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1 INTRODUCTION

1.1 Background and Problem Statement

Portable concrete barriers (PCBs) are often used in applications where it is desired that
their deflection during vehicular impacts be limited, such as on bridge decks and in some work-
zones. The Wisconsin Department of Transportation (WisDOT) currently employs the F-shape
PCB design previously developed by the Midwest Roadside Safety Facility (MwRSF) [1-4].
However, this system has large deflections which may restrict it from being used in limited-sized
construction zones.

WisDOT desired a concept for reducing barrier deflections without the need for additional
tie-down anchors and that could be retrofitted to their current PCB with minimal modification.
MwRSF recently completed a research effort to develop and test a new, low-deflection system that
utilized the F-shape PCB without anchorage to the roadway surface [5, 6].

The initial system design consisted of a cap plate bolted across the PCB joint and
continuous tubes running along the sides of the barriers. It was anticipated that the combination of
the steel cap and tubes would be effective in limiting barrier deflection through composite action.
Further, the continuous tubes would interlock with a vehicle’s sheet metal and provide increased
vehicle stability by presenting a more vertical barrier face. Full-scale crash test no. RDTCB-1 was
conducted on the initial low-deflection PCB design, with the back of the PCB system offset 24 in.
(610 mm) away from the edge of a simulated bridge deck. Test no. RDTCB-1 consisted of a 4,998-
Ib (2,267-kg) pickup truck impacting the low-deflection PCB system at a speed of 63.6 mph (102.4
km/h) and at an angle of 24.9 degrees. The impacting vehicle was safely and smoothly redirected
in the test, and all of the barrier segments were safely retained on the edge of the bridge deck. The
peak dynamic lateral deflection of the barrier system was 43.0 in. (1,092 mm), which represented
a 46 percent reduction in deflection as compared to the free-standing, F-shape PCB crash testing
under Manual for Assessing Safety Hardware 2016 (MASH) Test Level 3 (TL-3) [7].

Following the crash test of the initial low-deflection PCB system, design modifications
were proposed and investigated to further reduce dynamic system deflections. The proposed design
modifications included: (1) increased barrier-to-ground friction; (2) increased tube thickness; (3)
increased cap thickness; (4) reduced joint gap tolerance; and (5) additional attachment points for
the tubes to the PCB segments. An LS-DYNA model of the low-deflection PCB system in test no.
RDTCB-1 was created and validated, and this model was used to evaluate the proposed design
modifications. The simulation results and input from the sponsor led to the selection of additional
attachment points between the tubes and the PCB to further stiffen the barrier system. Test no.
RDTCB-2 was conducted to evaluate the modified barrier system.

The modified system consisted of a cap plate bolted across the PCB joint, continuous tubes
running along the sides of the barriers, and the additional attachment points, as shown in Figure 1.
Full-scale crash test no. RDTCB-2 was conducted on the final iteration of the low-deflection PCB
with the back of the PCBs offset 24 in. (610 mm) away from the edge of a simulated bridge deck.
Test no. RDTCB-2 consisted of a 4,978-Ib (2,258-kg) pickup truck impacting the low-deflection
PCB system at a speed of 64.8 mph (104.3 km/h) and at an angle of 25.4 degrees. The impacting
vehicle was safely and smoothly redirected in the test, and all of the barrier segments were safely
retained on the edge of the bridge deck. The peak dynamic lateral deflection of the barrier system

1
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was 40.7 in. (1,034 mm), which represented a 49 percent reduction in deflection as compared to
the free-standing, F-shape PCB under MASH 2016 crash testing.

Figure 1. WisDOT Modified Reduced-Deflection Portable Concrete Barrier [5]
2
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This research project focused on the design and evaluation of the length-of-need of the
new, low-deflection PCB system. However, additional considerations must be taken into account
when implementing the barrier system outside the length-of-need, including within transitions to
other barrier systems. The design of transitions to other barrier systems, including free-standing,
F-shape PCB segments, was outside the scope of this original study and would require further
research to design and evaluate. A new transition between the reduced-deflection PCB system and
free-standing F-shape PCB would need to consider several factors. First, the deflections of the two
systems vary by approximately 50 percent. Thus, a stiffness transition may be needed to prevent
barrier pocketing and provide safe and stable vehicle redirection. Second, the horizontal steel tubes
of the reduced-deflection system would need to be tapered down to match the surface of the free-
standing PCB segments in a manner that reduces the potential for vehicle snag without inducing
vehicle climb or instability. Thus, a need exists to develop and evaluate a crashworthy transition
between the new reduced-deflection system and free-standing PCB segments.

1.2 Objective

The objective of this research effort was to develop a MASH 2016 TL-3 transition between
the recently-developed, non-anchored, reduced-deflection, F-shape PCB system and free-standing,
F-shape PCB segments. The research effort focused on development of a design that safely
transitioned between two barrier systems with varying deflections while maintaining vehicle
stability. The design focused on minimizing the length of the transition and additional hardware
components.

1.3 Scope

The Phase | research effort to design and evaluate a MASH 2016 TL-3 transition between
the recently-developed, non-anchored, reduced-deflection, PCB system and free-standing, F-shape
PCB segments consisted of a literature review, concept development, computer simulation, and a
summary report. The research effort began with a brief literature search to review previous
transitions for PCB systems as well as termination and transition elements used for box-beam
guardrail and steel tube bridge rail transitions. This information provided insight on potential
transition designs and methods for safely tapering and terminating horizontal steel tubes.

Following the literature search, transition design concepts were brainstormed and
developed. The transition design concepts were evaluated based on potential safety performance,
ease of installation, and length. The most promising design concepts were submitted to the sponsor
for review and comment, and design revisions were made based on state feedback. LS-DYNA
simulations were used to evaluate selected design concepts according to their safety performance.
Validated models of the reduced-deflection and free-standing PCB systems from previous research
were used in the LS-DYNA analysis. The computer simulation analysis began with the simplest,
sponsor-favored design concepts, and complexity was added as needed to improve safety
performance. After a transition design was developed to meet the MASH 2016 TL-3 impact
criteria, a simulation study was performed to determine critical impact points (CIPs) for full-scale
crash testing. A summary report of the research was completed detailing the literature search,
computer simulation modeling, and recommendations for full-scale crash testing.
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2 LITERATURE REVIEW

2.1 NCHRP Report 350 PCB Testing

An F-shape PCB is used by WisDOT and a number of other states. It was developed
through the Midwest States Pooled Fund Program [1-4]. This PCB system consists of a 32-in.
(813-mm) tall x 22%-in. (572-mm) wide x 12%-ft (3.8-m) long F-shape concrete barrier segment
with a pin-and-loop type connection. The barrier has been tested to TL-3 under the National
Cooperative Highway Research Program (NCHRP) Report 350 [1, 2, 8]. In the NCHRP Report
350 crash testing program, test no. ITMP-2 demonstrated that the F-shape PCB was capable of
safely redirecting a 4,409-1b (2,000-kg) vehicle (designated 2000P) when impacted at a speed of
62.3 mph (100.3 km/h) and an angle of 27.1 degrees [1]. The maximum dynamic deflection of the
PCB system in test no. ITMP-2 was 45.3 in. (1,151 mm).

Two anchored variations of the F-shape temporary concrete barrier system were tested
under NCHRP Report 350 TL-3 [9]. In test no. FTB-1, three 1%-in. (38-mm) x 36-in. (914-mm)
steel pins anchored the front face of each barrier segment through a 2-in. (51-mm) asphalt pad on
soil. A 2000P pickup truck impacted the barrier system according to NCHRP Report 350 test
designation no. 3-11, and the test was acceptable according to the safety performance criteria. The
maximum dynamic deflection was 21.8 in. (554 mm) at the top of the barriers, and all of the
barriers in the system were safely restrained on the asphalt road surface.

The second variation was transitioning from completely free-standing temporary concrete
barriers to a rigid barrier through a pinned-barrier transition. Four transition barriers were pinned
in the layout shown in Figure 2 with 1%-in. (38-mm) x 38%-in. (978-mm) steel pins anchored the
front face of each barrier segment through a 2-in. (51-mm) asphalt pad on soil. In addition, either
10-gauge or nested 12-gauge thrie beam should be bolted across both sides of the joint between
the pinned barriers and the rigid barrier system in order to reduce the potential for vehicle snag at
the joint. In test no. FTB-2, a 2000P pickup truck impacted the first transition barrier (with only
one asphalt pin) according to NCHRP Report 350 test designation no. 3-21, and the test was
acceptable according to the safety performance criteria. The maximum dynamic deflection was
18.4 in. (467 mm) at the top of the barriers.

3.81 m section of
10 gauge thrie beam
with end shoes on
front & back sides

\/ \Kspholt Pin

Asphalt Pin Asphalt Pin Asphalt Pin

Free Standing
Rigid F—shape Barrier

Barrier

Figure 2. Free-standing F-Shape PCB to Rigid Barrier Transition [9]
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2.2 MASH 2009 PCB Testing

2.2.1 Free-Standing F-Shape PCB

Two full-scale crash tests were conducted on the F-shape PCB during the development of
the MASH 2009 safety requirements in NCHRP Project No. 22-14 [1, 4, 10]. Note that for this
system, there is no difference between the MASH 2009 and MASH 2016 test evaluation criteria.
The MASH 2009 testing used a 5,000-Ib (2,268-kg) pickup truck rather than the 4,409-1b (2,000
kg) pickup truck specified in NCHRP Report 350. In test no. 2214TB-1, the F-shape PCB was
impacted with a 2002 GMC 2500 ¥s-ton, single-cab pickup truck with a mass of 5,000 Ib (2,268
kg) at a speed of 61.8 mph (99.5 km/h) and at an angle of 25.7 degrees [1]. The PCB system safely
redirected the impacting vehicle with a maximum lateral dynamic barrier deflection of 56.7 in.
(1,440 mm). Significant vehicle climb was observed during test no. 2214TB-1. It should be noted
that the vehicle used in this test had a center of gravity (CG) lower than desired for use in MASH
2009, and subsequent testing with a higher CG vehicle was recommended.

A second test of the F-shape PCB was then conducted using a 2002 Dodge Ram 1500 Quad
Cab pickup truck with a mass of 5,000 Ib (2,268 kg) [4]. Test no. 2214TB-2 consisted of the 2270P
vehicle impacting the PCB system at a speed of 62.0 mph (99.8 km/h) and at an angle of 25.4
degrees. The PCB system safely redirected the impacting vehicle with a maximum lateral dynamic
barrier deflection of 79.6 in. (2,022 mm).

Free-standing PCB deflections were significantly higher when testing was conducted with
the 2270P vehicle under the MASH 2009 criteria as opposed to testing conducted with the 2000P
vehicle under the NCHRP Report 350 criteria. PCB deflections increased 25 to 76 percent when
the F-shape PCB was tested under MASH 2009 impact criteria, as shown in Table 1. This increase
in deflection was due to a couple of factors: (1) higher vehicle mass induced more inertia and
higher load transfer; (2) higher vehicle stability encouraged less climb and less vehicle rotation,
which allowed the vehicle to directly load the barrier longer. In test no. 2214TB-2, the vehicle was
engaged with the barrier for a longer period of time. Thus, it was believed a combination of
increased kinetic energy, inertial transfer, and increased vehicle interaction with the barrier led to
large barrier deflections.

There were two successful MASH 2009 TL-3 crash tests on the low-deflection PCB
system, which consisted of a cap plate bolted across the PCB joint and continuous tubes running
along the sides of the barriers, as mentioned previously. Test no. RDTCB-1 consisted of a 4,998-
Ib (2,267-kg) pickup truck impacting the low-deflection PCB system at a speed of 63.6 mph (102.4
km/h) and at an angle of 24.9 degrees [5]. The peak dynamic lateral deflection of the barrier system
was 43 in. (1,092 mm).

Full-scale crash test no. RDTCB-2 was conducted on the final iteration of the low-
deflection PCB with the back of the PCBs offset 24 in. (610 mm) away from the edge of a
simulated bridge deck. Test no. RDTCB-2 consisted of a 4,978-Ib (2,258-kg) pickup truck
impacting the low-deflection PCB system at a speed of 64.8 mph (104.3 km/h) and at an angle of
25.4 degrees [5]. The peak dynamic lateral deflection of the barrier system was 40.7 in. (1,034
mm).



August 8Deve, 2017
MwRSF Report No. TRP-03-366-17

Table 1. F-Shape PCB Deflections

Mass | Speed Impact | Dynamic Static
. ) P Angle | Severity | Deflection | Deflection
Test No. | Variation | Vehicle Ib mph Kio-f . .
k) (km/h) deg. Ip-ft in. in.
(kg (kJ) (mm) (mm)
Free- 4,420 62.3 119.1 45.3 44.9
'TMP2 | standing | 2%%% | 2.005) | @00.3) | 2" | (a615) | (1.151) | (1.140)
Free- 5,000 62.0 118.0 79.6 73.0
2214782 standing 2270P (2,268) | (99.8) 254 (160.0) (2,022) (1,854)
Free-
X 4,998 63.6 119.8 43.0 415
RDTCB-1 | standin 2270P ’ 24.9
with Tubges (2,267) | (102.4) (162.4) (1,092) (1,054)
Free-
X 4,978 64.8 128.6 40.7 39.5
RDTCB-2 | standin 2270P ' 25.4
with Tubges (2,258) | (104.3) (174.4) (1,034) (1,003)

2.2.2 Transition from Temporary to Permanent Median Barrier (MwWRSF)

An approach transition was designed between free-standing, F-shape temporary concrete
barriers and a permanent concrete median barrier [11]. The 42-in. (1,067-mm) tall, California
single-slope, concrete median barrier was found to be most critical due to its height as compared
to the F-shape temporary concrete barrier. The researchers utilized a combination of free-standing
and tied-down Kansas Temporary F-shape Barriers, nested thrie beam on each side of the barriers
for the transition to the single-slope permanent barrier, and transition cap, as shown in Figure 3.

Two full-scale vehicle crash tests were performed on the system under MASH 2009 safety
requirements. In crash test no. TCBT-1, a 5,006-1b (2,271-kg) pickup truck impacted the temporary
barriers 56% in. (1,432 mm) upstream from the permanent barrier at a speed of 62.4 mph (100.7
km/h) and an angle of 24.7 degrees. Crash test no. TCBT-2 was performed using a 4,990-1b (2,263-
kg) pickup truck, which impacted the temporary barriers 54 ft - 634 in. (16.6 m) upstream from the
permanent barrier at a speed of 62.2 mph (100.1 km/h) and an angle of 26.2 degrees. Both tests
were determined to be acceptable according to the MASH 2009 TL-3 evaluation criteria.
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Figure 3. Temporary Concrete Barrier to Permanent Concrete Barrier Transition, Test Nos.
TCBT-1and TCBT-2 [11]

2.2.3 Transition from Pinned PCB to Rigid Concrete Barrier (TTI)

The Texas A&M Transportation Institute (TTI) developed a transition from the pinned-
down F-shape temporary concrete barrier to a permanent concrete barrier [12]. The transition was
crash tested under MASH 2009 TL-3 criteria using a 32-in. (813-mm) tall, pinned-down (with
angled pins), anchored F-shape temporary concrete barrier connected to a 42-in. (1,067-mm) tall,
single-slope, concrete median barrier. The transition consisted of a 12-gauge (2.7-mm) thrie beam
connected to the traffic-side face of the barriers, a “-in. (3-mm) thick steel cap attached to the top
of the F-shape and single-slope barriers, and a ¥%-in. (6-mm) think steel plate fastened to the non-
traffic side faces of the barriers. The cap transitioned 10 in. (254 mm) vertically over a longitudinal
length of 48 in. (1,219 mm) from a 32-in. (813-mm) tall F-shape barrier to the 42-in. (1,067-mm)
tall, single-slope barrier, as shown in Figures 4 and 5.

The transition for the anchored temporary barrier to rigid concrete barrier safely redirected
the 2270P vehicle and performed acceptably to MASH 2009 criteria test designation no. 3-21.
Maximum dynamic deflection and permanent set of the transition were 5.7 in. (145 mm) and 2.5
in. (64 mm), respectively.
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W

Figure 4. Transition Design for Anchored Temporary Barrier to Rigid Concrete Barrier [12]
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Figure 5. Layout of Transition Design for Anchored Temporary Barrier to Rigid Concrete
Barrier [12]

2.3 Termination of Box Beam in Roadside Systems

Previous designs exist to taper box-beam guardrail to a concrete barrier. The box-beam
burster, energy-absorbing, single-sided crash cushion (BEAT-SSCC) includes a configuration
with 6-in. x 6-in. (152-mm x 152-mm) box-beam tapered to a concrete barrier, as shown in Figure
6 [13-15]. The last 7 in. (178 mm) is tapered at a 1:2.14 lateral-to-longitudinal rate. The upstream
tube is tapered at a 1:6 lateral-to-longitudinal rate until connecting to 6-in. x 6-in. (152-mm x 152-
mm) box beam with no taper. This crash cushion was successfully evaluated with a 2000P pickup
truck in test no. SSC-4 in the reverse direction (impacting the tapered tube section at 20-degree
angle) according to NCHRP Report 350 test no. 3-39. A very similar connection with the same
taper rate was utilized in a Wyoming Department of Transportation transition design from a box-
beam guardrail to a permanent concrete barrier [16].
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The State of New York Department of Transportation developed standard plans for their
box-beam guardrail to concrete parapet transition, as shown in Figure 7 [17-18]. The 6-in. X 6-in.
(152-mm x 152-mm) box beam rail is tapered to the face of the concrete barrier over 3 ft (914 mm)
at a 1:6 lateral-to-longitudinal rate.
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Figure 7. State of New York Standard Details for Box-Beam to Concrete Parapet Transition [17-
18]

2.4 Other Horizontal Flares in Barrier Systems

In January 1988, the Federal Highway Administration (FHWA) provided
recommendations on commonly used flare rates of concrete bridge rails [19]. Two examples of
concrete bridge parapets had a 1:4 lateral-to-longitudinal flare rate, as shown in Figure 8.
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3 TRANSITION DESIGN AND ANALYSIS

3.1 Design Criteria

Prior to developing design concepts for a transition between the reduced-deflection PCB
and free-standing PCB, the following design criteria were identified:

1. Design concepts should meet MASH 2016 TL-3 safety performance criteria.

2. The dynamic deflection of the transition system should range between deflections found
for the reduced-deflection system (40.7 in. (1,034 mm)) and the free-standing PCB system
(79.6 in. (2,022 mm)).

3. The transition design requires minimal modification to the barrier. This system should not

include modifications to the pin-and-loop connection.

The concepts’ fabrication and installation should be easy.

The length of the transition and the required hardware should be minimized.

o~

These criteria were considered during the development of transition design concepts. The
deflections of the reduced-deflection PCB and free-standing PCB systems vary by approximately
50 percent. No stiffness transition is desired for ease of installation. However, a stiffness transition
may be necessary in order to prevent barrier pocketing and provide safe and stable vehicle
redirection. Concepts with and without a stiffness transition were considered.

3.2 Design Concepts

First, it was anticipated that the sharp, blunt ends of the HSS 5x5x%/16 continuous tubes
running along the sides of the reduced-deflection PCB segments would increase the potential for
vehicle snag. The researchers recommended that the HSS 5x5x%/16 tubes be tapered down to match
the PCB surface. As previously noted in the literature review, several existing designs use tapered
box beam ends to match the face of a concrete barrier. The BEAT-SSCC utilized a two-stage end
taper with 1:2.14 and 1:6 lateral-to-longitudinal flare rates, which was successfully crash tested to
NCHRP Report 350 criteria with a 2000P pickup truck [13-15]. Similarly, in a Wyoming
Department of Transportation transition design, the box-beam guardrail ends were tapered to
match a concrete barrier at the same rates. In the State of New York Department of Transportation
transition design from a box-beam guardrail to a concrete parapet, the box-beam rail was tapered
to match the concrete barrier at a 1:6 lateral-to-longitudinal rate. Other lateral-to-longitudinal flare
rates utilized in roadside barriers vary from 1:4 to 1:10. In the current transition design, it was
recommended to initially taper the HSS 5x5x°%/16 tubes to the concrete segments at a 1:6 lateral-to-
longitudinal rate, as shown in Figures 9 and 10. The drawings do not depict the final transition
design.

The design modification of tapering tubes at a 1.6 lateral-to-longitudinal rate with no
incremental transition in stiffness was the first concept evaluated. If an incremental transition in
stiffness was necessary, the researchers further brainstormed a number of ideas to improve the
transition performance from the reduced-deflection PCB to the free-standing PCB. The concepts
were grouped into four main categories based on the mechanism for mitigating significant changes
in stiffness between adjacent barrier segments. The four concept categories for the transition were
as follows:

13
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1. Reduction of Joint Tolerance in Transition Region — Reduction in the tolerance or gaps
in the barrier joints such that the barrier segments engage each other more rapidly
during impact to avoid “knee-shape” contact between the vehicle and the barrier
segments.

2. Composite Action — Development of tension and compression loads across the barrier
joints in the transition region in order to develop moment continuity in the adjacent
barrier segments in transition region.

3. Increased Barrier-to-Ground Friction — Increasing friction between barrier and
roadway surface in the transition region.

4. Increased Barrier Mass of Free-Standing Segment — Adding mass or ballast to the free-
standing barrier segment adjacent to the transition joint in order to provide increased
inertial and friction resistance to motion.

Following the review of the design concepts, it was concluded that the concept of reducing
joint tolerance by adding a joint spacer (e.g., a steel tube) would be a simple yet functional option
if a transition in stiffness was required. An example of a joint spacer is shown in Figure 11.

_ . = e :- 3

1:6 Taper

Figure 9. Tubes Tapered Down to Reduced-Deflection PCB Segments Surface
14
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Figure 10. Details of Tubes Tapered Down to Reduced-Deflection PCB Segment Surface

Steel Tube Spacer

Figure 11. Joint Spacer (Steel Tube) at Transition Joint
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4 TEST REQUIREMENTS AND EVALUATION CRITERIA

4.1 Test Requirements

Transitions, including those between free-standing PCBs and reduced-deflection PCBs,
must satisfy impact safety standards in order to be declared eligible for federal reimbursement by
the FHWA for use on the National Highway System (NHS). For new hardware, these safety
standards consist of the guidelines and procedures published in MASH 2016 [7]. According to TL-
3 of MASH 20016, transitions must be subjected to two full-scale vehicle crash tests, as
summarized in Table 2. Note that there is no difference between MASH 2009 and MASH 2016
evaluation criteria for this system.

Table 2. MASH 2016 TL-3 Crash Test Conditions for Transitions

Vehicle Impact Conditions
Test : .
Test R Test Weight Speed Evaluation
Article DeSIIglrcl)atlon Vehicle Ib mph A(\jngle Criterial
: eg.
(kg) (km/h) J
2,425 62
N 3-20 1100C (1,100) (100) 25 A,D,FH,I
Transitions E 000 &
3-21 2270P (2,268) (100) 25 A,D,FH,I

! Evaluation criteria explained in Table 3.

4.2 Evaluation Criteria

Evaluation criteria for full-scale vehicle crash testing are based on three appraisal areas:
(1) structural adequacy; (2) occupant risk; and (3) vehicle trajectory after collision. Criteria for
structural adequacy are intended to evaluate the ability of the transition to contain and redirect
impacting vehicles. In addition, controlled lateral deflection of the test article is acceptable.
Occupant risk evaluates the degree of hazard to occupants in the impacting vehicle. Post-impact
vehicle trajectory is a measure of the potential of the vehicle to result in a secondary collision with
other vehicles and/or fixed objects, thereby increasing the risk of injury to the occupants of the
impacting vehicle and/or other vehicles. These evaluation criteria are summarized in Table 3 and
defined in greater detail in MASH 2016.

In lieu of conducting full-scale crash tests to evaluate the initial design concepts, a

computer simulation effort was conducted and the results were evaluated according to MASH
2016 test designation nos. 3-20 and 3-21 evaluation criteria.
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Table 3. MASH 2016 Evaluation Criteria for Transitions

Structural
Adequacy

A

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

Occupant
Risk

Detached elements, fragments or other debris from the test article
should not penetrate or show potential for penetrating the occupant
compartment, or present an undue hazard to other traffic, pedestrians,
or personnel in a work zone. Deformations of, or intrusions into, the
occupant compartment should not exceed limits set forth in Section
5.2.2 and Appendix E of MASH 2016.

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

Occupant Impact Velocity (O1V) (see Appendix A, Section A5.2.2 of
MASH 2016 for calculation procedure) should satisfy the following
limits:

Occupant Impact Velocity Limits

Component Preferred Maximum
N 30 ft/s 40 ft/s
Longitudinal and Lateral (9.1 ms) (12.2 m/s)

The Occupant Ridedown Acceleration (ORA) (see Appendix A,
Section A5.2.2 of MASH 2016 for calculation procedure) should
satisfy the following limits:

Occupant Ridedown Acceleration Limits

Component Preferred Maximum

Longitudinal and Lateral 15.0 g’s 20.49 g’s
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5 LS-DYNA MODEL

5.1 PCB Model

The LS-DYNA computer simulation model of the F-shape temporary concrete barrier was
based on a model developed previously at MWRSF for determining the deflection of tied-down,
F-shape barrier systems [11, 20]. The model consisted of the F-shape barrier, the end connection
loops, and the connection pins, as shown in Figure 12. The main body of the F-shape barrier model
was created using shell elements with a rigid material definition. The rigid material definition
allowed the proper mass and rotational inertias to be defined for the barrier even though it was
essentially hollow. The barrier segments were assigned a mass of 4,976 1b (2,257 kg) based on
measurements taken from actual barrier segments. The rotational inertias were determined based
on SolidWorks models of the PCB segment. The SolidWorks models used tended to overestimate
the mass and rotational inertia of the PCB segment as the solid model included the mass of the
concrete body and the reinforcing steel, but did not account for the volume of concrete lost due to
the reinforcing steel. Thus, the rotational inertias determined by the software were scaled down
based on the ratio of the actual measured mass of the barrier segment to the software-estimated
mass of the segment. The use of the shell elements improved the overall contact of the barrier and
the vehicle. In addition, the use of shell elements made it easier to fillet the corners and edges of
the barrier. By rounding off the barrier edges, the edge contacts and penetrations were reduced,
thus further improving the contact interface.

The loops in the barrier model were also modified to match the current configuration,
which consisted of two sets of three rebar loops. The connection loops were modeled with a rigid
material as previous testing of the barrier in various configurations showed little to no deformation
of the connection loops. The connection pin was modeled with the
MAT_PIECEWISE_LINEAR_PLASTICITY material in LS-DYNA with the appropriate
properties for ASTM A36 steel. The barrier system model incorporated a total of sixteen barrier
segments for a total barrier length of 200 ft (61.0 m).

The simulated F-shape barrier model was impacted under the MASH 2016 TL-3 impact
conditions for test designation no. 3-11. It was then compared to actual tests on free-standing, F-
shape barriers (test no. 2214TB-2) to ensure that it provided reasonable estimates of the barrier
deflection prior to implementing deflection-limiting concepts. Details of the comparison can be
found in Bielenberg et al. [5]. Sequential photographs of the baseline simulation for test no.
RDTCB-2 are shown in Figure 13.

5.2 Reduced-Deflection Steel Components Model

The PCB model geometry was modified to add holes for the reduced-deflection steel
component connections [5]. A simulation model of test no. RDTCB-1, as shown in Figure 14, was
constructed to serve as a baseline for comparison of proposed design modifications for further
reducing the deflections of the PCB system. The steel cap across the barrier joint and the steel
tubes on the side of the barrier were added using shell elements.

MAT_24 PIECEWISE_LINEAR_PLASTICITY was used to define the steel material
properties for these components. The tubes were welded to the cap using constrained nodal rigid
bodies to create a simplified weld. The connection hardware, including the bolts, nuts, and splice
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plates were modeled explicitly in the model. Bolt preload was achieved using the
INITIAL_STRESS_SECTION command in LS-DYNA.

The baseline model was simulated for a 2270P vehicle impacting the system with the same
impact conditions as test no. RDTCB-1. Thus, the Chevy Silverado model impacted the barrier
system at a speed of 63.6 mph (102.4 km/h) and an angle of 24.9 degrees. The vehicle model used
for the simulation was the Chevy Silverado Version 3 (v3) model developed at the National Crash
Analysis Center (NCAC). The vehicle impacted the system 4.3 ft (1.3 m) upstream from the center
of the joint between the eighth and ninth barrier segments. Comparison of the simulation results
with full-scale crash test no. RDTCB-1 found that the model provided good correlation with the
full-scale test and was appropriate for use in evaluation of the deflection-limiting mechanisms.
Details of the comparison can be found in Bielenberg et al. [5].

Figure 12. F-shape PCB Barrier Model
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Figure 13. Sequential Photographs: Simulation of Test No. 2214TB-2
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The additional attachment points that were utilized in test no. RDPCB-2 were incorporated
into the model with */s-in. (10-mm) thick and 12-in. (305-mm) long steel brackets that were welded
on the top and bottom of the steel tubes on each side of the splice at the center of the length of the
PCB segment. These angles were bolted through the barrier, similar to the other bolted connections
in the model, as shown in Figure 15.

Initial simulations of test no. RDTCB-2 demonstrated significantly lower deflections than
the full-scale test. The discrepancy between the physical test and the model was attributed largely
to the concrete damage and fracture observed in the test which was not reproduced in the rigid
PCB model as it could not fracture. As a compromise, the simulation model of test no. RDTCB-2
was modified to reduce the barrier-to-ground friction coefficient of 0.4 to 0.24 to reproduce the
dynamic barrier deflections observed in the full-scale test. The results from this model estimated
a dynamic lateral barrier deflection of 41.1 in. (1,044 mm). This value correlated very well with
the 39.5 in. (1,003 mm) permanent set deflection and 40.7 in. (1,034 mm) dynamic lateral barrier
deflection from test no. RDTCB-2. Complete details of the simulations can be found in Bielenberg
etal. [5].

5.3 Baseline model

The previously-developed model of the low-deflection, PCB system was further calibrated
by modeling an impact with the Chevrolet Silverado Version 2 (v2) pickup truck originally
developed by NCAC [21]. The Silverado v2 has a softer tire and no steering defined, whereas the
Silverado v3 has a harder tire with steering defined. The barrier geometry and parameters remained
the same as in the previous model. A summary of the results from numerical simulation and test
no. RDTCB-2 is shown in Table 4. Sequential photographs of the baseline simulation for test no.
RDTCB-2 are shown in Figure 16.

Table 4. Comparison of Reduced-Deflection PCB System Test and Simulation

D'vrlgl)r(r.]ic Max. Max. Max. Lon Lateral Long. Lateral
Evaluation | % am Roll Pitch Yaw g- oIV oIV
Deflection ORA ORA

Parameters in Angle Angle Angle (@’s) @’s) ft/s ft/s
(mm) (deg.) (deg.) (deg.) (m/s) (m/s)

Test No. 40.7 125 21.3
RDTCB-2 | (1034 | 8 6.3 L) 58 185 1 58 | (65
. . 39.7 16.4 19.7
Simulation (1,008) 9.9 8.5 32.9 7.0 11.0 (5.0) (6.0)
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"

Figure 14. Test No. RDTCB-1 Model
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Comparison of the simulation results with full-scale crash test no. RDTCB-2 found that the
model provided good correlation with the full-scale test and was appropriate for use in evaluation
of the transition. As shown in Table 4, LS-DYNA simulation tended to predict slightly larger
lateral and longitudinal ORAs as compared to the crash testing results, which may be due to lack
of failure in the wheel, tire, and suspension model assembly. In addition, as noted previously, the
coefficient of friction between the barriers and ground was decreased from 0.4 to 0.24 to accurately
model deflections, which were inaccurate due to the lack of concrete material failure in the model.
Since the impacts in the transition region would be upstream from the reduced-deflection PCB
system, a coefficient of friction of 0.40 was utilized, which was previously used to accurately
model freestanding PCB deflections. However, it was noted that the deflections in the model just
upstream from the reduced-deflection PCB system may be lower than what would actually occur.
This discrepancy was considered throughout the analysis.

i

Figure 15. Test No. RDTCB-2 Final Barrier Model
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Figure 16. Sequential Photographs: Baseline Simulation of Test No. RDTCB-2
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6 SIMULATIONS WITH SLOPED TUBES

6.1 Sloped Tubes Model

As previously discussed, the end section of the HSS 5x5x3/16 continuous tubes running
along the sides of the reduced-deflection PCB segments could pose vehicle snag risk. Thus, the
tubes along the reduced-deflection PCB segments were tapered down to the PCB surface upstream
from the joint between the free-standing and reduced-deflection PCB systems at a 1:6 lateral-to-
longitudinal rate over a 30-in. (762-mm) length. Computer simulations of the barrier with only the
tapered tubes and no transition in the barrier stiffness were evaluated to the MASH 2016 safety
performance criteria. The tapered tube model is shown in Figure 17.

Figure 17. Simulated Tubes Tapered Along Reduced-Deflection PCB Segments’ Surface

6.2 Simulation of Sloped Tube Model with Different Impact Points

Several impact points upstream from the joint between the reduced-deflection PCB system
and the free-standing PCB (Joint no. 1), as shown in Figure 18 and Table 5, were simulated using
the 2270P Silverado model. Initially the impact points were picked every 39.4 in. (1,000 mm),
while more impact points with a 7.8-in. (200-mm) increment were selected in the critical regions.
The simulation results are summarized in Table 5. The simulations ended early with impact points
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194.1 and 202.0 in. (4,930 and 5,130 mm) upstream from the transition joint due to numerical
instability errors and low occupant risk values.

With no transition in the barrier stiffness, several impact points including 178.3 in., 194.1
in., 202.0in.,225.6 in., 272.8 in., and 351.6 in. (4,530 mm, 4,930 mm, 5,130 mm, 5,730 mm, 6930
mm, and 8,930 mm) upstream from the transition joint had a predominant “knee-shape” that
formed in the system and contacted the impact-side door, as shown in Figure 19. For example, the
simulated vehicle damage due to the vehicle snag on the knee for the case with a 225.6 in. (5,730
mm) impact point is shown in Figure 20. Sequential photographs for the simulations with the
“knee” hitting the vehicle’s side-door are shown in Figure 21. This knee contact did not appear to
be critically detrimental to the vehicle or the barrier performance in the simulations. However, the
impact of the knee into the vehicle’s door has been shown to increase vehicle instability in previous
PCB tests. In test no. NELON-2, which was a modified MASH 2009 test designation no. 3-37 on
the end of the length-of-need of a 100-ft (30.5-m) long PCB installation, the vehicle had a roll
angle in excess of 75 degrees and failed to meet MASH 2009 safety criteria [22]. A knee formed
in the system, which extended forward laterally from the original barrier line and impacted the
vehicle’s door. The knee contact accentuated vehicle roll and likely contributed to the excessive
roll angle. This excessive roll was not captured in computer simulations of the system. Since the
same barrier model was used in this research project, attention was paid to the indications of knee
formation and vehicle’s door impact.

Other safety measures, including occupant risk values, barrier deflection, vehicle roll and
pitch angles, and vehicle climb did not appear critical. As noted previously, LS-DYNA tends to
predict larger lateral and longitudinal ORAs as compared to the crash testing results, likely due to
lack of failure in the wheel, tire, and suspension model assembly. Therefore, the lateral ORAS that
were larger than the MASH 2016 limit (20.49 g’s) (including impact points 115.4, 123.2, 131.1,
139.0, 217.7 in. (2,930, 3,130, 3,330, 3,530, and 5,530 mm) upstream from the transition joint)
would likely be below the MASH 2016 limit in an actual crash test. In the simulations with impact
points just upstream from Joint no. 1, the truck model’s fender and door contacted the tapered tube
and caused vehicle damage. The tapered tube was fixed to the PCB model and could not separate
from the barrier. However, the actual connection may have some flexibility and allow the truck
fender to get between the tapered tubes and PCB face. Thus, there was potential for vehicle snag
on tapered box tube ends along the reduced-deflection PCB when impacted at the points upstream
from transition joint.

Joint #1

Figure 18. Simulated Tubes Tapered Along Reduced-Deflection PCB Segments’ Surface
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Table 5. Summary of Simulation Results — Only Tapered Tubes, No Transition in Stiffness

_ Lateral Increase in

STWEN | (nmusoros | GO | LI O | ona | ora | Rl | Pl | Barer | e
' Joint No. 1 g’s g’s ' ' in. (mm) illq—fe(ir%::)

1 24.8 (630) downstream | -18.4 (-5.6) | -19.4 (-5.9) | -10.3 6.4 -8.1 9.6 |61.0(1,549) | 1.4(36)
2 36.6 (930) upstream | -19.7 (-6.0) | -21(-6.4) | -14.7 -6.6 9.7 95 | 64.7(1,643) | 5.6(142)
3 76.0 (1,930) upstream | -18.7 (-5.7) | -15.1(-4.6) | -14.6 98 | -152 | 101 |61.1(1,552) | 6.9 (175)
4 115.4 (2,930) upstream | -20.0 (-6.1) | -13.1 (-4.0) | -20.9 5.3 -18.0 | 121 |53.6(1,361) | 9.3(236)
5 123.2 (3,130) upstream | -20.0 (-6.1) | -13.8 (-4.2) | -21.3 5.4 -17.9 | 117 |52.4(1,331) | 10.3(262)
6 131.1 (3,330) upstream | -20.3 (-6.2) | -14.1(-4.3) | -205 -45 | -17.4 | 131 |58.4(1,483) | 10.1(257)
7 139.0 (3,530) upstream | -20.3 (-6.2) | -14.4 (-4.4) | -20.6 5.0 | -158 | 13.1 |[59.5(1,511) | 10.3(262)
8 146.9 (3,730) upstream | -20.0 (-6.1) | -14.1 (-4.3) | -19.2 -5.0 -175 | 10.8 | 60.0(1,524) | 9.4 (239)
9 154.7 (3,930) upstream | -19.4 (-5.9) | -16.4 (-5.0) | -16.5 99 | -163 | 12.3 | 60.4(1,534) | 24.6 (625)
10 162.6 (4,130) upstream | -18.7 (-5.7) | -16.4 (-5.0) | -16.7 6.6 | -148 | 10.1 | 62.7(1,593) | 25.3 (643)
11 170.5 (4,330) upstream | -18.7 (-5.7) | -16.4 (-5.0) | -15.5 53 | -147 | 117 | 64.2(1,631) | 19.4 (493)
12 178.3 (4,530) upstream | -18.0 (-5.5) | -15.7 (-4.8) | -16.4 9.3 -85 | 11.3 |45.2(1,148) | 11.9 (302)
13 186.2 (4,730) upstream | -18.4 (-5.6) | -16.4 (-5.0) | -15.1 6.3 | -153 | 128 | 62.2(1,580) | 17.8 (452)
14* 194.1 (4,930) upstream | -19.4 (-5.9) | -16.1(-4.9) | -5.3 -5.9 4.4 5.8 | 36.8(919) | 11.3(287)
15* 202.0 (5,130) upstream | -17.1(-5.2) | -14.8 (-4.5) | -6.7 -4.8 -5.9 45 | 36.2(935) | 9.2(234)
17 217.7 (5,530) upstream | -16.4 (-5.0) | -13.8(-4.2) | -20.4 79 | 244 | 21.2 |62.8(1,595) | 5.3(135)
18 225.6 (5,730) upstream | -16.7 (-5.1) | -10.2 (-3.1) | -19.0 83 | -231 | 94 |653(1,659) | 6.1(155)
19 233.5 (5,930) upstream | -18.7 (-5.7) | -11.8(-3.6) | -12.7 75 | -238 | 10.3 | 65.2(1,656) | 7.3(185)
20 272.8 (6,930) upstream | -19.7 (-6.0) | -13.8 (-4.2) | -18.4 -4.9 -19.8 | 15.9 | 69.6(1,768) | 9.6 (244)
21 312.2 (7,930) upstream | -19.4 (-5.9) | -17.1(-5.2) | -10.2 -41 | -12.4 | 188 | 80.1(2,035) | 25.8 (655)
22 351.6 (8,930) upstream | -17.4 (-5.3) | -15.1(-4.6) | -135 | -6.14 | -165 | 13.2 | 74.1(1,882) | 7.9(201)

* Simulation terminated early due to numerical instabilities
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Figure 19. Simulated Vehicle Snag on “Knee” in Transition Region — Impact Point 225.6 in.
(5,730 mm) Upstream from Transition Joint

Figure 20. Simulated Vehicle Damage Caused by “Knee” — Impact Point 225.6 in. (5,730 mm)
Upstream from Transition Joint
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Figure 21. Sequential Photographs: Impact Point at 225.6 in. (5,730 mm) Upstream from
Transition Joint (Left) and Impact Point at 351.6 in. (8,930 mm) Upstream from Transition Joint

(Right)



August 8Deve, 2017
MwRSF Report No. TRP-03-366-17

7 SIMULATION OF PROPOSED TRANSITION DESIGN MODIFICATIONS

For simulated impacts on the free-standing PCB adjacent to the reduced-deflection PCB,
it was noted that a “knee” formed in the system, which contacted the vehicle’s door and could
increase the potential for vehicle instability. In order to mitigate this concern and provide a smooth
and safe transition in barrier stiffness, several design modifications were considered, as discussed
in Chapter 3. The concept of reducing joint tolerance by adding a steel tube spacer was preferred
as it was a simple option for resolving the safety concerns in the transition area, as shown in Figure
11. Thus, an investigation was conducted using LS-DYNA computer simulation [20] to evaluate
the effects of adding steel tubes at the joints on the transition performance during an impact. Joint
spacers with various configurations, stiffnesses, and strengths were added to an LS-DYNA model
of a free-standing PCB system connected to a reduced-deflection PCB in order to evaluate impact
performance.

The design modifications were evaluated based on safety performance, ease of installation,
and minimizing the length of the transition and additional hardware components. LS-DYNA
simulations were performed to evaluate the selected design concepts according to MASH 2016
safety performance criteria.

7.1 Evaluation Criteria

In addition to MASH 2016 safety performance criteria, including vehicle stability (roll and
pitch) and occupant risk measures, other concerns including vehicle snag (knee hitting door),
vehicle climbing, and barrier deflection were also considered. Thus, these criteria were evaluated
in each simulation.

Euler angles, including roll, pitch, and yaw angles, were used to evaluate vehicle stability.
Roll and pitch angles should not exceed 75 degrees according to MASH 2016 [7]. Occupant risk
measures, which evaluate the degree of hazard to the occupants in the impacting vehicle, included
the longitudinal and lateral OIV as well as longitudinal and lateral ORA. According to MASH
2016, longitudinal and lateral OIV should fall below the maximum allowable value of 40.0 ft/s
(12.2 m/s). MASH 2016 also states that longitudinal and lateral ORAs should fall below the
maximum allowable value of 20.49 g’s [7]. The vehicle bumper climb, which can be an indicator
of vehicle instability, was also examined. In addition, the barrier dynamic deflection was measured
in each simulation. System and vehicle damage were also considered. In order to identify the
concern of “knee” hitting the vehicle door, the forward deflection of barrier segments was
measured and the PCB and door contact was closely monitored.

7.2 Tube Spacer Added at Joint No. 1

Initially, an 18-in. (457-mm) long HSS 3%2x3Y2x¥% steel tube spacer was modeled and
added at the base of Joint no. 1 (i.e., the transition joint between the reduced-deflection PCB and
the free-standing PCB) in order to add a transition in the barrier stiffness, as shown in Figure 22.
The nominal PCB gap distance was 4 in. £0.5 in. (102 mm +13 mm). Thus, an HSS 3%2x3%2xY4
would properly fit in the gap. In order to pass the connection pin through the tube, a 2-in. (51-mm)
diameter hole was created on the top surface of the tube, as shown in Figure 23. In addition, the
tube was raised %z in. (13 mm) in the simulations in order to account for the rounded edges on the
PCB model, which were necessary to prevent numerical instabilities. When the tube was on the
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ground, the rounded edges on the PCB model caused the tube to crush asymmetrically, as shown
in Figure 24a. In reality, the concrete segments do not have rounded edges and the tube would
crush symmetrically, as shown in Figure 24b. Thus, raising the tube % in. (13 mm) would allow
the tube to crush similarly to an actual test. A comparison between the simulation results with the
tube spacer on the ground and the tube spacer raised is shown in Table 6. As shown in Table 6,
raising the tube % in. (13 mm) did not significantly affect the simulation results.

HSS 3¥2 x 3Y2 X Ya

Figure 22. Transition with Single Steel Tube at Joint No. 1

Figure 23. Steel Tube Model — HSS 3%2x3Y2xY4
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Table 6. Summary of Simulation Results — Tube on Ground and Raised Tube

Lat. Increase in
Simulation Lat. OIV | Long. OIV Lat. Long. Roll | Pitch Barrier Vertical
ft/s ft/s ORA ORA : .
No. (m/s) (mis) s ’ deg. | deg. | Deflection | Bumper Height
5 g in. (mm) in. (mm)
Case with
-17.4 -10.5 74.7 6.9
Tube on -16 -8.3 154 | 12.7
Ground (-5.3) (-3.2) (1,897) (175)
Case with
. -17.4 -10.5 75.5 6.3
Raised -17.6 -9.9 18.7 12
Tube (-5.3) (-3.2) (1,918) (160)

(b)

Figure 24. Crushed Steel Tube at Joint No. 1 After Impact: (a) Tube on Ground, (b) Tube Raised
Y in.

A number of simulations were conducted using the 2270P pickup truck impacting the
system with one tube at Joint no. 1 (i.e., the transition joint between the reduced-deflection PCB
and the free-standing PCB) with different impact points, as shown in Figure 25. The simulation
results with one steel tube at the base of Joint no. 1 and with no tube spacer are shown in Table 7.
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Table 7. Summary of Simulation Results — One Steel Tube at Base of Joint No. 1

Impact Point Lateral Increase in
. Lat. Long. Lat. Long. . . .
in. (mm) . Roll Pitch Barrier Vertical
Upstream Tube Location ft/s(,j(lmvls) ft/sO(ImV/s) OF,QSA OiA deg. deg. Deflection | Bumper Height
Joint No. 1 g g in. (mm) in. (mm)
Joint No. 1 -17.7 (-5.4) -16.1 (-4.9) | -16.8 -5.5 -13.7 125 | 64.3 (1,633) 12.2 (310)
194.1 (4,930)
None * -17.7 (-5.4) -16.1 (-4.9) -5.3 -5.9 4.4 5.8 36.8 (935) 11.3 (287)
Joint No. 1 -17.1 (-5.2) -15.1 (-4.6) | -17.8 -5.5 -15.6 11.8 | 61.9 (1,572) 6.7 (170)
202.0 (5,130)
None * -17.1 (-5.2) -14.8 (-4.5) -6.7 -4.8 -5.9 4.5 36.2 (919) 9.2 (234)
Joint No. 1 -16.1 (-4.9) -16.1 (-4.9) | -18.0 -6.2 -20.9 119 | 65.9(1,674) 7.8 (198)
209.8 (5,330)
None -16.1 (-4.9) -16.1 (-4.9) | -19.8 -6.8 -23.2 29.1 | 63.8(1,621) 7.0 (178)
Joint No. 1 -16.1 (-4.9) -135(-4.1) | -20.9 -6.0 -24.1 9.4 | 65.5(1,664) 5.7 (145)
217.7 (5,530)
None -16.1 (-4.9) -13.8(-4.2) | -204 -7.9 -24.4 21.2 | 62.8 (1,595) 5.3 (135)
225.6 (5.730) Joint No. 1 -17.4 (-5.3) -105(-3.2) | -206 | -10.6 | -21.9 10.9 | 64.1(1,628) 6.2 (157)
S None -16.7 (-5.1) -9.8 (-3.0) -19.0 -8.3 -23.1 9.4 | 65.3(1,659) 6.1 (155)
312.2 (7.930) Joint No. 1 -19.4 (-5.9) -16.7 (-5.1) | -11.0 3.8 -17.1 17.6 | 79.2(2,012) 24.9 (632)
S None -19.4 (-5.9) -17.1(-5.2) | -10.2 4.1 -12.4 18.8 | 80.1 (2,035) 25.8 (655)
Joint No. 1 -17.4 (-5.3) -15.4 (-4.7) | -14.8 -5.9 -14.6 12.6 | 76.8 (1,951) 8.3 (211)
351.6 (8,930)
None -17.4 (-5.3) -15.1(-4.6) | -13.5 -6.1 -16.5 13.2 | 74.1(1,882) 7.9 (201)

* Simulation terminated early due to numerical instabilities

Figure 25. Simulated Cases with One Tube at Joint No. 1—- Impact Points
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Adding a single tube at the base of Joint no. 1 improved the transition behavior slightly in
terms of knee formation and contact with the vehicle’s side. However, this concern was not
completely resolved. In a number of cases, including the impact points 202.0, 217.7, and 225.6 in.
(5,130, 5,530, and 5,730 mm) upstream from the transition joint, the knee formed and hit the
vehicle door. The knee contact on the vehicle door and propensity for instability with the impact
point at 225.6 in. (5,730 mm) upstream from the transition joint is shown in Figure 26. Additional
sequential photographs of this simulation are shown in Figure 27.

In the cases with one tube spacer, the occupant risk values and the roll and pitch angles did
not change significantly. In most of the cases with one tube, a slight increase in barrier deflection
of approximately 2 in. (51 mm) was observed. In these simulations, the steel tube joint spacer was
completely crushed. This behavior itself was not of concern. Stiffer tubes may help prevent the
knee from forming and providing smoother redirection.

Figure 26. Knee Contact on Vehicle Door— Impact Point 225.6 in. (5,730 mm) Upstream from
Transition Joint
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Figure 27. Sequential Photographs: Impact Point at 225.6 in. (5,730 mm) Upstream from
Transition Joint with One Steel Tube
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7.3 Tube Spacers Added at Joints Nos. 1 and 2

After it was determined that adding a single HSS 3%2x3%2x¥4 tube at one joint (Joint no. 1)
improved the vehicle and barrier performance, another tube (HSS 3%x3Y:x%s) was added at the
base of the next joint upstream from the previous joint with a tube spacer. Thus, a total of two
joints had a tube spacer, as shown in Figure 28. A number of simulations were conducted with the
2270P pickup truck model impacting the system with one tube at Joint nos. 1 and 2 at different
impact points. A summary of simulation results with one steel tube at the base of Joint nos. 1 and
2 and one steel tube at the base of Joint no. 1 is shown in Table 8.

Figure 28. Single Steel Tube Added at Joint Nos. 1 and 2

The simulations with tubes at two joints had lateral ORA values 10 to 20 percent less than
the simulations with a tube at one joint. Adding tubes at two joints created a smoother redirection
as more barrier segments were engaged throughout the impact. In most of the simulations,
including impact points at 224.4, 217.7, 312.2, and 351.6 in. (5,700, 5,530, 5,730, 7,930, and 8,930
mm) upstream from the transition joint, the roll angle decreased with tubes at two joints. The
vehicle snag and knee hitting the vehicle’s door were less pronounced in the simulations with one
tube at two joints as compared to one tube at one joint. An example comparison of simulations
with a tube at one joint and a tube at two joints is shown in Figure 30. The deflection of the system
increased approximately 10 in. (254 mm), but it was still in desired deflection range. In the
simulations with tubes at two joints, the crushing of tubes was moderate.

Utilizing stiffer tubes at two joints would further decrease the potential for vehicle snag,
decrease ORAs, provide smoother vehicle redirection, and mitigate knee and door contact
concerns. Thus, various alternatives, including utilizing thicker tubes (HSS 3%2x3'":x% tubes),
utilizing two tubes with different sizes (HSS 3%2x3%xY4 tube with HSS 2Y2x2Y2x¥%s tube inside),
and utilizing a stack of two tubes (HSS 3%2x1%2x¥a tube at the base and HSS 3Y2x1%xY4 tube on
top) at Joint nos. 1 and 2 were investigated through simulations, as described in the following
sections. The simulations included a 2270P vehicle model impacting the concrete barriers 225.6
in. (5,730 mm) upstream from the transition joint to evaluate and compare the effectiveness of
different stiffer tubes configurations with the same impact conditions and impact location.

36



LE

Table 8. Summary of Simulation Results — Single Steel Tube at Base of Joint Nos. 1 and 2

7.

Figure 29. Simulated Cases with Tube at Joints Nos. 1 and 2 — Impact Points

Mmoo kat|Long | Lat g gy i | parrier | verieal
Upstream fi/s (m/s) fi/s (m/s) o' o' deg. | deg. D_eflectlon Bumper Height
Joint No. 1 in. (mm) in. (mm)
194.1 (4.930) Joint No. 1 -17.7(-5.4) | -16.1(-4.9) | -16.8 55 | -13.7 | 125 | 64.3(1,633) 12.2 (310)
JointNos. 1and2 | -18.4 (-5.6) | -16.1(-4.9) -15 58 | -15.2 | 122 | 74.7(1,897) 10.8 (274)
202.0 (5.130) Joint No. 1 -17.1(-5.2) | -15.1(-4.6) | -17.8 55 | -15.6 | 11.8 | 61.9(1,572) 6.7 (170)
JointNos.1and2 |-17.4(-5.3) | -141(-43) | -169 | -48 | -16.8 | 10.2 | 74.0(1,880) 9.4 (239)
200.8 (5,330) Joint No. 1 -16.1 (-4.9) | -16.1(-4.9) | -18.0 6.2 | -209 | 11.9 | 65.9(1,674) 7.8 (198)
JointNos.1and2 | -16.4(-5.0) | -14.1(-43) | -176 | 51 | -17.6 | 9.9 | 75.6(1,920) 5.4 (137)
217.7 (5530) Joint No. 1 -16.1 (-4.9) | -135(-4.1) | -20.9 6.0 | -241| 94 | 655(1,664) 5.7 (145)
JointNos.1and2 | -16.4 (-5.0) | -13.1(-4.0) | -17.8 51 | -16.3 | 121 | 77.4(1,966) 6.3 (160)
225.6 (5.730) Joint No. 1 -17.4 (-5.3) | -105(-3.2) | -20.6 | -10.6 | -21.9 | 109 | 64.1(1,628) 6.2 (157)
JointNos.1and2 | -17.7(-54) | -105(-3.2) | -17.7 | 99 | -18.7 | 11.9 | 75.5(1,918) 6.3 (160)
3122 (7.630) Joint No. 1 -19.4 (-5.9) | -16.7(-5.1) | -11.0 38 | -17.1 | 17.6 | 79.2(2,011) 24.9 (632)
JointNos. 1and2 | -19.0 (-5.8) | -16.7 (-5.1) -111 -4.0 -12.8 | 176 83.1(2,111) 25.4 (645)
351.6 (8.930) Joint No. 1 -17.4 (-5.3) | -15.4(-4.7) | -148 59 | -146 | 126 | 76.8(1,951) 8.3 (211)
JointNos.1and2 | -16.7(-5.1) | -15.7(-4.8) | -12.6 | -6.3 | -12.7 | 7.0 | 59.5(1,511) 11.3 (287)
I T S sty
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Figure 30. (a) Tube Added at Joint No. 1, (b) Tube Added at Joint Nos. 1 and 2 — Impact Point
351.6 in. (8,930 mm) Upstream from Transition Joint

7.3.1 Single Tubes with Increased Thickness

The simplest alternative to stiffen the tube spacer was to increase the tube thickness.
Computer simulations were performed with 3-in. (10-mm) thick steel tubes at joint nos. 1 and 2.
The transition performance was significantly improved. In most of the simulations with different
impact points, the concern of knee contact with the door was resolved. As shown in Figure 31 and
by comparing the cases with an impact point 225.6 in. (5,730 mm) upstream from the transition
joint, one HSS 3%x3%2x%s tube at two joints indicated less knee contact with the door as compared
to the one HSS 3%2x3%2xY4 tube at two joints. A comparison between these simulations with ¥a-in.
and %-in. (6-mm and 10-mm) thick tubes with an impact point of 225.6 in. (5,730 mm) upstream
from the transition joint is shown in Table 9. The occupant risk values, roll and pitch angles, and
vehicle bumper climb slightly increased with the 3&-in. (10-mm) thick tube. However, these values
were still within the acceptable MASH 2016 limits. The dynamic deflection of the system
decreased from 75.5 in. (1,918 mm) with ¥-in. (6-mm) thick tubes to 56.1 in. (1,425 mm) with ¥z-
in. (10 mm) thick tubes. The tubes were partially crushed.
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(b)

Figure 31. (a) HSS 3%x3Y%xY%s Tube Added at Joint Nos. 1 and 2, (b) HSS 3%2x3%x% Tube
Added at Joint Nos. 1 and 2 — Impact Point 225.6 in. (5,730 mm) Upstream from Transition Joint

Figure 32. Single Tube HSS 3%x3%2x% Added at Joint Nos. 1 and 2 — After Impact
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7.3.2 Simulations of Dual Tubes

Another stiffened transition design utilized an HSS 3Y2x3Y2xYa tube with an HSS 2Y2x2%2xYa
tube inside, as shown in Figure 33. The other dual tube alternative with an HSS 3Y%2x1Y%2x¥4 tube at
the base and another HSS 3%2x1%2x¥4 tube on top was also evaluated through simulations, as shown
in Figure 34. A comparison between the cases with single and dual tubes with an impact point of
225.6 in. (5,730 mm) upstream from the transition joint is shown in Table 9. Both dual tube
alternatives indicated an improved performance in terms of knee and door contact as compared to
a single HSS 3%x3Yx¥s tube. As shown in Figure 35, the knee was much less prominent than
observed for the single HSS 3%x3Y2x¥%s tube simulation. The occupant risk values, roll and pitch
angles, and vehicle bumper climbing were similar to the single %-in. thick tube option and were
within the acceptable MASH 2016 limits. The dynamic deflection of the system decreased from
75.5in. (1,918 mm) with ¥%-in. (6-mm) thick tubes to 60 in. (1,524 mm) and 58.8 in. (1,494 mm)
with concentric dual tubes and stack of two tubes at Joint nos. 1 and 2, respectively. The dual tubes
were also partially crushed.

Figure 33. Dual Tubes — HSS 3Y2x3%2x¥4 Tube with HSS 2Y2x2%2xY4 Tube Inside Added at Joint
Nos. 1 and 2
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Figure 34. Dual Tubes — Stack of Two HSS 3Y%2x1Y2x ¥ Tubes Added at Joint Nos. 1 and 2
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(b)

Figure 35. Modified Transition Design: (a) HSS 3%2x3%x¥s Tube Added, (b) HSS 3Y2x3Y2xY%a
Tube with HSS 2Y%2x2Y2xY%s Tube Inside, and (c) Stack of Two HSS 3%2x1Y%2x% Tubes Added at
Joint Nos. 1 and 2 — Impact Point 225.6 in. (5,730 mm) Upstream from Transition Joint
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Table 9. Summary of Simulation Results — Impact Point 225.6 in. (5,730 mm) Upstream from
Transition Joint — Single and Dual Tubes

Lat. Long. Lat. Increase in
simiaion | SIY | OV oRa| ORa | RO | Fluh | Serrer | s
mis) | i) | 95| 98 in.(mm) | oo
éingle l/?jgé(e_mm) (54 (1395) 77| 99 |87 1o | o (fé%)
S e (58) | (37 |192| 04 |76 | 124 | Pon | g
Dgg:]g:nt;?isc_ ('.%Z;S (_-é(.)éﬁ 198 -105 | -180 | 125 (16,2204) (1753%))
Dual Tubes — Stacked ('_15%; ('_f;; -185 | -134 | 191 | 125 (1513584) (17{951)

7.3.3 Selected Design Modification

All three alternatives indicated a promising improvement in vehicle and barrier
performance in terms of decreased potential for vehicle snag, decreased ORAS, smoother vehicle
redirection, and mitigation of knee contact. It was recommended to pursue the option of thicker
tubes — one HSS 3Y2x3Y2x%s at the two joints upstream from the reduced-deflection system due to
its ease of fabrication and installation. Details of this concept design are shown in Figure 36.
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Figure 36. Single Tube HSS 3%2x3%x% Added at Joint Nos. 1 and 2
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8 DETERMINATION OF CRITICAL IMPACT POINTS

As previously discussed, it was recommended to pursue the option of thicker tubes, one
HSS 3Y2x3Y2x% at the base of two joints upstream from the reduced deflection system, due to its
ease of fabrication and installation. Further simulations were performed to determine the CIPs for
full-scale crash testing of the selected design. Computer simulations were performed on the
selected design modifications with different impact points upstream from the transition joint, and
the results are discussed in the subsequent sections.

8.1 Determination of CIPs — Test Designation No. 3-21

In order to identify the CIPs for test designation no. 3-21 upstream from the stiffness
transition, pickup truck impacts on the barrier were simulated using a single HSS 3%2x3Y%2x% tube
at the base of two joints located upstream from the reduced-deflection system. The impact points,
ranging from 17.7 in. to 820.9 in. (450 mm to 20,850 mm) upstream from Joint no. 1, as shown in
Figure 37 and Table 10, covered both regions with stiffness changes, one from the reduced-
deflection PCB to the transition section and the other from the transition section to the free-
standing PCB. A summary of the simulation results with thicker tubes (i.e., %-in. (10-mm) thick
tubes) with different impact points is shown in Table 10.

Figure 37. Simulated Cases with Tube at Two Joints Nos. 1 and 2 — Impact Points

MASH 2016 recommends an impact point 4.3 ft (1.3 m) upstream from a joint between
PCB segments to investigate the potential for vehicle snag. The dynamic deflection of the system
with the impact point of 4.3 ft (1.3 m) upstream from the transition joint was 53 in. (1,346 mm),
which ranged between the deflection of the reduced-deflection PCB (40.7 in. (1,034 mm)) and the
deflection of the free-standing PCB (79.6 in. (2,022 mm)). The pickup truck fender contacted the
box beam and indicated a potential for vehicle snag on the tapered box tube ends along the reduced-
deflection PCB at an impact point 4.3 ft (1.3 m) upstream from transition joint, as shown in Figure
38. In the simulations, the tapered tubes were constrained to the PCB segments. Although the box-
beam tube connection to the PCB has not been designed, tubes may flex away from the PCB
segments and induce increased potential for vehicle snag under the end of the tapered tubes. Other
measures, including occupant risk values, roll and pitch angles, and bumper climb, were
acceptable.
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(1.3 m) Upstream from Transition Joint

As shown in Table 10, the impact points farther upstream from the reduced-deflection
system, including 352.0 in. (8,940 mm) through 820.9 in. (20,850 mm), had larger deflections and
behaved more like the free-standing PCB system. One of the design criteria was to ensure that
barrier deflections range between those observed for the reduced-deflection system (40.7 in. (1,034
mm)) and the free-standing PCB system (79.6 in. (2,022 mm)). In the impact points, including
499.2 in. (12,680 mm) through 820.9 in. (20,850 mm), barrier deflections exceeded the free-
standing PCB deflection (i.e., > 79.6 in. (2,022 mm)). The increased deflections may be due to the
proximity of the impact points to the upstream end of barrier model. Since the barrier model ends
were not anchored, vehicle impacts close to the upstream barrier end may cause larger deflections.

In the simulation of the impact point at 820.9 in. (20,850 mm) upstream from the transition
joint, the vehicle impact was 410 in. (10,405 mm) away from the end of the barrier model. As
such, there was a possibility that the short distance between the impact point and the barrier end
would affect the results (i.e., PCB deflections and the knee formation). In the simulation of this
impact point, three identical concrete segments were added to the barrier model. The results of the
longer barrier with impact point at 820.9 in. (20,850 mm) are provided in Table 10. Based on this
numerical study, a minimum of eight barriers would be needed upstream the transition joint.

In addition, the impact points farther upstream, including 511.8 in. (13,000 mm) through
820.9 in. (20,850 mm), generally had larger roll and pitch angles. Two impact points, 590.6 in.
(15,000 mm) and 744.1 in. (18,900 mm), indicated relatively high lateral ORAs (22.5 g’s).
However, as previously noted, LS-DYNA simulation tends to over-predict lateral ORA, as the
back of the pickup truck model appears to be stiffer than actual pickup truck test vehicles.
Therefore, these ORAs were not a concern. The impact points, including 669.3, 744.1, and 820.9
in. (17,000, 18,900, and 20,850 mm) upstream from the transition joint, showed potential concern
for the PCB knee contacting the vehicle’s door. In these impacts, one of the PCB segments
upstream from the transition joint deflected forward and hit the vehicle’s door. In simulations of
these impact points (669.3, 744.1, and 820.9 in. (17,000, 18,900, and 20,850 mm) upstream from
the transition joint), the maximum forward deflection of the PCB segments, that formed the knee
and contacted the vehicle, was measured 9, 2, and 7 in. (228, 51, and 180 mm), respectively.

In the simulations, the PCB-knee contact was closely examined to determine the most
critical cases. The impact point at 669.3 in. (17,000 mm) upstream from the transition joint had a
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maximum forward deflection of a PCB segment of 9 in. (228 mm), a maximum roll angle of 18.5
degrees, a dynamic deflection of 83 in. (2,108 mm), and the PCB knee contacted the vehicle’s
door. Note that knee contact, as shown in Figure 39, did not seem aggressive in the simulations.
However, there may be a need to evaluate this impact condition and evaluate the risk of vehicle
instability due to the knee contact, based on previous PCB crash testing with a knee forming
between adjacent PCBs and the highest roll angle. Thus, a CIP for 2270P vehicle crash testing test
under designation no. 3-21 was recommended to be 669.3 in. (17,000 mm) upstream from the
transition joint. Sequential photographs for the simulation with an impact point at 4.3 ft (1.3 m)
and 669.3 in. (17,000 mm) upstream from transition joint are shown in Figures 40 and 41,
respectively.

Figure 39. Knee Contact — Impact Point 669.3 in. (17,000 mm) Upstream from Transition Joint
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Table 10. Summary of Simulation Results — HSS 3%2x3Y2x3& Single Tube at Joints Nos. 1 and 2

Simulation Im.ﬁa?rtn?)l " Y Long. Lat | Long. | pou | pign | Lt Barrier | I0OEEe
No. Upstream Joint IV Olv ORA ORA deg. deg. D_eflectlon Bumper Height
ft/s (m/s) ft/s (m/s) g’s g’s in. (mm) :
No.l in. (mm)
1 17.7 (450) -20.3 (-6.2) 22.0 (-6.7) -11.4 -6.7 -7.6 6.6 60.8 (1,544) 3.5 (89)
2 33.5 (850) -21.0 (-6.4) 21.7 (-6.6) -15.0 -5.8 -11 9.8 64.3 (1,633) 6.6 (168)
3 36.6 (930) -21.0 (-6.4) 21.0 (-6.4) -16.7 -6.5 -11.1 10 60.3 (1,532) 6.2 (157)
4 51.2 (1,300) -19.7 (-6) 14.4 (-4.4) -17.8 -13 -15 11.9 53 (1,346) 7.6 (193)
5 128 (3,250) -20.3 (-6.2) 13.8 (-4.2) -15.0 -3.6 2149 | 124 44.5 (1,130) 9 (229)
6 194.4 (4,950) -18 (-5.5) 16.4 (-5) -175 5.5 2136 | 122 66.4 (1,687) 9.2 (234)
7 202.8 (5,150) -17.1 (-5.2) 16.1 (-4.9) -16.8 5 -12 12.4 56.2 (1,427) 7.3 (185)
8 205.1 (5,210) -17.4 (-5.3) 13.1 (-4) -19.3 -6.2 -15 11.3 59.4 (1,509) 5.7 (145)
9 217.3 (5,520) -17.4 (-5.3) 13.8 (-4.2) -17.9 -4.8 -16 11.6 56.3 (1,430) 6.9 (175)
10 225.6 (5,730) -18.4 (-5.6) 12.1 (-3.7) -19.2 -104 | -176 | 124 56.1 (1,425) 7.2 (183)
11 233.5 (5,930) -18.4 (-5.6) 12.5 (-3.8) -18 -10.3 -18 13.6 55.4 (1,407) 7.5 (191)
12 272.8 (6,930) -19.0 (-5.8) 13.8 (-4.2) -20.3 5.3 -17.3 | 134 66 (1,676) 9.6 (244)
13 281.9 (7,160) -20.0 (-6.1) 14.1 (-4.3) -20.2 -4.5 -17.5 12.3 69.9 (1,775) 10.4 (264)
14 307.1 (7,800) -19.0 (-5.8) 16.4 (-5.0) -12.3 -3.2 -16 14 74.7 (1,897) 23 (584)
15 352.0 (8,940) -18.4 (-5.6) 15.1 (-4.6) -17.6 -5.9 -13 11.6 80 (2,032) 6.5 (165)
16 359.1 (9,120) -15.7 (-4.8) 15.1 (-4.6) -14.6 -5.9 -141 | 109 80.5 (2,045) 5.8 (147)
17 430.3 (10,930) | -19.4 (-5.9) 14.1 (-4.3) -18.8 6.9 -15.5 15 77.5 (1,669) 9.8 (249)
18 436.0 (11,075) -20.3 (-6.2) 14.1 (-4.3) -20.0 5 -16.7 13.7 79.5 (2,019) 10.4 (264)
19 499.2 (12,680) | -17.4(-5.3) 17.4 (-5.3) -12 -7.8 -14.4 14 82.8 (2,103) 15.6 (396)
20 511.8 (13,000)* | -16.1 (-4.9) 14.4 (-4.4) -17.5 -6.7 -17.6 5.8 57.9 (1,471) 9 (229)
21 590.6 (15,000) | -19.4 (-5.9) 13.8 (-4.2) -225 6.7 -18 15.3 84 (2,134) 10.6 (269)
22 669.3 (17,000) -16.4 (-5.0) 15.1 (-4.6) -15.0 -5.6 -18.5 11.4 83 (2,108) 6.7 (170)
23 744.1 (18,900) -19.7 (-6) 13.8 (-4.2) -22.5 6.7 -174 | 163 89.9 (2,283) 10.9 (277)
24 820.9 (20,850) | -18.4 (-5.6) 15.7 (-4.8) -16 9.3 -18 14.6 81.3 (2,065) 8.7 (221)

* Simulation terminated early due to numerical instability
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Figure 40. Sequential Photographs: Impact at MASH 2016-Recommended CIP 4.3 ft (1.3 m)
Upstream from Transition Joint — 2270P Vehicle
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Figure 41. Sequential Photographs: Impact at MASH 2016-Recommended CIP 669.3 in. (17,000
mm) Upstream from Transition Joint — 2270P Vehicle
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8.2 Determination of CIP — Test Designation No. 3-20

The numerical analysis primarily focused on the 2270P vehicle due to its higher potential
for vehicle snag, climbing, and instability. However, 1100C vehicle impacts on the transition were
also evaluated. Simulations were performed using single steel tubes at Joint nos. 1 and 2 with both
Yain. (6 mm) and % in. (10 mm) thicknesses. For test no. 3-20, MASH 2016 recommends a CIP
3.6 ft (1.1 m) upstream from a joint between adjacent barrier segments. This CIP would evaluate
the potential for the small car to snag on the tapered HSS 5x5 tube ends along the reduced-
deflection system. Other impact points were not critical, since the knee contact with the vehicle’s
door would not be a concern as the PCB deflection in the small car impacts is much lower than the
pickup truck, and the small car instability due to knee contact seems unlikely. In addition, other
safety concerns, including occupant risk values, barrier deflection, and bumper climb, were not
believed to be more critical with other impact points. Thus, the 1100C vehicle impacting at 3.6 ft
(1.1 m) upstream from the transition joint and tapered tubes was simulated. The simulation used a
Toyota Yaris model developed by NCAC [21] and modified by MwWRSF. A summary of the
simulation results for 1100C vehicle impacts with one tube (¥-in. (6-mm) and %-in. (10-mm) thick
tube) at the base of Joint nos. 1 and 2 is provided in Table 11. Sequential photographs for the
simulation with the Yaris vehicle model are shown in Figure 42.

Table 11. Summary of Simulation Results — Thick Single Tube and Dual Tubes

Lat. Long. Lat. Increase in
Simulation ol olv (I)_I?QEA IboFr;gA Roll | Pitch | Barrier Vertical
No. ft/s ft/s s ' deg. | deg. | Deflection | Bumper Height
mis) | (mis) | 9 9 in. (mm) in. (mm)
Ya-in. (6-mm)
. 0.7 17.1 38.2 11.9
Thick Steel 11.8 -3.3 -199 | 6.9
0.2) (5.2) (970) (302)
Tubes (
3/g-in. (10-mm)
. 9.2 18 32.8 11.6
Thick Steel 8.5 -3.1 -21.9 7.5
Tubes (2.8) (5.5) (833) (295)
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Figure 42. Sequential Photographs: Impact Point at 3.6 ft (1.1 m) Upstream from Transition Joint
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8.3 MASH 2016 TL-3 Test Matrix for Evaluation of Transition

As noted previously, the stiffness for reduced-deflection PCB systems and free-standing
PCB systems vary significantly. As such, the transition between these two systems incorporates
two significant stiffness changes, one from the reduced-deflection PCB to the transition section
and the other from the transition section to the free-standing PCB, both of which can increase the
potential for pocketing, snag, and vehicle instability. Thus, it is recommended to conduct transition
testing at both locations for test no. 3-21 (i.e., upstream from the end of the free-standing PCB and
upstream from the reduced-deflection PCB system) at the CIPs obtained from the computer
simulation effort.

The MASH 2016-recommended CIP for rigid portable concrete barriers is 4.3 ft (1.3 m)
upstream from a joint between adjacent barrier segments. This CIP is recommended based on the
shear displacement as the vehicle approaches a joint and the amount of barrier tipping. As such,
shear displacement at a joint can lead to snagging and barrier tipping can lead to vaulting and
vehicle rollover. The crash testing at this impact point evaluates the structural capacity, vehicle
snag, occupant risk, and vehicle stability. Thus, for the current study, a CIP for test designation
no. 3-21 was recommended to be 4.3 ft (1.3 m) upstream from a joint between adjacent barrier
segments. This impact point also evaluates vehicle snag on tapered tubes.

Moreover, the simulations indicated that the impact point at 669.3 in. (17,000 mm)
upstream from the transition joint would induce relatively large forward deflection of PCB
segments, knee-formation concern, and a large roll angle. Thus, the second CIP for 2270P vehicle
crash testing with test designation no. 3-21 was recommended to be 669.3 in. (17,000 mm)
upstream from the transition joint.

Similarly, the MASH 2016-recommended CIP for rigid concrete barriers impacted by an
1100C small car is 3.6 ft (1.1 m) upstream from a joint between adjacent barrier segments to
evaluate the vehicle snag and rollover upon approaching a joint between the segments. Thus, for
the current study, a CIP for test designation no. 3-20 with an 1100C small car was recommended
to be 3.6 ft (1.1 m) upstream from a joint between adjacent barrier segments. This impact point
also evaluates vehicle snag on tapered tubes. The MASH 2016 TL-3 test matrix for evaluation of
the transition is shown in Table 12.

Table 12. MASH 2016 TL-3 Test Matrix for Evaluation of Transition

Vehicle Speed Angle .
Test No. Designation mph Deg. Impact Point

321 2270P 62 25 CIP1-4.3 ft (1.3 m) Upstream from
Transition Joint

391 2270P 62 25 CIP 2- 55.7 ft (1'7'm) Upstream from
Transition Joint

320 1100C 62 25 CIP1-3.6 ft (1.'1 m) Upstream from
Transition Joint
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9 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

This research focused on development and analysis of a crashworthy transition between
the reduced-deflection PCB and free-standing PCB through engineering analysis and LS-DYNA
computer simulation. First, HSS 5x5x¥4 tubes along the sides of the reduced-deflection system
were tapered down to match the surface of the free-standing PCB segments at a 1:6 lateral-to-
longitudinal rate to reduce the potential for vehicle snag. When investigating the transition without
proper changes in barrier stiffness, a number of impact points revealed a “knee-shape” that formed
in the free-standing PCB system, which allowed a PCB segment to deflect forward and contact the
pickup truck’s door. The knee strike on the vehicle’s door showed a tendency to increase vehicle
instability as observed in test no. NELON-2 [22]. In this crash test, a knee formed, contacted the
vehicle’s door, and induced excessive roll, which was not captured in the Finite Element Analysis
(FEA) simulations.

Several design concepts were investigated through LS-DYNA simulations to mitigate the
concern of knee formation and provide a safe transition from the reduced-deflection PCB system
to the free-standing PCB system. These concepts included: adding one HSS 3Y2x3Y%2xY4 tube at one
joint (Joint no. 1) as well as at two joints (Joint Nos. 1 and 2); adding one HSS 3'4x3":x% tube at
two joints (Joint Nos. 1 and 2); utilizing one HSS 3%x3Y2x¥s tube with one HSS 2Y%2x2Y2x¥%s tube
inside; and using a stack of two HSS 3Y2x1Y2x¥4 tubes. The simulations with an HSS 3%2x1Y2x%s
tube at two joints had lateral ORAs 10 to 20 percent less than observed in the simulations with a
tube at one joint. Adding tubes at two joints created a smoother redirection as more barrier
segments were engaged throughout the impact region. Also, concerns for vehicle snag and a knee
hitting the vehicle’s door were decreased. Also, based on this numerical study, it was believed that
a minimum of eight free-standing barrier segments would be needed upstream from the transition
joint (Joint no. 1 first joint with tube).

The concept of adding an increased stiffness (HSS 32x3%x%) tube at the base of the two
joints located upstream from the reduced-deflection PCB system was selected due to the improved
transition performance in terms of less knee contact with the vehicle’s door and decreased barrier
deflection as compared to the option with a thinner tube spacer (HSS 2%2x2Y2x¥%s). Although all
concepts of adding one HSS 3'2x3%x% tube and dual tubes at Joint nos. 1 and 2 indicated a
promising improvement in the vehicle and barrier performance in terms of decreased potential of
vehicle snag, decreased ORAs, smoother vehicle redirection, and mitigation of knee formation,
the option of one tube was preferred over dual tubes due to ease of installation.

Further simulations with different impact points were performed to determine the CIPs for
full-scale crash testing of the selected design. The MASH 2016-recommended impact point for
test designation no. 3-21 is 4.3 ft (1.3 m) upstream from the joint between adjacent barrier
segments to evaluate vehicle snag on both the PCB joint as well as the tapered steel tube. In
addition, the impact points farther upstream from the reduced-deflection system, including at 511.8
in. (13,000 mm) through 820.9 in. (20,850 mm), had larger deflections and larger roll and pitch
angles. The impact point at 669.3 in. (17,000 mm) upstream from the transition joint had the
maximum roll angle (18.5 deg.), a dynamic deflection of 83 in. (2,208 mm), and the knee contacted
the vehicle’s door. Based on previous PCB crash testing with a knee forming between adjacent
PCBs and the highest roll angle in the simulations, there may be a need to evaluate this impact
condition and evaluate the risk of vehicle instability due to the knee contact. For test designation
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no. 3-21, two impact locations may be critical, one 4.3 ft (1.3 m) upstream from the transition joint
(MASH 2016-recommended CIP) and one 55.7 ft (17 m) upstream from the transition joint. For
test no. 3-20 with an 1100C car, the MASH 2016-recommended CIP is 3.6 ft (1.1 m) upstream
from a joint between adjacent barrier segments.

Therefore, it was recommended to conduct three full-scale crash tests, two with test
designation no. 3-21 using a 2270P pickup truck vehicle with impact points 4.3 ft and 55.7 ft (1.3
m and 17 m) upstream from the joint between adjacent barrier segments and one with test
designation no. 3-20 with an 1100C passenger car with an impact point 3.6 ft (1.1 m) upstream
from a joint between adjacent barrier segments, as shown in Figure 43.

Based on the numerical study that was performed to develop a transition design between
the free-standing PCB and the reduced-deflection PCB system, it is believed that the concept of
tapering the end section of the HSS 5x5x3/16 continuous tubes along the reduced-deflection PCB
segments and adding an HSS 3'4x3"x% tube at the base of the two joints located upstream from
the reduced-deflection PCB system would provide a smooth and safe transition, mitigate the knee
contact with the vehicle’s door, decrease the barrier deflection, and have high potential to pass the
MASH 2016 safety criteria.

Additional research is required to finalize the transition design, including the preparation
of details for the spacer tube and connection between the flared box-beam tube and the PCB
segments to minimize the vehicle snag.
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