 17¢g YES
The exit angle from the preferable test article should be
> M1| less than 60% of test impact angle, measured at the time No No YES
38 of vehicle loss of contact with test device.
> g Exit angle at loss of contact: relative difference is less 11%
F M2 than 20% or absolute difference is less than 5°. 16 18 2° YES
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5.5 Crash Simulation Parameters

The research was initiated to answer a variety of questions
over a range of conditions for barriers on CSRS. Over the
course of the research, the questions were refined and the focus
on critical conditions or situations sharpened. The follow-
ing sections describe the simulation approach used to estab-
lish useful insights and details to get answers to the research
questions.

5.5.1 Analysis Conditions

The findings of the literature review, state DOT survey,
and crash data analysis indicated that there was a large set
of parameters that potentially affect the safety performance
of longitudinal barriers when placed on CSRS. These were
discussed with NCHRP Project 22-29A panel in a review
of the VDA. The VDA showed that there are differences in
interface effectiveness that can be attributed to the degree
of curvature and superelevation, shoulder width and slope,
as well as barrier type and placement.

The following sections describe the critical factors associ-
ated with roadway conditions, barrier types and placement,
and impact conditions that were identified. These parameters
and associated ranges were the focus of the simulation efforts.
Other parameters were considered after the basic influences
were determined.

5.5.1.1 Roadway Design Conditions

Deliberations with NCHRP Project 22-29A panel led to
defining the primary road design conditions to be analyzed,
including curvature and superelevation, shoulder width and
slope, and side slope. Various degrees of roadway curvatures
reflect the range of superelevation applications commonly
found on the highway. These range from tight curves
used on ramps to gentle sweeping curves. A total of six road-
way curve conditions with different curvatures and super-
elevations were used in the VDA. These conditions were
selected based on the Green Book design superelevation
tables. The analyses incorporated three superelevations
(6%, 8%, and 12%). For each superelevation, two curvatures
were selected representing the minimum radii at the 50-mph
(80-km/h) and 80-mph (130-km/h) design speeds. The
curvatures/superelevation combinations were as follows:

e 614 ft (187 m)/12%

o 2,130 ft (649 m)/12%
e 758t (231 m)/8%

e 2,670 ft (814 m)/8%
o 833 ft (254 m)/6%

e 3,050 ft (930 m)/6%
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To investigate the effects of roadside shoulder, different
shoulder angles and widths were analyzed. Three shoul-
der widths were considered in the analyses: 4 ft (1.22 m),
8 ft (2.44 m), and 12 ft (3.66 m). Four shoulder angles were
included in the analyses: 0%, 3%, 6%, and 8%. An impor-
tant note here is that the shoulder angle is different than the
conventional shoulder slope defined relative to true horizontal
plane (see Section 4.4.4). A negative roadside/median slope of
12H:1V relative to shoulder was to be used for all simulations.

5.5.1.2 Barrier Types and Placement

The following three types of barriers were investigated
(a concrete safety shape and two variations of the strong-post
W-beam guardrail based on the state DOT survey responses):

e Concrete barrier: NJ concrete barrier with a height of
32 in. (813 mm)

e Strong-post W-beam guardrail: G4(1S) with heights of
27% in. and 29 in. (705 mm and 737 mm)

e Strong-post W-beam guardrail: MGS with a height of 31 in.
(787 mm)

Selections of these barriers were made considering the
following:

e NJ Concrete Barrier. This classic, widely used concrete
safety-shape barrier was a starting point, because vehicle
vaulting and rollovers have been attributed to the slop-
ing sides of the barrier profile. The VDA indicated that
there would be no underride or override interface issues
for the 1100C or 2270P vehicles. However, the NCHRP
Project 22-29A panel expressed the concern that the two-
stage slopes of the barrier had been seen to cause small
vehicle rollovers, so these were simulated. The simulations
included both the small car and the pickup truck.

¢ G41S W-Beam Barrier. This widely used barrier was first
accepted after the adoption of NCHRP Report 350, and it
has been widely deployed. Its original design has a height
of 27% in. The VDA indicated that there could be interface
issues for the larger vehicle. Tests with the Silverado and the
G4(18) resulted in vaulting of the barrier. An FHWA techni-
cal memorandum in 2010 recommended a nominal height
of 29 in. for new installations (Nicol 2010). The simulations
were run at both the original height and the 29-in. height
recommended by FHWA.

e MGS Barrier. This newer W-beam barrier was designed to
accommodate vehicles with higher centers of gravity with a
rail height of 31 in. This barrier was accepted by the FHWA
in 2005. The VDA indicated that there could be underride
interface issues for the small car, so the focus of the simula-
tions was on the 1100C vehicle. There were no simulations
for the pickup.
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The barriers in all FE simulations were placed at the edge
of the “operational” shoulder. Placement further off the
shoulder was found to be an uncommon practice.

Three barrier vertical orientations were analyzed includ-
ing true-vertical orientation, perpendicular to the shoulder
surface, and perpendicular to the road surface.

5.5.1.3 Impact Conditions

The following impact conditions were based on MASH for
the vehicle types, speed, and angle:

e Vehicle Type
— 2270P pickup truck: 2007 Chevrolet Silverado model
— 1100C small car: 2010 Toyota Yaris model
¢ Impact Conditions
— Impact angle 25°
— Impact speed 62 mph (100 km/h)

To limit the number of simulation runs required, the
strategy was to use VDA simulation to bracket the poten-
tial problem conditions. Based on the VDA results, cases in
which there was (1) very poor interface between the vehicle
and the barrier and (2) the vehicle was likely to override the
barrier were not simulated. Cases that showed marginal or
good performance were evaluated using the FE simulations.
Other factors that were used to minimize the number of
simulations included the following:

¢ Curvature. There is evidence that the sharper the curvature
(smaller radius), the more likely serious crash problems
will result. Therefore, the plan was to simulate the mid-
range curvatures and superelevations [i.e., 758 ft (231 m)/8%
and 2,670 ft (814 m)/8%] and, based on the outcome from
these simulations, the other curvatures/superelevations
would be simulated.

e Impact Angle. Only the usual 25° impact angle was used in
the simulations. Higher impact angles were initially
investigated, but it was determined that these barriers are
not designed for these impact angles and would not likely
meet the MASH criteria even for flat surfaces and straight
barriers.

Table 5.5. Summary of simulation runs.

e Barrier Offset. Barrier lateral placement was limited to the
break point between the shoulder and roadside/median.
Even though other placements were initially consid-
ered, after consultation with the NCHRP Project 22-29A
panel, it was decided that other lateral placements are
uncommon.

¢ Barrier Height. Simulations were limited to the standard
barrier heights.

Taken together, these factors resulted in more than
150 simulation runs. After summarizing the results and
discussing them with the NCHRP Project 22-29A panel,
a second round of simulations was undertaken to address
concerns. This involved another 100 simulations to inves-
tigate other shape concrete barriers and to add depth to the
insights developed on the safety performance of barriers on
CSRS. Each simulation took between 20 h and 40 h of CPU
time to provide detailed analyses of crash events involving
typical barriers on CSRS with varying features. Table 5.5
shows the distribution of these simulations. Each simulation
has been assigned a case number to facilitate the evaluation
process and outline useful analyses and comparisons.

The number of runs in each cell is unequal for various
reasons. A main reason was that when the VDA results
indicated that there was a “poor interface,” the need for FE
simulations was less critical. Because it was infeasible to
simulate every CSRS condition under consideration given
the amount of computing time that would be required, a
selection was made based on realistic operational limits.

5.5.1.4 Analysis Assumptions

A number of different conditions for road departures
were considered. The following assumptions were made
prior to the analyses:

e Theroadside had a firm surface. Ploughing into the surface
by tires was negligible.

e Vehicles were “tracking” as they entered the roadside
(i.e., vehicle initial speed is in the same direction as its
longitudinal axis).

Concrete Barrier G41S W-Beam Barrier MGS Barrier
Vehicle NJ F Shape 27%-in. Height 29-in. Height 31-in. Height
Small Car 59 Runs 0 Runs 0 Runs 0 Runs 22 Runs
(1100C) (Cases 101-175) (Cases 601-652)
Pickup 50 Runs 45 Runs 38 Runs 50 Runs 0 Runs
(2270P) (Cases 201-274) | (Cases 901-963) | (Cases 801-876) (Cases 301-358)
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e There were no driver inputs (e.g., steering, braking) that
affect the vehicle.

e The road friction was made identical in all runs using a
friction coefficient of 0.9.

e There was a smooth transition between the pavement and
shoulder and the shoulder and side slope.

Where these assumptions do not hold, other effects will
occur that will alter the stability of the vehicle. Other condi-
tions related to these assumptions could be modeled, but they
were not at this stage.

5.5.2 Evaluation Criteria

The performance of the longitudinal barriers in the crash
simulations was evaluated in accordance with the criteria
presented in MASH. The simulations replicated MASH
Test 3-10 for the small car (1,100-kg test vehicle) and
MASH Test 3-11 for the pickup truck (2,270-kg test vehicle).
The fundamental criteria for crashworthiness evaluation
are shown in Table 5.6. These ensure that there is adequate
structural integrity of the barrier, all occupant risk metrics
are met, and vehicle trajectories are acceptable. The primary
difference in this effort was that the barrier was deployed
on one of the CSRS configurations previously defined.

For this research, the MASH tests provide a useful imme-
diate and long-term value in the assessment of the perfor-
mance of barriers used on CSRS. The implications of the
MASH (and its predecessors) on performance are well
understood because highway engineers have considered a
common group of metrics in a structured approach for many
years. The simulation approach also provides data that allows
other metrics to be analyzed including deformations (barrier
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and post deflection), barrier component forces and stresses,
and vehicle lift. In addition, simulation technology allows
unique views of the vehicle-to-barrier contacts to be gener-
ated to better understand unusual results.

5.6 Crash Simulation Results
5.6.1 Simulation Analysis Summaries

Figure 5.14 depicts a typical summary of the simulation
results. It provides a pictorial view of the impact with a
barrier on a CSRS and the resulting behavior of the vehicle.
It documents the CSRS conditions including radius, super-
elevation rate, shoulder width and slope, barrier orienta-
tion, and speed and angle of impact. The diagram depicts
the time sequence of vehicle and barrier interaction in the
crash event. Below the diagram is the MASH evaluation sum-
mary, which shows the key metrics generated by the simu-
lation and whether the results passed or failed the MASH
criteria. Similar summaries were generated for each of the
FE simulations run. The full set of summaries is included
in Appendix D.

5.6.2 General Comparative Analyses

The simulation results permitted considerations of the
influences of curvature, road profile, barrier vertical ori-
entation, impact angle, impact speed, and combinations
of these factors on safety performance. The findings pro-
vided the basis for formulating barrier design, selection, and
installation guidelines. Multiple metrics were generated in
the analysis, but all are not documented here. The following
sections describe the findings from types of analyses that
were undertaken.

Table 5.6. MASH crashworthiness evaluation criteria

for simulation analyses.

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

Occupant Risk

D: Detached elements, fragments, or other debris from the test article
should not penetrate or show potential for penetrating the occupant
compartment, or present an undue hazard to other traffic, pedestrians, or
personnel in a work zone.

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

H: The OIV in the longitudinal direction should not exceed 40 ft/s and the
ORA in the longitudinal direction should not exceed 20 g.

I: Longitudinal and lateral ORA should fall below the preferred value of
15.0 g, or at least below the maximum allowed value of 20.49 g.

Vehicle Trajectory

For redirective devices, the vehicle shall exit within the prescribed box.
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2270P - NJ Concrete Barrier (102)

Radius Super Shoulder Width

Shoulder Angle

Barrier Orient. Speed Angle

614 ft 12% 4 ft

6% Normal to Road| 100 [km/h] 25°

Evaluation Criteria

Test article should contain and redirect the vehicle; the vehicle should not penetrate, underride, or

A | override the installation although controlled lateral deflection of the test article is acceptable. Pass
Detached elements, fragments, or other debris from the test article should not penetrate or show

D potential for penetrating the occupant compartment, or present an undue hazard to other traffic, Pass
pedestrians, or personnel in a work zone.
The vehicle should remain upright during and after the Max Roll (°) 28.54

F | collision. The maximum pitch and roll angles are not to exceed Pass
75°. Max Pitch (°) 23.38
Longitudinal and lateral OIV should fall below the preferred VX (m/s) _5.29

H | value of 30 ft/s (9.1 m/s), or at least below the maximum Pass
allowed value of 40 ft/s (12.2 m/s). Vy (m/s) 8.15
Longitudinal and lateral ORA should fall below the preferred AX () 9.92

| value of 15.0 g, or at least below the maximum allowed value Pass
of 20.49 g. Ay (9) 17.65

Figure 5.14. Sample simulation analysis summary report.

5.6.2.1 Influence of Barrier Orientation

Figure 5.15 depicts typical results for situations with the
same radius, superelevation, and shoulder configurations
for the NJ concrete barrier but different barrier orientations.
The barriers were installed with normal and vertical orienta-
tions. The first and second panels provide the MASH results
and time sequence diagram for a 2270P vehicle impact-
ing the barrier on a CSRS at 25° and 100 km/h for a tight
curve with similar shoulder width conditions. It can be seen
that the barrier impact event results in failure due to vehicle roll
for the true-vertical orientation case, while the normal orien-
tation case shows a pass. The MASH evaluation results reflect
similar unacceptable degrees of maximum vehicle roll (91.77°,
exceeding the MASH maximum 75° roll criterion) for the
true-vertical orientation and acceptable (28.54°) roll angle for
the normal orientation case. The values for OIV and ORA in the
longitudinal and lateral directions are similar for both vertical
and normal orientation cases and are below the MASH maxi-
mum values. Similarly, panels 3 and 4 compare the impact event
for the 2270P vehicle for the normal and vertical orientation
with a slight shoulder angle change. The results reflect similar
patterns, but failures for the true-vertical orientation for both

cases. These results suggest that the normal orientation shows
better performance than the true-vertical one for these CSRS
conditions using the NJ concrete barrier. The true-vertical
orientation also has a higher propensity for vehicle instability.

5.6.2.2 Influence of Curvature

Figure 5.16 depicts simulation results from two different
radius conditions with similar shoulder configurations for
the NJ concrete barrier installed with a normal orientation.
The first and third panel provide the MASH results and time
sequence diagram for an 1100C vehicle impacting the barrier
on a CSRS at 25° and 100 km/h. While there are some scal-
ing differences in the diagrams, it can be seen that the barrier
impact event results in similar performance for the 758-ft and
2,670-ft curvatures. The MASH evaluation results also reflect
similar degrees of maximum vehicle roll and pitch (e.g., roll
26.59° and 25.85°, and pitch 21.99° and 21.72°). Similarly,
the values for OIV and ORA in the longitudinal and lateral
directions are the same order of magnitude. Panels 2 and 4
compare the results for the 2270P vehicle. The results reflect
comparable degrees of maximum vehicle roll and pitch (e.g.,
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CSRS: Radius: 614 ft; Superelevation: 12%; Shoulder Width: 4 ft; Shoulder Angle: 6%
Barrier: NJ Concrete; Orientation: Normal (N) or True Vertical (V);
Impact Speed/Angle: 100kmh/25°

A — Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll — 91.77 (Fail) *

Max Pitch — 61.09 (Fail) *

H - OIV - Vx — -4.67 (Pass)
Vy —7.61 (Pass)

| - ORA - Ax -12.34 (Pass)
Ay — 18.65 (Pass)

Parameters and Results Case | Time Sequence View
CSRS: Radius 614 ft, 12% super | 101
Vehicle: 2270P \Y

CSRS: Radius 614 ft, 12% super | 102

Vehicle: 2270P N

A — Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll — 28.54 (Pass)

Max Pitch — 23.38 (Pass)

H - OIV - Vx - -5.29 (Pass)
Vy - 8.15 (Pass)

| - ORA - Ax - 9.92 (Pass)
Ay - 17.65 (Pass)

CSRS: Radius: 614 ft; Superelevation: 6%; Shoulder Width: 4 ft; Shoulder Angle: 8%
Barrier: NJ Concrete; Orientation: Normal; Impact Speed/Angle: 100kmh/25°

CSRS: Radius 614 ft, 12% super | 103

Vehicle: 2270P \Y%

A - Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll — 81.65 (Fail)*

Max Pitch — 55.67 (Fail)*

H - OIV - Vx —-4.73 (Pass)
Vy — 7.65 (Pass)

| - ORA - Ax —-15.12 (Pass)
Ay —-16.55 (Pass)

CSRS: Radius 614 ft, 12% super | 104

Vehicle: 2270P N

A — Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll — 29.15 (Pass)

Max Pitch — 26.25 (Pass)

H - OIV - Vx — -5.47 (Pass)
Vy - 8.19 (Pass)

| - ORA - Ax —-10.16 (Pass)
Ay - 17.69 (Pass)

*The combination of high simulated roll and pitch reflect considerable vehicle instability that can result in a rollover in

the time after the simulation is terminated.

Figure 5.15. Comparison of barrier orientation effects.

roll 33.66° and 35.84°, and pitch 35.84° and 31.6°). The values
for OIV and ORA for the longitudinal and lateral directions
are also of a similar order of magnitude. These results suggest
that for these CSRS conditions, the NJ concrete barrier perfor-
mance was similar for these two curvatures.

Figure 5.17 depicts the results for two different radius condi-
tions with similar shoulder configurations for the NJ concrete
barrier installed with a true-vertical orientation. The first and
third panel provide the MASH results and time sequence dia-
gram for an 1100C vehicle impacting the barrier on a CSRS

at 25° and 100 km/h. It can be observed that the barrier
impact event resulted in different performances for the
758-ft and 2,670-ft curvatures. The MASH evaluation results
reflect high vehicle roll and pitch for both curvatures (e.g.,
roll 53.93° and 70.93°, and pitch 58.68° and 81.87°), but
only the impacts for the small car on the large radii curve
exceeded allowable levels. The values for OIV and ORA for
the longitudinal and lateral directions are the same order of
magnitude. Panels 2 and 4 compare the impact event for the
2270P vehicle. The results reflect similar degrees of maximum
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CSRS: Radius: 758 and 2,670 ft; Superelevation: 8%; Shoulder Width: 4 ft; Shoulder Angle: 8%
Barrier: NJ Concrete; Orientation: Normal; Impact Speed/Angle: 100kmh/25°

Parameters and Results Case | Time Sequence View

CSRS: Radius 758 ft, 8% super 224

Vehicle: 1100C

A — Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll — 26.59 (Pass)

Max Pitch — 21.99 (Pass)

H - OIV - Vx —-5.47 (Pass)
Vy - 9.76 (Pass)

| - ORA — Ax —-3.19 (Pass)
Ay - 14.23 (Pass)

CSRS: Radius 758 ft, 8% super 124

Vehicle: 2270P

A - Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll — 33.66 (Pass)

Max Pitch — 29.86 (Pass)

H - OIV - Vx —-5.39 (Pass)
Vy - 8.24 (Pass)

| - ORA — Ax — 13.38 (Pass)
Ay — 18.43 (Pass)

CSRS: Radius: 2,670 ft; Superelevation: 8%; Shoulder Width: 4 ft; Shoulder Angle: 8%
Barrier: NJ Concrete; Orientation: Normal; Impact Speed/Angle: 100kmh/25°

CSRS: Radius 2,670 ft, 8% super 264

Vehicle: 1100C

A - Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll - 25.85 (Pass)

Max Pitch — 21.72 (Pass)

H - OIV - Vx — -5.49 (Pass)
Vy - 9.72 (Pass)

| - ORA — Ax — -3.27 (Pass)
Ay - -13.54 (Pass)

CSRS: Radius 2,670 ft, 8% super 164

Vehicle: 2270P

A — Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll — 35.84 (Pass)

Max Pitch — 31.6 (Pass)

H - OIV - Vx - -5.57 (Pass)
Vy - 8.13 (Pass)

| - ORA — Ax —-12.09 (Pass)
Ay - 18.28 (Pass)

Figure 5.16. Comparison of radius effects for NJ concrete barrier with

normal orientation.

vehicle roll and pitch (e.g., roll 57.53° and 59.73°, and pitch
42.15° and 47.05°) for the pickup. The values for OTV and ORA
for the longitudinal and lateral directions are the same order of
magnitude. These results show a more pronounced roll effect
due to the barrier orientation, but not a significant effect due
to the difference in curvature.

5.6.2.3 Influence of Barrier Type

Figure 5.18, 5.19, and 5.20 depict the different barriers
analyzed for increasing curve radii and otherwise similar
conditions. Because not all combinations of CSRS con-
ditions were simulated, it is not possible to make impact
comparisons across the three barrier types. Variation in the

crash behaviors is apparent, demonstrating that the varying
of CSRS parameters influences the vehicle-to-barrier inter-
face and the performance of the barrier. These figures show
that the response for the small car and pickup truck varied.
For all cases, the OIV and ORA values for the longitudinal
and lateral directions are of a similar order of magnitude
and direction for the similar barrier type. This may suggest
that current barriers can function effectively across a variety
of CSRS conditions.

These comparisons show that it is possible to analyze the
performance differences across a range of CSRS conditions
for typical barriers. It may also be possible to analytically
define the influence patterns for safety performance, but that
was not possible without simulation results for all combina-
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CSRS: Radius: 758 and 2,670 ft; Superelevation: 8%; Shoulder Width: 4 ft; Shoulder Angle: 8%
Barrier: NJ Concrete; Orientation: True Vertical; Impact Speed/Angle: 100kmh/25°

Parameters and Results Case

Time Sequence View

CSRS: Radius 758 ft, 8% super | 223

Vehicle: 1100C

A — Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll — 53.93 (Pass)

Max Pitch — 58.68 (Pass)

H - OIV - Vx — -5.33 (Pass)
Vy —9.59 (Pass)

| - ORA - Ax — —4.42 (Pass)
Ay - 11.14 (Pass)

CSRS: Radius 758 ft, 8% super | 123

Vehicle: 2270P

A — Containment (Pass)

D - Detached Elements (Pass)

F — Max Roll — 57.53 (Fail)*

Max Pitch — 42.15 (Fail)*

H - OIV = Vx —-4.75 (Pass)
Vy - 7.89 (Pass)

| - ORA — Ax — 10.47 (Pass)
Ay - 17.64 (Pass)

CSRS: Radius: 2,670 ft; Superelevation: 8%; Shoulder Width: 4 ft; Shoulder Angle: 8%
Barrier: NJ Concrete; Orientation: True Vertical; Impact Speed/Angle: 100kmh/25°

CSRS: Radius 2,670 ft, 8% 263

super

Vehicle: 1100C

A — Containment (Pass)

D - Detached Elements (Pass)

F — Max Roll — 70.93 (Fail)*

Max Pitch — 81.87 (Fail)*

H - OIV - Vx — -5.14 (Pass)
Vy —9.43 (Pass)

| - ORA — Ax — —4.44 (Pass)
Ay - 10.41 (Pass)

CSRS: Radius 2,670 ft, 8% 163

super

Vehicle: 2270P

A — Containment (Pass)

D - Detached Elements (Pass)

F — Max Roll —59.73 (Fail)*

Max Pitch — 47.05 (Fail)*

H - OIV - Vx — —4.83(Pass)
Vy - 7.95 (Pass)

| - ORA - Ax —9.71 (Pass)
Ay - 18.12 (Pass)

*The combination of high simulated roll and pitch reflect considerable vehicle instability that can result in a rollover in

the time after the simulation is terminated.

Figure 5.17. Comparison of radius effects for NJ concrete barrier with

true-vertical orientation.

tions of factors. The simulation analysis generated summary
tables to reflect the pass/fail patterns across the various CSRS
conditions analyzed.

5.6.3 Barrier-Specific Results

Performance envelopes were also generated to provide
a quantitative assessment of the influence of roadway and
barrier design elements on the outcome of the crashes. These
included the influences of curvature, road profile, barrier
lateral position, barrier vertical orientation, and combina-

tions thereof. The following sections provide a summary
of the observations, comparisons, and conclusions drawn
from the simulation analyses for each type of barrier. A
global set of conclusions is generated to provide a basis for
decisions about testing in the next phase of the project and
for the development of guidance.

5.6.3.1 Concrete Barrier Results

Table 5.7 contains a summary of the simulation runs that
were made for the NJ concrete barrier under the designated
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CSRS: Radius: 614 to 2,130 ft; Superelevation: Variable; Shoulder Width: 4 ft; Shoulder Angle: 8%
Barrier: NJ Concrete; Orientation: Vertical; Impact Speed/Angle: 100kmh/25°

Vehicle: 2270P

A — Containment (Pass)

D - Detached Elements (Pass)

F — Max Roll — 54.42 (Pass)

Max Pitch — 26.43 (Pass)

H - OIV - Vx — -5.02 (Pass)
Vy - 7.86 (Pass)

| - ORA - Ax — -12.32 (Pass)
Ay — 17.26 (Pass)

Parameters and Results Case | Time Sequence View
CSRS: Radius 614 ft, 12% 107
super

CSRS: Radius 758 ft, 8% super | 125

Vehicle: 2270P

A — Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll - 62.37 (Fail)

Max Pitch — 25.18 (Fail)*

H - OIV - Vx — -5.05 (Pass)*
Vy - 7.97 (Pass)

| - ORA - Ax — -14.75 (Pass)
Ay — 17.22 (Pass)

CSRS: Radius 833 ft, 6% super | 133

Vehicle: 2270P

A — Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll — 49.51 (Pass)

Max Pitch — 20.67 (Pass)

H - OIV - Vx — -4.89 (Pass)
Vy - 8.02 (Pass)

| - ORA - Ax — -9.34 (Pass)
Ay —-18.30 (Pass)

CSRS: Radius 2,130 ft, 12% 151

super

Vehicle: 2270P

A — Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll — 34.13 (Pass)

Max Pitch — 31.01 (Pass)

H - OIV - Vx - -5.14 (Pass)
Vy — 8.04 (Pass)

| - ORA - Ax — -10.13 (Pass)
Ay — 17.39 (Pass)

*The combination of high simulated roll and pitch reflect considerable vehicle in stability that can result in a rollover

in the time after the simulation is terminated.

Figure 5.18. Barrier type effects: NJ concrete barrier.

CSRS parameters and provides the evaluation results
derived for the 2270P and 1100C vehicles. The runs covered
six different curvatures and superelevation conditions.
Four shoulder angles (i.e., slope) and three shoulder width
conditions were analyzed. Three barrier orientation con-
ditions were also considered: true vertical, perpendicular
to the shoulder surface, and perpendicular to the roadway
surface. The cells of the matrix are shaded based on the
MASH evaluations for the Test 3-10 and Test 3-11 impact
conditions. The cases highlighted in red failed the MASH
criteria and those in dark green met the criteria. All cases

that are shaded in light green (with “*”) were assumed to
meet the MASH requirements based on having less severe
conditions. The clustering of the dark green-shaded cells
around the red cell indicate attempts to assess the degree of
effects leading to failures.

The following observations are made from the data for
cases depicted in this table:

e All failures to meet the MASH requirements for the 1100C
and 2270P vehicles resulted from exceeding the maximum
allowable roll angle.
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CSRS: Radius: 614 to 3,050 ft; Superelevation: Variable; Shoulder Width: 12 ft; Shoulder Angle: 8%
Barrier: MGS; Orientation: Normal; Impact Speed/Angle: 100kmh/25°

Parameters and Results

Case

Time Sequence View

CSRS: Radius 614 ft, 12%

super

Vehicle: 1100C

A — Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll - 5.23 (Pass)

Max Pitch — 3.85 (Pass)

H - OIV - Vx - —6.74 (Pass)
Vy - 5.83 (Pass)

| - ORA - Ax — -15.50 (Pass)
Ay —12.17 (Pass)

603
1100C

CSRS: Radius 758 ft, 8%

super

Vehicle: 1100C

A - Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll - 5.30 (Pass)

Max Pitch — 4.52 (Pass)

H - OIV - Vx - -6.78 (Pass)
Vy - 5.88 (Pass)

| - ORA — Ax — -17.26 (Pass)
Ay — 10.98 (Pass)

611
1100C

CSRS: Radius 853 ft, 6%

super

Vehicle: 1100C

A — Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll - 5.23 (Pass)

Max Pitch — 5.45 (Pass)

H - OIV - Vx - -8.86 (Pass)
Vy - 5.68 (Pass)

| - ORA — Ax — -12.42 (Pass)
Ay - 10.45 (Pass)

627
1100C

CSRS: Radius 2,670 ft, 8%

super

Vehicle: 1100C

A — Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll — 5.21 (Pass)

Max Pitch — 3.23 (Pass)

H - OIV - Vx — —6.88 (Pass)
Vy - 5.71(Pass)

| - ORA - Ax — -18.56(Pass)
Ay - 11.86 (Pass)

641
1100C

CSRS: Radius 3,050 ft, 6%

super

Vehicle: 1100C

A - Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll - 5.30 (Pass)

Max Pitch — 4.70 (Pass)

H - OIV - Vx —-9.98 (Pass)
Vy - 5.52 (Pass)

| - ORA - Ax — -11.77 (Pass)
Ay — 10.54 (Pass)

651
1100C

Figure 5.19. Barrier type effects: MGS barrier.
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CSRS: Radius: 614 to 2,670 ft; Superelevation: Variable; Shoulder Width: 8 ft; Shoulder Angle: 6%
Barrier: G41S (@ 29 in.); Orientation: Normal; Impact Speed/Angle: 100kmh/25°

MASH Evaluations:

A — Containment (Pass)

D — Detached Elements (Fail)

F — Max Roll — 17.61 (Pass)
Max Pitch — 12.04 (Pass)

Parameters and Results Case Time Sequence View
CSRS: Radius 614 ft, 12% 305
super 2270P

CSRS: Radius 758 ft, 8% 175
super 315
MASH Evaluations: 2270P
A - Containment (Fail)
D — Detached Elements (Pass)
F — Max Roll — 20.05 (Pass)

Max Pitch — 17.96 (Pass)
CSRS: Radius 833 ft, 6% 329
super 2270P

MASH Evaluations:

A - Containment (Pass)

D - Detached Elements (Pass)

F — Max Roll — 11.59 (Pass)
Max Pitch — —7.51 (Pass)

CSRS: Radius 2,130 ft, 12% 345

super 2270P

MASH Evaluations:

A — Containment (Fail)

D — Detached Elements (Pass)

F — Max Roll — 33.84 (Pass)
Max Pitch — 14.74 (Pass)

CSRS: Radius 2,670 ft, 8% 355

super 2270P

MASH Evaluations:

A - Containment (Pass)

D — Detached Elements (Pass)

F — Max Roll — 11.82 (Pass)
Max Pitch — -6.35 (Pass)

Figure 5.20. Barrier type effects: G41S barrier.

Most failures occurred when barriers were in true-vertical
orientation. There was only one failure when the barrier
was oriented normal to shoulder (for the 1100C vehicle)
and one when normal to road for the large vehicle.

More failures were noted with higher superelevation: 12%
superelevations had larger number of failures than the
8%, and the 6% superelevation had the lowest number
of failures.

Narrower shoulder widths had more failures than the wider
shoulder widths; more failures were noted with the 4-ft than

the 8-ft shoulder widths, and the 12-ft shoulder width
had the lowest number of failed cases.

The larger the shoulder angle (i.e., the larger the difference
in angle between the road and shoulder), the higher the
number of failures. The 8% shoulder angle had more cases
that failed than the 6%, which had more failed cases than the
3%, and the 0% had the lowest number of failures.

These observations do not reflect the degree of failure.

Determining that would be possible by looking at the results
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Table 5.7. Performance table for 32-in. NJ concrete barrier.

Notes: * = Barrier performance extrapolated based on other simulation results.
Simulation case numbers are shown in parentheses.
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for each of the failed cases. Some efforts to discern the effects
of CSRS conditions using analytical means were not success-
ful, given the dispersion effects and interrelationship between
factors investigated. These would not reflect other differences
in speeds, impact angle, vehicle loading, and driver reactions
that are associated with real crashes.

Simulations were also performed for the F-shape con-
crete barrier. Since the F-shape is known to introduce less
vehicle instability than the NJ concrete barrier, only cases
where the NJ concrete barrier did not meet MASH require-
ments were simulated. The results are shown in Table 5.8.
When comparing Table 5.7 with Table 5.8, it can be seen
that the F-shape shows improved performance over the NJ
concrete barrier, although not in a consistent way across all
orientations.

5.6.3.2 W-Beam Barrier Results

Table 5.9 contains a summary of the simulation runs made
for the W-beam barriers (i.e., G41S and MGS) for various
parameters and their results. The runs covered the curvatures
and superelevation conditions selected. The same set of shoul-
der slope and width conditions as the concrete barriers was
analyzed. Because W-beam barriers are traditionally installed
in a true-vertical orientation, only this case was considered in
the performance table. These results are based on analysis of
the most critical vehicle. Because there were concerns about
underride and pocketing of the small vehicle for the MGS,
the simulations were undertaken with the 1100C vehicle. The
larger and consequently higher vehicle (2270P) was used for
the G4(1S) simulations, because this barrier is more suscep-
tible to overrides. The G4(1S) barrier was initially analyzed
based on a barrier height of 27% in. All simulation runs made
for the barrier at that height led to unacceptable results. The
FHWA Technical Memorandum dated May 17, 2010, indi-
cated FHWA's preference for using 29-in.-high barriers over
27%-in.-high ones and recommended that agencies consider
adopting 31-in. barrier designs (Nicol 2010). Consequently,
for barrier heights less than 31 in., a height of 29 in. was
used in the simulations.

The following observations are made from the data in
this table:

e Narrower shoulder widths had more failed cases than the
wider shoulders. More failures were noted with the 4-ft
shoulder width than the 8-ft shoulder width, and the 12-ft
shoulder width had the lowest number of failed cases.

e Larger shoulder angles (i.e., higher difference in angle
between the road and shoulder) led to more failures. The
8% shoulder angle had more cases that failed than the 6%,
which had more failed cases than the 3%, and the 0% had
the fewest failed cases.

e G4(1S) W-beam barriers at 27% in. high did not meet MASH
requirements for the range of conditions simulated. It was
concluded that their performance would not be acceptable
for CSRS conditions.

e The G4(1S) W-beam barrier 29 in. high met MASH require-
ments for most cases where there were wider shoulders.
There were 11 failures and 2 marginal results for 4-ft wide
shoulders compared with 2 failures for 8-ft shoulders. These
all occurred across all radii and superelevations analyzed.

e The higher MGS met the MASH requirements for all cases.
The 11 simulations undertaken covered a valid cross section
of CSRS conditions without a failure.

These observations do not reflect the degree of failure.
That would be possible by comparing the detailed simulation
results for each of the cases. Marginal passes are indicated
by orange shading. Efforts to discern the effects of CSRS
conditions using analytical means were not successful given
the dispersion effects and interrelationship between factors.
These would not reflect other differences in speeds, impact
angle, vehicle loading, and driver reactions that are associated
with real crashes.

5.7 Conclusions

This effort successfully applied the FE models and crash
simulation to analyze the safety performance of longitudi-
nal barriers typically used on CSRS under varying impact
conditions. The effort led to the following observations and
conclusions:

e For the most part, the VDA results were similar to the
selected FE simulations. There was evidence in some cases
that the vehicle-to-barrier interface data did not fully reflect
safety performance. This can be attributed to the effects of
barrier design and placement (e.g., face shape and orienta-
tion) that were not explicitly considered in the VDA, as well
as the inherent barrier “strength” that was able to redirect a
vehicle even if the interface was not ideal.

¢ These simulations focused on MASH conditions for the
general norm of TL-3 for impacts of longitudinal barri-
ers placed on the outside edge of CSRS curves. Thus, the
results cover only impacts by the MASH defined small car
(1100C) and large pickup truck (2270P).

e This analysis focused on longitudinal barriers deployed
on the outside of level curves on typical CSRS across a
range of parameters. It focused on meeting MASH TL-3
evaluation criteria that are useful for barrier selection
decisions. Deeper analyses of the crash impact dynamics
would be needed to assess critical severities and deter-
mine means to improve barrier design and placement
guidelines.
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Table 5.8. Performance table for 32-in. F-shape concrete barrier.

Notes: * = Barrier performance extrapolated based on other simulation results.
Simulation case numbers are shown in parentheses.
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Table 5.9. Performance table for W-beam guardrails.

Notes: * = Barrier performance extrapolated based on other simulation results.
Simulation case numbers are shown in parentheses.
Mar. = marginal pass.
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e The G41S barrier with a height of 27% in. had demonstrated
vaulting failures in tests and simulations undertaken in
other efforts conducted to demonstrate the efficacy of the
MASH requirements. The FHWA also issued a technical
memorandum recommending that the height of the bar-
rier be raised to 29 in. to address such problems. These
problems were noted in the early simulations for deploy-
ments on CSRS, so no further runs were performed. There
was no evidence of underride or snagging issues with the
small vehicle. The MGS analysis was conducted last and
began with a concern of underride issues. The early FE
simulation runs showed no evidence of this, so the number
of runs was limited.

Analysis of barrier orientation was an objective of this
research. It was noted in the performance envelopes that
concrete barriers oriented in true vertical were most likely
to fail. It can be noted that there appears to be less vehicle
instability for the larger radius curves for either vehicle
type, and the impact metrics are similar.

The number of factors identified at the outset created a very
large analysis matrix making it hard to isolate individual
effects. For example, the combined effects of shoulder width
and slope for the six CSRS curvature and superelevation
conditions for the three barriers for large and small vehicles
would have required close to 600 simulations. Some addi-
tional benchmarking runs might make it possible to get
further insights on relative effects.
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e The NJ concrete barrier provided sufficient containment
and redirection of the large and small impacting vehicles,
but there were many cases where rollovers occurred for
the small vehicle, probably due to the influence of the
barrier’s orientation. These rollovers were lower for orien-
tations normal to road surface. There was no indication of
vaulting problems for the situations analyzed.

¢ Secondary analysis of the 32-in. F-shape concrete barrier
indicated that their variations in face slope resulted in
fewer failures. The analysis did not attempt to determine
the specific influence of face slope differences on safety
performance.

e The efficacy of the G4(1S) at the 27%-in. height was
assessed in the simulation runs, and a similar pattern of
failures for 4-ft shoulders suggests a problem. Given this
has been a widely used barrier, additional investigations
may be warranted.

e The MGS barrier showed no indication of override issues
in the VDA, so there was limited effort to simulate impacts
with the large vehicle. The simulations for the small car
suggested that underride and snagging are not issues.

These results suggest that there may be isolated safety per-
formance issues associated with the deployment of standard
longitudinal barriers on CSRS. In general, the results indicate
that current practices provide for reasonable safety expecta-
tions for the vehicles considered.
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CHAPTER ©

Full-Scale Testing and Results

6.1 Introduction

Most longitudinal barriers used on U.S. highways have
been tested to the generalized requirements under NCHRP
Report 350 or MASH. These testing procedures focus on pro-
tocols that allow repeatability and convenient comparison
of the performance results to the requirements. Because it is
considered impractical to test for all conditions under which
a barrier might be placed, tests are typically conducted on
straight sections and level surfaces because these are the most
common. Longitudinal barriers are subjected to impacts with
large and small vehicles at the specific speeds associated with
a given test level. This implies that not all possible impact
conditions are evaluated. Longitudinal barriers used in appli-
cations where the road is curved, banked, or the barrier is
placed on a surface adjacent to the road are among those
situations that have had very limited testing. The literature
review found very few references to research or testing for
barriers on or near slopes, and there is no known “acceptance”
testing for applications in such situations. A clear indication
of a safety problem could not be discerned from available
crash data, because the crash reports provide limited details
about the barriers and the conditions under which they were
deployed. However, it would seem that there may be different
vehicle-to-barrier interfaces and consequently impacts on
the safety performance of the barrier. Further, it was noted
that under current practice there seems to be limited guidance
for the design, placement, and installation of barriers for
CSRS. The limited understanding of the influences of vary-
ing curve, roadway, barrier, and placement features provided
the impetus for this NCHRP project to analyze barrier per-
formance for deployments of longitudinal barriers on CSRS.

6.2 Background

Different types of longitudinal barriers are typically used
on CSRS and the roadway and placement conditions vary.
The VDA and simulation analyses provided quantitative

measures of the barriers and the conditions under which
they were likely to have safety issues. While there are many
conditions that were candidates for testing, it was possible
to conduct a small set of full-scale crash tests to validate the
simulation analyses. The results of the simulation analyses
were used to select the test cases.

The analyses showed that the NJ concrete barriers were
the most override prone of the concrete barriers, so it did not
warrant crash testing. Similarly, the MGS barrier due to its
greater height showed limited tendency to have safety perfor-
mance issues. The most common barrier analyzed, the G4(1S)
W-beam guardrail, did indicate serious problems in the ini-
tial analyses at the 27%-in. height, and to a lesser degree at the
29-in. height. Thus, the decision was made to focus the testing
on the G4(1S) W-beam barrier. The analyses indicated that
the propensity for barrier override or underride was lower
for higher radius curves across all superelevation conditions.
Because the sharpest 641-ft radius curves with 12% superel-
evation were noted to be rarely used, the focus for the testing
was on the 833-ft radius curves with 6% superelevation. Two
shoulder widths—4 ft and 8 ft—were selected for testing with
the barrier placed at the edge of the shoulder. These cases are
highlighted in Table 6.1. These conditions were considered to
lie on either side of the boundary between passing and failing.
The testing for these options was conducted under the cur-
rent MASH crashworthiness requirements.

The Research Team recognized that testing the performance
of longitudinal barriers on CSRS would present challenges.
Therefore, a testing scheme was proposed that would focus on
the most critical aspects that influence viability. The essentials
of this scheme included the following:

e Select the critical cases for testing, recognizing that it is
likely that only two or three tests will be possible under the
available project funds.

e Define the critical CSRS conditions to determine the extent
of construction needed (e.g., if two different curve radii are
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Table 6.1. Simulation summary of the cases selected for testing.

Notes: * = Barrier performance extrapolated based on other simulation results.
Simulation case numbers are shown in parentheses.
Mar. = marginal passing.
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considered, it will be necessary to incur expenses to tear
down the first road set up and build a second roadway
set up).

e Use vehicle dynamics analyses results to determine the
appropriate vehicle launch position and speed to reflect
the desired impact conditions in the “free-wheeling”
mode. Simulation would be used to estimate the neces-
sary “launch” or “release” speed from the track accelerator
to attain the required MASH speed at the barrier impact
point (or at least within speed tolerances).

¢ A sloped transition section (ramp or inclined plane) from
the release point on the track accelerator to the impact
point was constructed to represent the CSRS. The prelimi-
nary VDA suggested that the incline should rise about 2 ft
over a 30-ft to 60-ft paved transition section that leads into
a 24-ft-wide paved CSRS segment with shoulder.

e The VDA results were used to identify critical combina-
tions of barriers and curve features that may represent
critical cases as candidates for testing.

e The CSRS segment was constructed accommodate the
installation of an adequate length of barrier for testing.
A gentle back slope was placed behind the barrier using fill.
Accommodations were made to prevent the impact testing
from disrupting the road base or foundation to allow for
multiple tests across the roadway.

e Preliminary trajectory tests without barriers were con-
ducted to define the degree of side drift and speed loss that
might occur so that barriers could be impacted at or near
a 25° angle.

e The barrier was set up to be tested with provisions to
capture the normal metrics and any additional items that
may be useful to understand barrier safety performance on
CSRS.

Specific details were finalized after the preliminary tests
confirmed the necessary post positions to meet MASH
requirements.

The objective of this task was to provide test data for the
analyses of barriers on CSRS to rigorously validate the simu-
lation results of the most critical cases. The critical cases were
determined using simulation analysis and the experience of
the Team and the NCHRP Project 22-29A panel. Table 6.1
shows the conditions analyzed for the G4(1S) barriers that
were considered the most important to test. The 254-m
(833-ft) radius with 6% superelevation was a mid-range con-
dition and the tests were bracketed to fall in the area where
“pass” and “fail” conditions were noted in the simulation
analysis. This was necessary because the project budget lim-
ited the efforts to two or three tests. The preliminary launch
tests without impacts allowed the vehicles to be reused and
thus allowed multiple runs to assess speeds and trajectories
that greatly increased the probability that the tests would

be successful. The tests were designed and set up to capture
the typical data needed to evaluate TL-3 crashworthiness, as
well as additional data to understand vehicle dynamics and
barrier interface physics that could be useful in determining
critical factors that would influence design and placement for
the selected CSRS applications.

This chapter describes the efforts to set up and execute
the full-scale tests at the FHWA’s Federal Outdoor Impact
Laboratory (FOIL) to validate the results of the simulation
analyses.

6.3 Testing Requirements,
Criteria, and Facility

Three full-scale crash tests were conducted. The project
costs included three test vehicles, construction of the road
section with an 833-ft radius and 6% superelevation for two
shoulder widths, and installations of an appropriate length
of G4(1S) longitudinal barrier for each test. The two shoulder
widths required that the positioning of the posts consider the
prescribed critical impact points. The barrier was installed
by a commercial barrier contractor following standard prac-
tices. The tests were conducted in accordance with MASH
requirements. Complete details of the testing are provided in
Appendix E. The following sections provide an overview of
the tests and the results.

6.3.1 MASH Requirements

The tests were conducted in accordance with the current
crashworthiness evaluation protocols and requirements under
MASH. The MASH testing requirements and protocols
included the following (with variations in italics):

e Test Set Up.

— Ordinarily, the barrier should be installed so that the
impact test can occur on level terrain with an unrestricted
area to observe vehicle redirection trajectory after impact
per MASH (AASHTO 2009, page 57). These tests varied
in that a sloped surface was constructed to represent the
condition for a vehicle traversing a CSRS prior to barrier
impact.

— Minimum barrier installation lengths shall be sufficient
to indicate the maximum deflections and opportunities
for snagging or vaulting. The lengths need to be suffi-
ciently long to develop the necessary rail tensions. These
vary by type of barrier. For W-beam guardrail (semi-
rigid), the length needs to be no less than 100 ft.

— Soil used for embedment must comply with AASHTO
“strong soil” (M 147). Tests were conducted to dem-
onstrate adequate strength.
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¢ Testing Required for Various Test Levels and Applicable
Criteria from MASH (AASHTO 2009, Table 2-2). The tests
outlined in MASH have varying purposes. Test 10 at any test
level is intended to demonstrate that the barrier will provide
a continuous strength and capability to redirect the errant
vehicle. Concerns focus on underride, wheel snag, rollover,
and head slap issues. Test 11 focuses on demonstrating the
barrier has adequate strength to restrain heavier vehicles.
Rollovers and occupant risk are critical concerns. The test
requirements are given in the table below:

Test | Test Vehicles | Impact Speed Impact | Evaluation

Level | Number Angle | Criteria

TL-3 [3-10 1100C | 62 mph (100 kph) | 25° A D F.H, I
3-11 2270P | 62 mph (100 kph) | 25° A D,F.H, I

¢ Impact Conditions.
— Speeds and tolerance limits (62 mph + 2.5 mph)
— Angle (25° £ 1.5°)
o Test Vehicles (Table 2-1).
— 1100C: small car (2,450 1b £+ 55 1b)
— 2270P: pickup truck (5,000 Ib £ 110 1b)
e CIPs.

— Semi-rigid barriers: CIP is determined from charts 2.8
and 2.9 to reflect the design features of the device mea-
sured from a hard point such as a post.

¢ Evaluation Metrics and Instrumentation. The vehicle
and test article need to be instrumented according to

MASH protocols to capture data in a manner that will

allow comparison to similar tests and with the appropriate

levels of accuracy.

MASH does not have any specific requirements for test-
ing barriers for installation on curves, but there is general
language suggesting that barriers should be tested for non-
typical applications (AASHTO 2009, Section 2.2.5). It is
assumed that while curvature might influence impact angles,
the impacts should be within similar tolerance ranges.

6.3.2 MASH Evaluation Criteria

The performance of the longitudinal barriers in the crash
simulations was evaluated in accordance with the criteria
presented in MASH. The barrier performance was evaluated
on the basis of three factors: structural adequacy, occupant
risk, and post-impact vehicle trajectory. For longitudinal
barriers, the following evaluation criteria have to be met:

Structural Adequacy

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

Occupant Risk

D. Detached elements, fragments, or other debris from the
test article should not penetrate or show potential for
penetrating the occupant compartment, or present an
undue hazard to other traffic, pedestrians, or personnel
in a work zone. Deformation of, or intrusions into, the
occupant compartment should not exceed limits set forth
in Section 5.3 and Appendix E of MASH.

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

H. OIV should satisfy the following: longitudinal and lateral
O1V 30 ft/s (preferred), 40 ft/s (maximum).

I. ORA should satisfy the following: longitudinal and
lateral ORA should be less than 15.0 g (preferred), 20.49 g
(maximum).

Vehicle Trajectory

L. The vehicle shall exit the barrier within the exit box.

The results from each test were used to evaluate the barrier
safety performance based on these criteria.

6.3.3 FOIL Test Facility

The FOIL is a full-scale outdoor crash test facility primar-
ily designed to test the impacts of vehicles on roadside safety
hardware. The test vehicles are propelled into the barriers
using a specially designed hydraulic propulsion system. The
vehicles are accelerated on a 220-ft fixed concrete track. The
propulsion system is capable of pulling an 8,000-kg vehicle
up to 60 mph. A 2270P test vehicle can be brought to a speed
in excess of 70 mph. The test vehicles are released into a run-
out area that is 160 ft x 320 ft. Barriers up to 450 ft in length
(usually at 25° relative to the track) can be installed in the
runout area at the end of the track. Figure 6.1 provides an
aerial view of the layout of the FOIL facility.

6.4 Testing Approach

6.4.1 Roadway Segment Construction
and Barrier Installation

Figure 6.2 shows the set up for the preliminary and full-
scale tests. A representation of a CSRS (including sloped
shoulder) was constructed at the end of the FOIL track adja-
cent to the runout area. The road section and shoulder were
placed at an angle relative to the FOIL track to achieve the
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Track

Runout
Area

Figure 6.1. Aerial view of the FHWA FOIL facility.

desired impact angle with the barrier. The longitudinal barrier
was installed adjacent to the road section at the desired lat-
eral locations and vertical orientation. A transition section
was constructed between the track and road section to reflect
CSRS conditions and achieve the desired vehicle position
and orientation for impact. Prior to barrier installation, itera-
tive preliminary tests were conducted to verify that the desired
vehicle release speed (at the end of the FOIL track) and vehicle-
to-barrier impact angle could be achieved. The barrier posts
were set using these parameters to achieve critical impact point
requirements in the tests. The G4(1S) barrier was placed at
4-ft and 8-ft offsets to reflect the selected shoulder widths.

The following were some of the challenges in this set up
that influenced construction of the tests:

¢ The elevation along the barrier line will be uniform for at
least the length of the longitudinal barrier installation.

¢ The area along this line must be wide enough to allow for
post installation and provide sufficient operating space for
barrier construction equipment.

e The raised inclined plane area needs to have sufficient side
slopes to ensure stability of the barrier installation for the
impact tests.

e The actual paved area does not need to cover the entire
length of the barrier installation but should be wide enough
to allow assessment of the exit box.

¢ The slope and barrier line need to be set to ensure impacts
at the nominal 25° angle when the vehicle is launched in a
free-wheeling mode.

The exact construction plan was refined in discussions
with contractors and barrier installation experts. Ultimately, a
CSRS roadway/shoulder section was represented by an asphalt
pad that was 12.2 m (140.0 ft) X 7.3 m (24.0 ft). The roadway

portion of the asphalt pad was 4.9 m (16.0 ft) with a 6% super
elevation. The shoulder portion of the asphalt pad was 3 m
(10.0 ft) with a 2% decline. The entire roadway/shoulder was
installed with a 254-m (833-ft) radius road curvature.

6.4.2 Test Vehicles

Test vehicles conforming to MASH requirements for
2270P pickup trucks were procured considering age and vehicle
features. Older pickups and other vehicles were procured for
preliminary tests. The vehicles were inspected to ensure that
there was no damage that would influence the test. Measure-
ments were made, instrumentation installed, and all fluids and
the battery removed. The dummy, instrument tray, battery box,
data acquisition system, and brake system were installed as pre-
scribed. The final weights were recorded on standard forms
for recording test data. Instrumentation was certified to have
valid current calibrations. Protocols for accelerometers were
followed to meet MASH requirements. Other instrumentation
was installed to FOIL protocols. A typical test vehicle is shown
in Figure 6.3. A description of the test instrumentation and data
acquisition systems was fully documented (see Appendix E).

6.4.3 Test Articles

Test articles, namely the G4(1S) barrier, were installed by
an established roadside hardware contractor and labeled to
monitor the impact effects on parts of the system. Critical to
effective testing for this novel roadway set up was ensuring
that the critical impact point was achieved. The preliminary
tests determined the range of drift that might be expected
as the vehicle is in free-wheeling mode traversing the transi-
tion section. Using this range of drift, the barrier position was
chosen such that the vehicle would make first contact as close
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Figure 6.3. Typical MASH 2270P vehicle for crash
testing.

as possible to the critical impact point. This was achieved
by identifying the intersection point between the expected
vehicle trajectory and the barrier line and using it to deter-
mine where the first impacted post needed to be installed.
The other posts were then positioned relative to this post for the
length of the test article installation.

The tested articles consisted of a G4(1S) W-beam guard-
rail with 25 standard steel posts and blockouts with 2 Type-T
anchor assembly end terminations for a total of 29 posts
(Figure 6.4). The spacing of each post was 1.9 m (6 ft 3 in.)
for a total length of 53.3 m (175 ft). The top height of the
G4(1S) W-beam rail was set at 73.7 cm (29 in.). The posts
were embedded with a hydraulic hammer in Virginia Depart-
ment of Transportation (VDOT) 21A soil, which conforms
to the standard for strong soil (Figure 6.5). The photos show
multiple views of the installation process and resulting test
article and test bed. This process was repeated for tests repre-
senting 4-ft and 8-ft shoulders.

Since MASH requires that soil conditions meet specific
requirements when the barrier function depends on strength
developed through in-ground embedment, an area around
each post location was excavated with a 3-ft diameter auger
for a depth greater than the expected post embedment. The
soil from each of these pits was replaced with strong soil. The
strong soil was compacted in 6-in. lifts and nuclear density
meter readings were used to ensure full compaction. Addi-
tional pendulum testing was conducted as necessary to pro-
vide soil condition data.

Soil strength was determined by the specification required
in MASH that must be verified before the test is conducted
(AASHTO 2009, Chapter 3 and Appendix B). Prior to the
full-scale crash testing, dynamic pendulum and static pull
testing were conducted in accordance with MASH recom-

mendations to ensure that the soil used in the tests complied
with the MASH criteria. The tests consisted of impacting
(dynamic) or pulling (static) a W6 X 15 post that is 1.8 m
(6 ft) in length and embedded 101.6 cm (40 in.) in standard
strong soil. The post was impacted/pulled at a height of
63.5 cm (25 in.) and the load was measured to verify the
minimum soil resistance. The minimum dynamic load
required for post deflections between 12.5 cm (5 in.) and
63.5 cm (25 in.) is 33-kN (7.5-kip) force. The soil type and
compaction procedure were then used for all G4(1S) instal-
lations. Static pull tests were conducted the day of the crash
test and compared with the previously conducted static pull
tests to ensure an adequate strength (higher than 90% of the
initial test). These posts were compacted the same day as the
test article installation and using the same soil material.

6.4.4 Test Procedures

The tests were set up and performed in accordance with
the recommended MASH procedures. High-speed cameras,
accelerometers, rate transducers, and speed measuring devices
were used to capture the vehicle and barrier responses during
the impact. Eight high-speed cameras were used for full-scale
crash tests. One camera was placed over the impact region
to capture an overhead view. Seven additional cameras were
placed at different locations surrounding the impact region
to capture left, right, front, rear, and isometric views of the
crash event. Two tri-axial accelerometers were mounted
at the vehicle center of gravity to measure the x-, y-, and
z-accelerations of the vehicle. This data was used to compute
the ORAs and OIVs. Additionally, two tri-axial rate trans-
ducers were used to measure the vehicle roll, pitch, and yaw.
Contact switches were installed on the vehicle and test article
to synchronize time zero during the impact for the sensor
data and high-speed movies.

For each test, details of the set ups, test execution, and
results were documented. The documentation followed the
standard protocols established for the FOIL that comply
with MASH requirements. The test documentation includes
materials describing the test set up and results, as well as vari-
ous digital images and data from physical measurements or
instrumentation installed on the test vehicles and articles.
These are provided in Appendix E.

A detailed report documenting all aspects of the tests was
generated that included the following information:

o Test Background: A detailed description of the test with
multiple images of the test article is provided.

e Test Set Up Description: A detailed description of the set
up of the test article in the test setting is provided including
description of the elements, their locations, proximity to
the test track, and other details. Pictures are also included.
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Figure 6.5. Test article and construction for full-scale crash tests.
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e Test Article Design: Plan sheets showing the dimensions,
connections, and configurations of the test article are
provided.

¢ Test Article Installation: Descriptions of the efforts to con-
struct or install the test article are provided along with
all relevant support documentation (e.g., compaction
metrics).

e Test Vehicle: The condition, mass, size, tires, and features of
each test vehicle are noted.

e Impact Description: The nature of the impactor and its
speed are documented.

e Test Article Damage: Images and measurements of damage,
deflections, and ruptures of the test article (e.g., barrier) are
described and images stored.

e Test Vehicle Damage: The location and nature of the damage
to the test vehicle is described and recorded.

e Performance Assessment: Comparisons of test results
to MASH requirements are provided to evaluate barrier
performance.

e Test Summary: A MASH requirement is that a crash test
summary diagram be created that shows a sequential view
of the test and provides all pertinent data derived.

e Digital Impact Data: Digital impact data is provided.

¢ Video Images: Video images are provided.

Variations of these basic elements occurred as necessary to
capture the unique nature of these tests.

6.5 Preliminary Tests

Given the nature of these tests, a series of non-destructive
tests were conducted to determine the following:

e Launch Speeds: It was critical to be certain that the vehicle
propulsion system was set to the appropriate parameters
to ensure that a vehicle would impact the barrier at the
desired speed. Several tests measured the speed at possible
impacts points. Vehicles were instrumented to capture
accelerations and roll, pitch, and yaw rates for compari-
son with the vehicle dynamics results and to determine the
effects of CSRS on vehicle-to-barrier interface.

¢ Trajectories: The paths of the vehicles were monitored to
determine if the road and shoulder slopes caused the vehicle
to deviate from the desired trajectory to the impact point.

Figure 6.6 shows a top view of one of the preliminary tests
that was conducted to determine the appropriate launch
speeds and drift effects on vehicle trajectory. The yellow line
on the road surface reflects the direct extension of the track
axis. The vehicle drift is the distance between the centerline
of the vehicle (indicated by the green line) and the yellow line.
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Figure 6.6. Top view from typical preliminary test.

Multiple runs were made for varying launch speeds to deter-
mine the average drift.

The graphs in Figure 6.7 show typical results from these
tests. The top graph shows the changes in the z-axis displace-
ment measured from a string potentiometer placed in the
front-right suspension of the vehicle. The z-axis displacements
from three repeat tests are shown in the graph. Time zero
indicates the time the vehicle would first come in contact
with the barrier. Note that as the vehicle accelerates down the
track, the z-displacement increases as the acceleration pitches
the vehicle up then reaches a stable level. Once the vehicle is
released, the suspension starts to return to its zero value. As
the vehicle reaches the transition section and enters the
superelevated road section, the front suspension starts to
compress leading to a decrease in the z-displacement (nega-
tive). Once all four wheels are on the road section, the sus-
pension starts to recover again, and the z-axis displacement
goes back to zero. After time zero, the side slope is encoun-
tered, causing another disruption in the front suspension.
The important aspect of this is the indication of the z-axis
displacement at the projected impact point. It is near zero
suggesting that the vehicle is at the position of equilibrium.

Figure 6.8 shows the decrease in velocity as the vehicle free
wheels to the impact point. For the tests that had a launch
speed of 100 km/h (62 mph), only about 2 km/h (1.25 mph)
were lost as the vehicle climbed the inclined transition sec-
tion. These tests provided the information necessary to set
the launch speed target for the vehicle to meet the goal of
having it impact the barrier at 62 mph (100 km/h) after
traveling up the incline of the CSRS to impact the barrier at
the critical speed. The release speed for all three actual tests
was targeted for 102 km/h (63.25 mph).
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Figure 6.7. Suspension z-displacement from preliminary test.

Figure 6.8. Typical vehicle speed profile from preliminary test.
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6.6 Full-Scale Crash Testing Results

Three full-scale tests were conducted to reflect MASH
Test 3-11 requirements simulated for a 254-m (833-ft) radius
CSRS with a 6% superelevation for a G4(1S) W-beam barrier
with the 2270P test vehicle. Note that conditions were simi-
lar for all these tests except for the wider shoulder width in
the last test. There were also some normal variations in the
vehicle and impact parameters. More details are provided for
each test in the following subsections.

6.6.1 Test 16004

This test was performed using specifications for MASH
Test 3-11. This test consisted of a 2009 Chevrolet Silverado
weighing 2,315 kg (5,104 1b) impacting a G4(1S) W-beam
guardrail barrier with two Type-T anchor assembly end

@

(©
Figure 6.9. Vehicle and barrier set up for Test 16004.
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terminations on a 254-m (833-ft) radius curve with a 6%
superelevation on an asphalt roadway/shoulder surface. The
G4(1S) W-beam guardrail barrier was placed at the end of
a 1.2-m (4-ft) shoulder with a —2% slope. The barrier was
installed to follow the curvature of the roadway/shoulder.
The set up is shown in Figure 6.9. Figure 6.10 and Figure 6.11
provide sequential views of the behavior of the vehicle in the
impact. Additional test details and photos are provided in
Appendix E.

The test vehicle began impacting the G4(1S) W-beam
guardrail barrier at post 11. The impact was approximately
19.1 m (62.5 ft) downstream from the beginning of the bar-
rier installation and 34.3 m (112.5 ft) upstream from the end
of the barrier installation. This was approximately 0.75 m
(2.5 ft) upstream from the desired critical impact point. When
the barrier was impacted some snagging occurred, but the
vehicle was redirected.

(b)

(d)
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Figure 6.10. Sequential photographs for Test 16004 (rear isometric view).
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Figure 6.11. Sequential photographs for Test 16004 (front isometric view).
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There was significant damage to the impacted area of the
G4(1S) W-beam guardrail barrier. The damage to the bar-
rier was contained between post 10 and post 16. There was
considerable flattening of the W-beam guardrail with tearing.
Also, there was significant twisting of the posts and broken
blockouts. The damage to the barrier is shown in Figure 6.12.

The 2009 Chevrolet Silverado had significant damage as
shown in Figure 6.13. The majority of the damage came on the
right-hand side of the vehicle because that was the impacted
side. There was major denting to the passenger side of the
vehicle. The front passenger side tire became detached during
the impact and the passenger rear tire was flat after impact.
The front and rear bumper had considerable damage to the
passenger side but the driver’s side received minimal to no
damage. The tires on the driver’s side remained undamaged
during the impact.

(@)

©
Figure 6.12. Damage to test article for Test 16004.

Table 6.2 contains the specific features of the test and
the computed metrics from the various digital recording
devices. The test vehicle was within the mass tolerance range
(%50 kg) for testing requirements. The impact speed and
angle were also within tolerance limits. The vehicle was
redirected, although it experienced a high degree of yaw,
pitch, and roll, and came to rest on its wheels. The vehicle
had the front wheel sheared off and significant damage. The
barrier was severely damaged, but the rail remained con-
nected. The crash metrics computed from the instrumenta-
tion on the vehicle are provided below.

6.6.2 Test 16010

This test was performed using specifications for MASH
Test 3-11. This test consisted of a 2009 Chevrolet Silverado

(b)

(d)
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(@)
Figure 6.13. Damage to test vehicle for Test 16004.

weighing 2,283 kg (5,033 1b) impacting a G4(1S) W-beam
guardrail barrier with two Type-T anchor assembly end
terminations on a 254-m (833-ft) radius curve with a 6%
superelevation on an asphalt roadway/shoulder surface. The
G4(1S) W-beam guardrail barrier was placed at the end of
a 1.2-m (4-ft) shoulder with a —2% slope. The barrier was

Table 6.2. Data and results for Test 16004.

General Information
Test Agency: FOIL
Test Number: 16004
Test Date: 04/14/2016
Test Article:  G41S W-Beam Guardrail
Test Vehicle
Description: 2270P Silverado
Test Inertial Mass: 2,315 kg
Gross Static Mass: 3,085 kg
Impact Conditions
Speed: 100.0 km/h
Angle: 25.0°
Occupant Risk Factors
Impact Velocity (m/s) at0.1701s
x-direction 49
y-direction 4.5
THIV (km/h): 247 at0.1721s
THIV (m/s): 6.9
Ridedown Accelerations (g)
x-direction -7.5 (0.9691t0 0.9791 )
y-direction -7.7  (0.2571t00.26715)
PHD (g): 10.1  (0.2536 to 0.2636 s)
ASI: 0.71  (0.2518 t0 0.3018 s)
Max. 50msec Moving Avg. Accelerations (g)
x-direction -5.7  (0.9402 to 0.9902 s)
y-direction -6.0 (0.2517 t0 0.3017 s)
z-direction -3.6  (0.9490 to 0.9990 s)
Max Roll, Pitch, and Yaw Angles (degrees)
Roll -23.9 (0.9487 )
Pitch -36.5 (1.22325)
Yaw 25.4 (9.98885)
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(b)

installed to follow the curvature of the roadway/shoulder.
The set up is shown in Figure 6.14. Figure 6.15 and Fig-
ure 6.16 provide sequential views of the behavior of the
vehicle in the impact.

The test vehicle began impacting the G4(1S) W-beam
guardrail barrier between post 11 and post 12. The impact
was approximately 20 m (65.6 ft) downstream from the
beginning of the barrier installation and 33.4 m (109.4 ft)
upstream from the end of the barrier installation. When
the barrier was impacted, it was flattened out and allowed
vehicle override. The vehicle came to rest on the opposite side
of the barrier.

There was significant damage to the impacted area of the
G4(1S) W-beam guardrail barrier. The damage to the bar-
rier was contained between post 11 and post 15. There was
a significant amount of flattening of the W-beam guardrail
with tearing that allowed the vehicle to pass to the other
side of the barrier. There were also broken blockouts, bolts
at the posts pulled through, and significant post twisting
at the impact area. The damage to the barrier is shown in
Figure 6.17.

The 2009 Chevrolet Silverado had significant damage.
During the initial impact, the majority of the damage
came on the right-hand side of the vehicle because that was
the impacted side. The front passenger side tire became
detached during impact; however, the other three tires
remained intact and were undamaged. When the vehicle
went to the opposite side of the barrier, it rolled onto
its roof causing damage to the roof. The vehicle had sig-
nificant damage to the cab, suspension parts, truck bed,
and a broken windshield. The vehicle damage is shown in
Figure 6.18.
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(© (d)
Figure 6.14. Vehicle and barrier set up for Test 16010.
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Figure 6.15. Sequential photographs for Test 16010 (rear isometric view).
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Figure 6.16. Sequential photographs for Test 16010 (front isometric view).
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© (d)
Figure 6.17. Damage to test article for Test 16010.

(a) (b)
Figure 6.18. Damage to test vehicle for Test 16010.
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Table 6.3 provides the specific features of the test and
the computed metrics from the various digital recording
devices. The test vehicle was within the mass tolerance range
(x50 kg) for testing requirements. The impact speed and
angle were also within tolerance limits. The vehicle was not
redirected. It experienced a high degree of yaw, pitch, and
roll, and came to rest on its roof after vaulting over the bar-
rier. The vehicle had the front wheel sheared off and signifi-
cant damage. The barrier was severely damaged, but the rail
remained connected. The crash metrics computed from the
instrumentation on the vehicle are provided below.

6.6.3 Test 16015

This test was performed using specifications for MASH
Test 3-11. This test consisted of a 2009 Chevrolet Silverado
2,268 kg (5,000 1b) impacting a G4(1S) W-beam guardrail
barrier with two Type-T anchor assembly end terminations
on a 254-m (833-ft) radius curve with a 6% superelevation
on an asphalt roadway/shoulder surface. The G4(1S) W-beam
guardrail barrier was placed at the end of a 1.2-m (4-ft)
shoulder with a —2% slope. The barrier was installed to fol-
low the curvature of the roadway/shoulder. The set up is
shown in Figure 6.19. Figure 6.20 and Figure 6.21 provide
sequential views of the behavior of the vehicle in the impact.

Table 6.3. Data and results for Test 16010.

General Information
Test Agency: FOIL
Test Number: 16010

Test Date: Times New Roman
Test Article:  G41S W-Beam Guardrail
Test Vehicle
Description: 2270P Silverado
Test Inertial Mass: 3,085 kg
Gross Static Mass: 2,283 kg
Impact Conditions
Speed: 100.0 km/h
Angle: 25.0°
Occupant Risk Factors
Impact Velocity (m/s) at 0.2100 s
x-direction 4.8
y-direction 3.8
THIV (km/h): 22.7 at0.2149s
THIV (m/s): 6.3
Ridedown Accelerations (g)
x-direction -6.1  (0.2730t0 0.2830s)
y-direction -6.0  (0.2153 t0 0.22535)
PHD (g): 8.0 (0.23391t0 0.24395s)
ASI: 0.56 (0.12881t00.1788s)
Max. 50msec Moving Avg. Accelerations (g)
x-direction -5.1 (0.1249t00.17495)
y-direction -3.7 (0.1952t0 0.2452s)
z-direction 3.5 (3.5260t03.57605s)
Max Roll, Pitch, and Yaw Angles (degrees)
Roll -51.4 (2.36025)
Pitch -50.0 (4.1601s)
Yaw -168.5 (3.8266 s)

The 2270P vehicle began impacting the G4(1S) W-beam
guardrail barrier at post 13. The impact was approximately
24.8 m (81.3 ft) downstream from the beginning of the barrier
installation and 28.6 m (93.7 ftp) upstream from the end of
the barrier installation. When the vehicle impacted the
barrier, the barrier was crushed allowing the vehicle to redirect.
The vehicle came to rest on the impacted side of the barrier.

There was significant damage to the impacted area of the
G4(1S) W-beam guardrail barrier. The damage to the barrier
was contained between post 13 and post 18. There was a sig-
nificant amount of crushing of the W-beam guardrail. There
were also broken blockouts, bolts at the posts pulled through,
and significant post twisting at the impact area. The damage
to the barrier is shown in Figure 6.22.

The 2009 Chevrolet Silverado had significant damage. The
majority of the damage came on the right-hand side of the
vehicle because that was the impacted side. There was major
denting to the passenger side of the vehicle. The front passen-
ger side tire became detached during the impact due to bro-
ken suspension parts and the passenger rear tire was flat after
impact. The front and rear bumper had considerable damage
to the passenger side but the driver’s side received minimal
damage. The tires on the driver’s side remained undamaged
during the impact. The vehicle damage is shown in Figure 6.23.

Table 6.4 contains the specific features of the test and
the computed metrics from the various digital record-
ing devices. The test vehicle was within the mass tolerance
range (£50 kg) for testing requirements. The impact speed
and angle were also within tolerance limits. The vehicle
was redirected, although it experienced a moderate degree
of yaw, pitch, and roll, and came to rest on its wheels. The
vehicle had the front wheel sheared off and significant dam-
age. The barrier was severely damaged, but the rail remained
connected. The crash metrics computed from the instru-
mentation on the vehicle are provided below.

6.7 Test Results Evaluation

The results from the tests are shown in Table 6.5 for the
relevant MASH criteria to determine overall safety per-
formance for G4(1S) W-beam barriers on CSRS tested.
Note that the first and third tests were considered to “Pass,”
although the first test did not have the proper impact point.
The vaulting/rollover in the second test “failed.”

In Test 16004, the impact point on the barrier was about
0.75 m (2.5 ft) off from the computed critical point based on
MASH recommended methods. After additional preliminary
testing, the test was repeated (Test 16010) and the vehicle
impacted the barrier at the desired location. Test 16015 was
then performed on the wider shoulder (8 ft) and again
the desired impact location was achieved. The results from
Tests 16010 and 16015 confirm the simulations results.
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Figure 6.19. Vehicle and barrier set up for Test 16015.
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Figure 6.20. Sequential photographs for Test 16015 (rear isometric view).
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Figure 6.21. Sequential photographs for Test 16015 (front isometric view).
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(c) (d)
Figure 6.22. Damage to test article for Test 16015.

(@) (b)
Figure 6.23. Damage to test vehicle for Test 16015.
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Table 6.4. Data and results for Test 16015.

General Information
Test Agency: FOIL
Test Number: 16015
Test Date: 08/18/2016
Test Article:  G41S W-Beam Guardrail
Test Vehicle
Description: 2270P Silverado
Test Inertial Mass: 2,268 kg
Gross Static Mass: 3,085 kg
Impact Conditions
Speed: 100.0 km/h
Angle: 25.0°
Occupant Risk Factors
Impact Velocity (m/s) at0.2728 s
x-direction 4.7
y-direction 4.2
THIV (km/h): 243 at0.2780s
THIV (m/s): 6.8
Ridedown Accelerations (g)
x-direction  -5.9 (0.3182t0 0.3282 s)
y-direction  -6.7  (0.2804 to 0.2904 s)
PHD (g): 8.8 (0.2805 to 0.2905 s)
ASI: 0.60 (0.2014 to 0.2514 s)
Max. 50msec Moving Avg. Accelerations (g)
x-direction -4.9 (0.2012t00.25125)
y-direction -5.1 (0.3687 t0 0.4187 s)
z-direction 1.9 (0.5016 to 0.5516 s)
Max Roll, Pitch, and Yaw Angles (degrees)
Roll -31.6  (0.99985s)
Pitch -345 (0.80235s)
Yaw 51.3 (0.9998 s)

6.8 Conclusions

The three full-scale crash tests were conducted at the FOIL
located at the FHWA Turner-Fairbank Highway Research
Center in McLean, Virginia. The tests were conducted accord-
ing to MASH requirements for Test 3-11 involving 2270P
vehicles. The evaluation criteria appropriate for longitudi-
nal barriers were used as the performance benchmark. An
inclined surface was constructed to represent a CSRS with
the features of a 254-m (833-ft) radius curve with 6% super-
elevation. An asphalt shoulder was installed with a 2° decli-
nation from the edge of the roadway. The test bed was set up
for all barrier placements for shoulder widths of 4 ft and 8 ft.
The barrier was placed just at the edge of the shoulder. An
appropriate length of G4(1S) longitudinal barrier with end
treatments was installed by a certified barrier contractor for
each test. The two shoulder widths required that the posi-
tioning of the posts consider the prescribed impact points
determined to be the most critical. The tests involved launch-
ing the vehicle at a speed that allowed it to be at the MASH
impact speed when the barrier was reached after traversing
the inclined roadway surface and the down sloping shoulder.
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Table 6.5. Summary of MASH evaluation of crash
test results.

Test | Test | Test
16004| 1601016015

Structural Adequacy

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

Occupant Risk

D: Detached elements, fragments, or other debris
from the test article should not penetrate or show
potential for penetrating the occupant compartment, | Pass | Pass |Pass
or present an undue hazard to other traffic,
pedestrians, or personnel in a work zone.

Pass | Fail | Pass

F: The vehicle should remain upright during and after
the collision although moderate roll, pitch, and yaw | Pass | Fail |Pass
are acceptable.

H: The occupant impact velocity in the longitudinal
direction should not exceed 40 ft/s and the ORA in

the longitudinal direction should not exceed 20 g. Pass | Pass |Pass

I: Longitudinal and lateral ORA should fall below the
preferred value of 15.0 g, or at least below the

maximum allowed value of 20.49 g. Pass | Pass |Pass

Vehicle Trajectory

For redirective devices the vehicle shall exit within the
prescribed box.

Pass | Fail |Pass

Overall Pass | Fail |Pass

The results reflected outcomes predicted in the simula-
tions. The first test was expected to result in a failure due
to excessive vehicle roll (and possibly vaulting). In the first
test, the vehicle did not impact the barrier at the expected
critical impact point just beyond the post because there was
less drift than anticipated in traversing the inclined surface.
The vehicle followed the rail and was redirected because
the early impact with the post kept the rail in an upright
position, allowing better capture of the vehicle. The second
and third tests impacted the barrier at the computed criti-
cal location using the procedure included in MASH and con-
firmed the simulation results. In the second test, the simulation
accurately predicted (for the tested curvature, superelevation,
and shoulder angle) that the vehicle would vault the barrier
and not meet MASH criteria for a 1.22-m (4-ft) shoulder.
In the third test, the simulation accurately predicted (for the
tested curvature, superelevation, and shoulder angle) that the
vehicle would get redirected and meet the MASH criteria for
a 2.44-m (8-ft) shoulder.
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CHAPTER 7

Development of Guidance for Improved
Longitudinal Barrier Design, Selection,

and Installation on CSRS

7.1 Background

This research investigated the safety performance of
barriers installed on CSRS with the intent of developing
improved guidance for their design, selection, and installation.
The literature review, state DOT survey, and analysis of crash
data found little specific guidance for the use of longitudinal
barriers on CSRS. In this research, a comprehensive analysis
of vehicle trajectories was undertaken to determine the influ-
ence of a broad spectrum of superelevation, shoulder slope,
shoulder width, and barrier placement on interface effectiveness
(see Chapter 4). A large number of detailed crash simulations
were subsequently undertaken to determine whether possible
interface problems could adversely affect crashworthiness (see
Chapter 5). The validity of these simulations was confirmed by
the results of full-scale crash tests (see Chapter 6). These efforts
have produced a wealth of results. Translating the findings into
meaningful guidance is the final task of this research.

It is necessary to start by carefully defining the meanings
of the following three guidance aspects that were included in
the research objectives:

e Design. The basic design of a barrier must accommodate
the nature of the impacts that might be expected. The fea-
tures of the design include materials, dimensions, shape,
connections, and anchorage. These need to be appropriate
for the type of service (i.e., crashworthiness) the hardware
is expected to provide.

e Selection. Decisions on which barrier to use in a given
situation is a function of factors ranging from the road
geometry, superelevation, grade, shoulder configuration,
and roadside environment. Selection must also consider
the nature and speed of traffic, environmental conditions,
and crashworthiness requirements (i.e., test level).

e Installation. A properly designed and selected device must
be appropriately installed and maintained to meet its per-
formance expectations. Barriers must be properly placed on
the roadside, given the intended orientation, and effectively

connected to other barrier elements. Barriers may need
maintenance and repairs after critically damaging impacts.
Frequent impacts may indicate that there are other condi-
tions that need attention or that an upgrade is warranted.

The ultimate safety performance of a barrier is a function of
the appropriate combination of these three aspects. These are
important for developing construction plans for new facilities,
as well as assessing the appropriateness of deployed barriers. The
following sections describe trends or patterns from the results
that can be translated into guidance for each of these aspects.
The focus was on crashworthiness; however, the guidance will
need to be adapted to practices and policies in each state.

CSRS are routinely used for the design of all types of curved
road of all classifications. Superelevation (i.e., curve banking) is
used to make it easier or more comfortable for drivers to navi-
gate their vehicles through curves at higher speeds. While the
Green Book provides criteria for the selection of superelevation
rates as a function of curvature radius and highway speeds,
there is no guidance provided relative to treatments for the
adjacent roadsides. The Roadside Design Guide provides only
general guidance for the design, selection, and placement of
longitudinal barriers and does not offer specific barrier guid-
ance for CSRS. It is appropriate from a comprehensive safety
perspective to ask whether curve and superelevation design
influence barrier performance, and if so, why and by how much.

7.2 Research Questions

Many questions can be posed about safety performance of
longitudinal barriers on CSRS. Concerns arise when longi-
tudinal barriers are installed on CSRS because of the influ-
ence the curve has on the angle of impact of a vehicle with
respect to the barrier. For example, the angle can increase
or decrease as a result of the impact occurring on the inside
or outside of the curve. Increases in impact angle may also
increase the potential for vehicle instability resulting from
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wheels snagging on posts and may reduce the barrier’s ability
to contain and redirect the impacting vehicle, thus resulting
in vehicle penetration or override of the barrier. Variations
in the nature of the impact may increase the impact forces
that potentially exceed the load capacity of barriers designed
for impacts along tangent roadway sections. These conditions
may also adversely influence occupant risk.

There may be design concerns about rain and melting
snow on the shoulders running onto the traveled way, where
it could refreeze. For superelevated sections, then, it is com-
mon practice to slope the shoulders so that melting snow will
drain away from the pavement. The use of higher rates of
superelevation limits the shoulder slope options that would
allow drainage away from the roadway surface on the high

Table 7.1. CSRS research questions.
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side of the curve. Additional drainage concerns arise for con-
crete barriers that trap water along the base of the barrier if
there are no adequate drain ports.

Another concern related to barrier orientation is when the
barrier is installed in true-vertical orientation. The analyses
presented in Section 5.6.3 indicated that, under some circum-
stances, this orientation resulted in a greater propensity to
override the barrier. Better containment seems to be provided
when the barrier is installed with an orientation perpendicular
to the road surface. There may be additional orientation com-
plications for barriers installed on the lower inside of a super-
elevated curve. These concerns were addressed in this research.

Table 7.1 contains key questions identified at the outset of
the research to be addressed when developing the guidance;

Category Question:

Safety

What are the characteristics of CSRS crashes?

How effective are police crash records for identifying CSRS safety problems?

What are the states’ perspectives on this safety issue?

What is the relative influence of design, surface, placement, and side slope on safety?

Do longitudinal barriers on CSRS have similar safety performance as on straight, flat roads?

Are some vehicle types more prone to crashes on CSRS?

Are there regional differences in safety performance?

Curve

How does superelevation affect safety for varying radii?

Features
shoulder)?

How much change (if any) is a function of the curve features (e.g., superelevation, radius,

What are the relative effects of curve features?

What is the influence of vertical grades on CSRS?

Design

What design analyses have been undertaken for barriers on CSRS?

How much difference is there in safety performance related to height? Interface?

To what degree is snagging influenced by placement on CSRS?

Is snagging influenced by placement and shoulder hinge on CSRS?

What is the difference in impacts between barriers on level terrain and those on CSRS?

What is the propensity for higher angle impacts on CSRS?

What are the retrofit options that would compensate for interface problems?

What is the influence of roadway features (e.g., curvature, grade, cross section, side slopes)?

to meet requirements?

Where barrier performance is found to be inadequate, are there options to improve the barrier

Placement

What are the influences of shoulder width and slope?

Does true vertical or normal to road surface orientation work best?

How much adverse effect is noted for placement perpendicular versus true vertical?

What is the effect of curbs?

Vehicle

How do CSRS features influence the roll, pitch, and yaw behavior of errant vehicles?

How does this roll, pitch, and yaw effect translate to changes in the interface point on the
barrier? What are the differences for curve features and vehicle types?

How does vehicle size and weight affect behavior on CSRS? Trucks?

Are there VDA metrics that indicate variations in effects on the vehicle?

Evaluation

What would be the critical test conditions for assessing barriers on CSRS?

How sensitive are the effects for any case?

on CSRS?

Will NCHRP Report 350 and MASH approved barriers meet crashworthiness requirements

Would MASH barriers perform better on CSRS than those in NCHRP Report 350?

slopes)?

What is the difference in impact severity between barriers on level terrain and those on
CSRS? What is the influence of roadway features (e.g., curvature, grade, cross section, side

What PIRTs should be considered for crashworthiness evaluation?
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however, addressing them all was beyond the scope of this
effort. Therefore, this research focused on these critical or
fundamental questions about longitudinal barrier perfor-
mance on CSRS:

e What is the effect of curvature and superelevation on
longitudinal barrier performance?

e What is the effect of shoulder width and slope on barrier
performance for various curvature and superelevation
conditions?

e Are all barriers equally effective in deployments on CSRS?

e Isbarrier performance influenced by vehicle type?

e Does barrier orientation influence its performance on
CSRS?

7.3 Summary of Findings

A considerable amount of information can be drawn from
these results. Key observations from the simulation results are
noted below for concrete (rigid) and W-beam (semi-rigid)
barriers.

7.3.1 Concrete Barriers

e Most failures occurred when barriers were in true-vertical
orientation. Simulations showed only one failure when
the barrier was oriented normal to the shoulder for the
1100C vehicle and one when the barrier was normal to
road for the 2270P vehicle.

e More failures were noted with higher superelevation:
12% superelevations had more failures than the 8%, and
the 6% superelevation had the fewest failures.

e There were more failures on roadways with narrower
shoulder widths than on those with wider shoulder widths.

e Larger shoulder angles (i.e., a greater difference in the
angle between the road and shoulder) led to more failures.

e Simulations showed the F-shape concrete barrier had a
moderately improved performance over the NJ concrete
barrier.

7.3.2 W-Beam Barriers

e There were more failures on roadways with narrower
shoulder widths than on those with wider shoulders.

e Larger shoulder angles (i.e., a greater difference in the
angle between the road and shoulder) led to more failures.

e G4(1S) W-beam barriers at 27% in. high did not meet MASH
requirements for the range of conditions simulated. It was

concluded that their performance would not be acceptable
for CSRS conditions.

e The G4(1S) W-beam barriers at 29 in. high did meet
MASH requirements for most cases where there were
wider shoulders.

¢ The higher MGS met the MASH requirements for all cases.
The 11 simulations covered a valid cross section of CSRS
conditions without a failure.

7.4 Translating Findings and
Observations into Guidance

The research focused on a representative set of features
for CSRS for three types of longitudinal barriers, varying
shoulder configurations, and different barrier placement
and orientation conditions. This allowed analysis of a broad
range of interface and impact scenarios to answer the critical
questions and provide a basis for the development of guide-
lines for the safe and effective deployment of longitudinal
barriers on CSRS.

In an attempt to translate these results into guidance, sum-
mary tables were generated for the three areas where guid-
ance was sought: design, selection, and installation. The
guidance is derived based on findings from the vehicle-to-
barrier interface evaluations as well as the crash simulation
analyses. In addition, it was considered useful to cite other
areas where guidance may be needed or to highlight future
research needs.

Table 7.2, Table 7.3, and Table 7.4 address specific subtopics
for design, selection, and installation, respectively, with rows
in each table. For each subtopic there is a column that cites
(in an abbreviated form) the findings and a second column
that cites the related implications and guidance. The possible
elements of guidance are indicated in bold.

The following caveats apply to Table 7.2, Table 7.3, and
Table 7.4:

e The findings focused on two types of MASH vehicles:
1100C and 2270P. Vehicles of other sizes were not explic-
itly analyzed.

e Not all possible CSRS conditions were analyzed, but a
representative cross section was provided.

e Impacts were oriented to the MASH speed and angle
requirements for testing longitudinal barriers at TL-3.

e Barriers were typically selected after the roadway alignments
had been established.

e Agencies have more latitude relative to setting shoulder
width and slope.
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Table 7.2. Design guidance extracted from the simulation results.

Design Guidance

Findings by Topic Implications and Guidance Elements

vehicle, its speed, the nature of the road, shoulder,
and roadside slope surfaces conditions.

There are differences in the interface effectiveness
for the three types of barriers.

The effective interface area is unique for each
barrier type for any curvature, superelevation,
shoulder width, and shoulder slope for each
vehicle.

Barriers on CSRS with higher superelevations
tend to be prone to failures.

Failures occur more frequently for narrower
shoulders.

e More failures occur with steeper shoulders.

General e Poor vehicle-to-barrier interface limits the
e Interface areas are a function of the type of

barrier functions in a crash.

e Good interface is a necessary but not
sufficient condition for selection of a barrier
type. Increases in impact severity need to be
assessed.

e Consider the differences in interface area
provided by available barriers and, to the
extent possible, select the type that offers a
capture area consistent with the expected
traffic.

e Consider a higher barrier to better

accommodate larger vehicles like SUVs and
SUTs.

Concrete Barriers
e NJ concrete barriers higher than 32 in. did not

have a direct override issue at TL-3 because the
interface area only varies by 2 in.

The possibility of vaulting exists if the face slope
of the barrier promotes vehicle ride-up (true
vertical more prone to vehicle vaulting and
rollover).

F-shape concrete barriers have moderately

improved performance over the NJ concrete
barriers.

e Use concrete safety shape barriers to avoid
underride problems.

e Use higher concrete barriers where there is
a concern about overrides associated with
CSRS features (e.g., sharp curves).

e Concrete barriers with an appropriate face
slope may be considered the most universally
effective design.

e Design concrete barriers with minimum
face slope to limit vehicle ride-up and
maintain a viable interface area overlap.

G41S W-Beam Barriers
e (G41S at 27% in. high shows a propensity to be

overridden, but there were no indications of
underride issues. Poor interface indicated by
VDA was reflected in simulation results.

The 29-in.-high barrier reduces the potential for
vaulting compared with those at 27% in.

The VDA indicated that there could be underride
interface issues for the small car. Poor interface
effects were not reflected in MGS crash simulation
results.

The 31-in.-high W-beam barrier provided the best
override protection for most CSRS and shoulder
conditions.

e The need for a higher barrier is apparent, but
increasing the rail height necessitates review
of the underride potential.

e Give priority to low barriers on CSRS
over similarly low barriers elsewhere.
Increased heights are most important for
tight curves where excessive speeds are
likely to occur (e.g., off-ramps, downhill).

e Consider 31-in.-high W-beam barrier
designs for CSRS situations to further
reduce the potential for override.
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Table 7.3. Selection guidance extracted from the simulation results.

Selection Guidance

Findings by Topic

Implications and Guidance Elements

Curvature and Superelevation

e | onger radius curves with lower superelevations
tend to have better interfaces with barriers.

e Barriers on CSRS with higher superelevations
tend to be prone to failures.

e |t is more likely that barriers will have a lower
safety performance for the higher speed
superelevation designs.

e Conduct further analysis of short-radius, high
superelevation situations.

e Limit the use of tight curves with high
superelevations.

e Consider using higher barriers on CSRS
with appropriate underride protection.

Shoulder Width and Angle

e VDA indicated that the greater the change in the
slope from the traveled way to the shoulder
surface, the greater the influence on the vehicle’s
suspension and hence on the potential interface
with the barrier.

e The width of the shoulder influences the time for
spring response to limit bounce and undesirable
interfaces.

e For the 62-mph impacts studied, failures occurred
more frequently for 4-ft shoulders than for 8-ft or
12-ft shoulders.

e More failures occurred on roadways with steeper
shoulders.

e Limit the use of major changes in shoulder
slope to avoid impacting the barrier when
the spring effect maximizes the interface
area.

e Use wider shoulders where slope changes
must be large to allow the suspension to
stabilize the vehicle.

Roadside Slope

e Changes in slope of the shoulder to the roadside
surface can influence vehicle dynamics and the
interface with barriers that need to be located
further from the edge of the shoulder.

e Limit the variation of slope change on the
roadside for situations where the barrier is
not placed adjacent to the shoulder to
provide an acceptable interface.

Barrier Type

e The 29-in.-high barrier greatly reduces the
potential for vaulting compared with the 27%-in.-
high barrier.

e The 31-in.-high W-beam barrier provided override
protection for most CSRS and shoulder
conditions.

e F-shape concrete barriers have a moderately
improved performance over the NJ concrete
barriers.

e Consider 31-in.-high W-beam barrier
designs for CSRS situations.

e Increase barrier height for tight curves
where excessive speeds are likely to occur.

e Consider using concrete barriers with
minimum face slope (e.g., single slope, over
NJ or F-shape) to reduce the risk of
rollover.
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Table 7.4. Installation guidance extracted from the simulation results.

Installation Guidance

Findings by Topic

Implications and Guidance Elements

Barrier Orientation

e Concrete barriers installed in true-vertical
orientation are more prone to vehicle vaultings
and rollovers.

e Barrier vertical orientation had less effect on W-
beam barrier performance.

e Promote the use of orientation
perpendicular to the roadway surface for
concrete barriers.

Placement

e Barriers further from the edge of the shoulder will
be influenced by the change in angle of the
shoulder slope to the back slope.

e Barriers seem to function better for wider
shoulders with the least angle relative to the road.

e Limit the placement of the barrier to the
edge of shoulder on CSRS, particularly
where there is a slope change going to the
side slope.

e Use wider shoulder with gentler angle
relative to the road on CSRS with short
radii and high superelevation.

Roadside Slope

e Changes in slope of the shoulder to the roadside
surface can influence vehicle dynamics and the
interface with barriers that need to be located
further from the edge of the shoulder.

e Limit the variation of slope change on the
roadside for situations where the barrier is
not placed adjacent to the shoulder to
provide an acceptable interface.

Maintenance
e Posts knocked out of alignment, settlement, and

other damage were not explicitly analyzed, but are
likely to influence crashworthiness.

e Analysis on the effectiveness of damaged
barriers on CSRS is needed.

e Further analysis of the relative priorities for
barrier maintenance on CSRS may be needed.
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CHAPTER 8

Conclusions

In the first phase of this research, the analyses tended to
confirm that crashes occur more frequently on curves than
on tangent sections. However, the limitations of available data
did not allow much mining into the effects of the various
design features associated with basic curves, much less super-
elevated ones, on the propensity for crashes. Given that vehicles
are known to leave the road on curves more frequently (e.g.,
due to loss of side friction, visibility issues, etc.), it is logical to
question whether barriers deployed on CSRS on high-speed
highways face demands greater than those same barriers do on
tangent, normal sections and whether they provide adequate
safety. The available sources of crash data do not typically
include sufficient details about either the roadway curvature
or the nature of barrier type, dimensions, and placement rela-
tive to the shoulder for barriers that were impacted. Thus,
crash data does not allow barrier safety performance analy-
sis for curves. Further, even when state DOTs have roadway
geometry and barrier inventories, they may not be able to
create the linkages necessary for safety performance analysis.
Various sources of data were explored, but none were found
to be useful for analyzing the safety of longitudinal barriers
installed on CSRS. The review of previous efforts did not
reveal specific knowledge or insights about the safety perfor-
mance of longitudinal barriers on CSRS.

The state DOT survey conducted in the first phase sought
relevant information pertaining to the safety performance
of longitudinal barriers on curved and superelevated road
sections. The information from the state DOTs revealed that
specific design standards and practices, and/or in-service
performance analyses did not exist. These efforts revealed
that most states use the same design, selection, and instal-
lation guidance for longitudinal barriers on either tangent
or CSRS. Further, the states did not cite concerns that this
was inappropriate. There has been an improving understand-
ing of vehicle dynamics and its role in crash occurrence and
outcomes, so it was recognized that CSRS effects could lead
to vehicle-to-barrier interface problems. These facets made

it apparent that it would be useful to address the question of
whether there were safety issues associated with longitudinal
barriers on CSRS.

The second phase of the research began with VDA. Sev-
eral recent efforts used commercially available VDA tools to
effectively analyze the effects of surface conditions on vehicle
trajectories when considering vehicle type, suspension, and
speed. The VDA simulations focused on vehicles departing
the traveled way on CSRS of high-speed highways. While it
was recognized that there could be an unlimited number of
vehicle road departure paths, these efforts focused on two
types of vehicles on roads at speeds of 60 mph. The depar-
tures were all considered to leave the roadway toward the
high side of the superelevated section, under the assumption
that vertical forces would be more likely to cause vaulting or
underride if a barrier impact occurred. The curvature and
superelevation rates for six categories of curves defined in
the Green Book were considered, as were varying shoulder
widths and slopes. It was assumed that the barriers would be
placed immediately adjacent to the outer edge of the shoul-
der. Three common types of longitudinal barriers were
analyzed: NJ concrete barriers, G41S W-beam guardrail, and
MGS W-beam guardrail.

VDA provided information on how the vehicles depart-
ing the roadways would interface with the barriers across a
broad spectrum of conditions. The results of this analysis
were tabulated to show situations where underride or over-
ride issues might exist. Full understanding of the interface
was not considered necessary, but VDA was useful for high-
lighting CSRS conditions where there could be potential
barrier safety performance problems.

FE simulations were then undertaken to investigate the
impact performance (i.e., physics) of the selected vehicles
hitting the barriers for the critical CSRS conditions. These
simulations focused on the impact conditions and stan-
dards for evaluation of barrier performance as prescribed in
MASH. The simulations used validated FE models of barriers
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and vehicles. More than 200 detailed simulations were under-
taken to analyze those CSRS that were indicated as poten-
tially critical in the VDA efforts. The simulations focused on
MASH TL-3 evaluation requirements.

A considerable amount of information was generated in
the simulations. The outcomes were summarized in a series
of tables for each barrier and MASH test condition across the
range of conditions simulated. For each CSRS condition (i.e.,
curve radius and superelevation; and shoulder width and
shoulder angle), the results of the simulation runs for impacts
with specific types of barriers identified possible situations
where barrier safety was an issue.

Insights were drawn from these summaries and the follow-
ing findings emerged:

e After approximately 60 simulations for the NJ concrete bar-
rier, the results indicated that most passed MASH Test 3-11
(the most critical test) requirements for CSRS conditions
when the barrier was installed normal to road or shoulder.
The simulations of impacts with the NJ concrete barrier
indicated that it was more prone to fail the crashworthiness
requirements for situations where the superelevation was
8% or greater and the shoulder angle was 6% to 8%.

¢ Barriers on less severe CSRS conditions were more likely to
meet MASH requirements. This might suggest that current
applications of concrete barriers are viable for non-severe
CSRS conditions.

e Efforts to simulate G4(1S) W-beam barriers for various
conditions analyzed showed that the 27%-in.-high barri-
ers did not perform as well as other barriers with greater
heights.

e The simulations of G4(1S) barriers at 27% in. for CSRS
applications showed a propensity for override, as the VDA
results also suggested. There were fewer cases of vaulting
for the 29-in.-high G4(1S). There were no cases where
underride was indicated to be a problem.

e Simulations of the MGS barriers (31 in. high) showed no
propensity for underride issues with the small car and
good performance for limiting override.

e Additional simulations for F-shape concrete barriers
indicated improved performance over the NJ concrete
barriers.

The simulation efforts included some additional runs to
add depth to the analyses and provide a better understanding
of the incremental performance differences between condi-
tions. These confirmed the findings reported here but were
not documented.

The project included a budget for full-scale crash testing to
verify the findings of the VDA and simulation efforts. There
was considerable discussion about which crash tests to conduct.
There were many interesting options, but a very limited testing
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budget. Ultimately, three tests were conducted. These tests
were conducted for the most common type of W-beam barrier
and bracketed the pass/fail limits indicated by the simulations.
Since the test results were considered similar to those of the
simulations, they are believed to confirm that the simulations
reflected real-world safety performance of barriers on CSRS.

8.1 Proposed Guidance

A considerable amount of information was derived from
the VDA, FE simulation analyses, and crash testing. In the
end, the challenge was to translate these results into guid-
ance for the design, selection, and installation of longitudinal
barriers on CSRS. Table 8.1 contains the significant impli-
cations and guidance derived for the barriers and CSRS
conditions analyzed. Guidance implies an understanding
of the implications of vehicle-to-barrier impacts on CSRS.
These are included along with the critical elements of guidance
(in bold) that evolved from this research. These are subject
to further vetting, rewording, and editing consultation with
AASHTO committees. It is hoped that this construct offers a
useful means to summarize the findings of the multifaceted
analyses and those related findings that support the proposed
guidance for barrier design, selection, and installation.

8.2 Implications for Current Practice

The research did not identify issues with the safety perfor-
mance of longitudinal barriers installed on CSRS for situa-
tions with larger radii and small shoulder angles. There was
evidence that barrier safety performance was more likely to be
compromised on short-radius, high superelevation CSRS situ-
ations. These are most often found on ramps for interchanges.
While it was suggested that more research be undertaken for
these situations, state DOTs can provide added degrees of
safety by applying the guidelines for design, selection, and
installation as summarized in Table 8.1. It is hoped that there
will be efforts to incorporate the findings of this research
into future versions of the Roadside Design Guide. This will
increase the awareness of potential safety issues and allow
agencies to make the appropriate improvements in project
designs, particularly for special situations, but also for their
design standards.

The findings are also likely to lead to increased awareness
by state DOTs of potential safety issues in design, construc-
tion, and maintenance operations. Awareness of the safety
issues will enhance the recognition of them in the field and
ultimately highlight the need to alter practices to mitigate
potential safety problems. For example, state DOTs aware that
tight, superelevated curves need special design, operations,
and maintenance considerations can incorporate appropriate
guidance in their manuals. There will be a need to track safety
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Table 8.1. CSRS implications and guidance derived based on the results.

Aspect | Implications and Guidance Elements

Barrier Design

General e Poor vehicle-to-barrier interface limits the barrier functions in a crash.

e Good interface is a necessary, but not a sufficient condition for selection of a barrier type.
The degree of increased impact severity needs to be further assessed.

e Consider using interface analyses (i.e., VDA) to evaluate special cases or other types
of barriers to increase the confidence in the design.

e Consider higher barriers to better accommodate larger vehicles for CSRS

applications.
Concrete e Concrete safety shapes do not have underride problems, but face slopes can induce
Barriers rollovers.

e Use higher concrete barriers where there is a concern about overrides associated
with CSRS features.

e Concrete barriers with an appropriate face slope may be considered the most universally
effective design for CSRS conditions.

e Design concrete barriers with minimum face slope to limit vehicle ride-up and
maintain a viable interface area overlap.

W-Beam e The need for a higher barrier is apparent, but increasing the rail height necessitated review

Barrier of underride potential.

e Increases in barrier height are most important for tight curves where excessive
speeds are likely to occur (e.g., off-ramps, downbhill).

e Follow the FHWA Technical Memorandum (dated May 5, 2010) that recommends
the nominal height for new installations of G4(1S) barriers be 29 in. for CSRS (Nicol
2010).

e Consider 31-in.-high W-beam barrier designs for CSRS situations.

Selection

Curvature e Conduct deeper analysis of short-radius, high superelevation CSRS situations.
and Super- e Limit the use of tight curves with high superelevations.

elevation e Consider using higher barriers on CSRS with appropriate underride protection.
Shoulder e Limit major changes in shoulder slope to avoid impacting the barrier when the
Width and suspension effects can maximize the potential interface area.

Angle e Use wider shoulders where slope changes must be large to allow the suspension to

stabilize the vehicle before impact.
e Limit shoulder angle to comply with AASHTO recommendations to ensure the
melting snow flows away from the road.

Roadside e Limit the variation of slope change on the roadside for situations where the barrier is
Slope not placed adjacent to the shoulder to provide an acceptable interface.

Barrier Type | ® Consider higher (e.g., 31-in.) W-beam barrier designs for CSRS situations.

e Select barriers with increased height for tight curves where high speeds are likely to
occur.

e Consider using concrete barriers with minimum face slope (e.g., F-shape) to reduce
risk of rollover.

Installation

Orientation e Promote use of barrier orientation perpendicular to the roadway for concrete
barriers.

Placement e Limit the placement of barriers to only the edge of shoulder on CSRS, particularly
where there is a slope change going to the side slope.

e Use wider shoulders with lower shoulder angles relative to the road on CSRS with
short radii and high superelevation.

Maintenance | ® Analysis of the effectiveness of damaged barriers on CSRS is needed.
e Further analysis of the relative priorities for barrier maintenance on CSRS may be
needed.
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performance along with changes in highway design, vehicle
fleet characteristics, driver behavior, and other factors known
to influence safety.

8.3 Needs for Future Research

This research successfully analyzed many questions related
to the performance of longitudinal barriers on CSRS. The
effort effectively demonstrated the usefulness of the VDA to
understand the potential vehicle-to-barrier interfaces that are
critical to safety performance for a range of CSRS conditions.
The VDA efforts analyzed the effects of vehicle type, surface
profile changes, and speeds across the range of curve, shoulder
features, and roadside slopes relative to interface effectiveness.
These provided a basis for barrier height and placement guide-
lines. These efforts also highlighted the design conditions,
barrier types, and placement options that were likely to be
problematic, as a focus for the more time-consuming, physics-
based FE analysis of the impacts between vehicles and barriers
on CSRS. These simulations demonstrated that the variations
in design, barrier, and placement could be accurately analyzed
using simulation tools. Over 250 simulations were undertaken
to determine those conditions where safety performance might
not be adequate. These results were successfully verified by
crash tests involving impacts for typical CSRS conditions.

The vehicle dynamics analyses and crash simulations results
provided a sound basis for new guidance for the design, selec-
tion, and placement of longitudinal barriers on CSRS. While
the research efforts answered many questions, some remain
and others become apparent. Some questions that may warrant
future research are listed below by importance:

Strong Need

o Assess design issues associated with the short-radii (tight)
curves and high superelevation cases subject to vehicle trav-
eling too fast (e.g., tight ramps prone to over-speed vehicles).

¢ Analyze the implications for SUTs impacting longitudinal
barriers on CSRS (e.g., TL-4).

e Analyze the implications for tractor-trailer impacts on
CSRS (i.e., TL-5 and TL-6).
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e Consider CSRS barrier performance for short wheelbase
SUVs (or vehicles known to be prone to rollovers). Addi-
tional simulations or testing for other vehicle types (e.g.,
mid-sized sedans, very small cars).

e Sensitivity analysis to determine if barriers on CSRS warrant
special damage severity and repair priorities (e.g., when
rails separate from posts, more slack is introduced into the
system, which may reduce the ability to hold or redirect
vehicles).

Important

e Determine effects of impacts of barriers on inner or down-
side of CSRS. Are there differences in effects for impacts
with barriers on the outer or inner sides of the curve?

¢ Assess the effects of CSRS placed on vertical grades.

e Conduct detailed analysis of vehicle orientation traversing
road departure path on CSRS.

e Develop protocol for special MASH testing requirements
for CSRS.

Other

¢ Determine the sensitivity of barrier performance for other
impact speeds and angles.

e Determine length of need requirements for longitudinal
barriers on CSRS.

¢ Determine implications of reduced side friction on CSRS
barrier impacts.

e Are there differences in performance where the barrier is
adjacent to transition sections?

e Determine barrier performance for variations in block-
outs, rub-rails, and so forth.

e Conduct specific vehicle dynamics and impact force
analyses not presented to compare impacts on level terrain
with those on CSRS.

Such research efforts would need to reflect the ongoing
changes in road design, traffic characteristics, vehicle
fleets, driver behavior, and federal and state policies and
practices.
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APPENDIX A

State Dot Survey Instrument and Instructions

Appendix A contains the state DOT survey and instructions. It can be found on the TRB website
(www.trb.org) by searching for “NCHRP Research Report 894”.
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APPENDIX B

Vehicle Dynamics Simulation Results

Appendix B contains the vehicle dynamics simulation results. It can be found on the
TRB website (www.trb.org) by searching for “NCHRP Research Report 894

Copyright National Academy of Sciences. All rights reserved.

125


https://nap.nationalacademies.org/catalog/25290?s=z1120

Performance of Longitudinal Barriers on Curved, Superelevated Roadway Sections

126

APPENDIX C

Finite Element Model Validations

Appendix C contains the FE model validations. It can be found on the TRB website
(www.trb.org) by searching for “NCHRP Research Report 894”.
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APPENDIX D

Finite Element Simulation Results

Appendix D contains the FE simulations results. It can be found on the TRB website
(www.trb.org) by searching for “NCHRP Research Report 894”.
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APPENDIX E

Full-Scale Crash Testing Report

Appendix E contains full-scale crash test report. It can be found on the TRB website
(www.trb.org) by searching for “NCHRP Research Report 894”.
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AASHO
AASHTO
ACI-NA
ACRP
ADA
APTA
ASCE
ASME
ASTM
ATA
CTAA
CTBSSP
DHS
DOE
EPA
FAA
FAST
FHWA
FMCSA
FRA
FTA
HMCRP
IEEE
ISTEA
ITE
MAP-21
NASA
NASAO
NCFRP
NCHRP
NHTSA
NTSB
PHMSA
RITA
SAE
SAFETEA-LU

TCRP
TDC
TEA-21
TRB

TSA
U.S.DOT

Abbreviations and acronyms used without definitions in TRB publications:

Airlines for America

American Association of Airport Executives

American Association of State Highway Officials
American Association of State Highway and Transportation Officials
Airports Council International-North America

Airport Cooperative Research Program

Americans with Disabilities Act

American Public Transportation Association

American Society of Civil Engineers

American Society of Mechanical Engineers

American Society for Testing and Materials

American Trucking Associations

Community Transportation Association of America
Commercial Truck and Bus Safety Synthesis Program
Department of Homeland Security

Department of Energy

Environmental Protection Agency

Federal Aviation Administration

Fixing America’s Surface Transportation Act (2015)
Federal Highway Administration

Federal Motor Carrier Safety Administration

Federal Railroad Administration

Federal Transit Administration

Hazardous Materials Cooperative Research Program
Institute of Electrical and Electronics Engineers
Intermodal Surface Transportation Efficiency Act of 1991
Institute of Transportation Engineers

Moving Ahead for Progress in the 21st Century Act (2012)
National Aeronautics and Space Administration
National Association of State Aviation Officials

National Cooperative Freight Research Program
National Cooperative Highway Research Program
National Highway Traffic Safety Administration
National Transportation Safety Board

Pipeline and Hazardous Materials Safety Administration
Research and Innovative Technology Administration
Society of Automotive Engineers

Safe, Accountable, Flexible, Efficient Transportation Equity Act:
A Legacy for Users (2005)

Transit Cooperative Research Program

Transit Development Corporation

Transportation Equity Act for the 21st Century (1998)
Transportation Research Board

Transportation Security Administration

United States Department of Transportation
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