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1 INTRODUCTION

The use of the divided highway separated by a median area has been a valuable safety feature
in modern roadway design. The median allows a safe recovery area for errant vehicles to come to
rest without impeding upon oncoming traffic. It is possible, however, that the median is not always
a safe zone for vehicle recovery. Many roadway structures are built in the median such as bridge
supports, drainage structures, and large sign supports. These structures present undue hazards to
errant vehicles traveling in the median area.

The three main treatments that have been used in the protection against median hazards are
crash cushions, open guardrails, and closed guardrail envelopes. Bridge piers are often treated by
surrounding them with rigid barriers and placing crash cushions on each end. This alternative is very
short and therefore reduces the number of run-off-road accidents to a minimum. Unfortunately, this
type of treatment is very costly and therefore is hard to justify for most median situations. Another
popular treatment involves using open guardrail envelopes. This design incorporates long runs of
guardrail upstream from the hazards. Although this alternative is less expensive than crash cushion
designs, the long runs of guardrail generate many guardrail related accidents, and when used in
narrow medians, the backside of the guardrails can become a major hazard. Enclosed guardrail
envelopes, commonly called bullnose systems, involve wrapping a semi-rigid guardrail system
completely around the hazards. These designs are smaller and therefore generate fewer guardrail
accidents. Further, bullnose designs are generally the least costly alternatives. Unfortunately,
bullnose guardrail designs have never met current safety standards. This report describes the
continued effort to develop a new bullnose guardrail design that will meet modern safety standards.

The objective of this rescarch project was to continue development and evaluation of a



bullnose guardrail system that meets the Test Level 3 (TL-3) safety performance criteria provided
in National Cooperative Highway Rescarch Program (NCHRP) Report No. 350, Recommended
Procedures for the Safety Performance Evaluation of Highway Features (1). Phases I and Il of the
design process were covered in previous reports (2,3). Phase | included two full-scale crash tests
which provided information for redesign and computer simulation of the bullnose barrier system.
The initial design concept from Phase | was subjected to two full-scale crash tests, tests MBN-1 and
MBN-2. Test MBN-1 was a head-on impact involving a 2000-kg pickup truck, while test MBN-2
was a one-quarter offset, head-on impact using an 820-kg small car. The results of those tests are
shown in Table 1. Although only one of the two tests was successful, these tests demonstrated that
the bullnose barrier concept had potential but required further development to meet the impact safety
standards.

Phase Il of the bullnose barrier system design consisted of the continued development of the
bullnose barrier through computer simulation and testing to meet the NCHRP Report No. 350
requirements for test 3-31, a head-on impact of a 2000-kg pickup truck. Two full-scale tests, test
MBN-3 and MBN-4, were performed for a head-on impact of a 2000-kg pickup truck with the
bullnose at a target speed and angle of 100 km/h and 0 degrees, respectively. Test MBN-3 failed due
to fracture of the guardrail. A successful computer simulation model of test MBN-3 was created in
LS-DYNA and was used to investigate the failure in greater detail. Results of the simulation paired
with other information led to the bullnose design being changed by the addition of a pair of steel
cables behind the nose section to contain the impact vehicle. The modified bullnose design was then
simulated in LS-DYNA with positive results which cleared the way for a repeat of the previous

failed test. Test MBN-4 was run successfully with controlled containment of the impact vehicle. The



Table 1. Summary of Safety Performance Evaluation for Tests MBN-1 and MBN-2 (Phase I)

Evaluation Evaluation Criteria Ten Test
Factors MBN-1 MBN-2
Structural C. Acceptable test article performance may be by redirection, controlled penctration, or u s
Adequacy controlled stopping of the vehicle.
D. Detached elements, fragments or other debris from the test article should not s s
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 that
could cause serious injuries should not be permitted.
. m&h“ﬂmh:q-ﬂdhwﬁmnmm:nﬂ s S
Occupant Risk tchi ing are acceptable
H. Occupant impact velocities should satisfy the following: 5 S
Dn:qnmtl-pﬂ\"dodtyl.hiu{-ﬂ]
Component Maximum
Longitudinal and 'J 12
Lateral
I Occupant ride down accelerations should satisfy the following: § S
Occupant Ride down Acceleration Limits (G's)
Component Preferred Maximum
Longitudinal and 15 20
Lateral
K. After collision it is preferable that the vehicle's trajectory not intrude into adjacent s s
Vehicle traffic lanes.
Trajectory
N. Vehicle trajectory behind the test article is acceptable. u s
S - (Satisfactory)

U - (Unsatisfactory)




results of tests MBN-3 and MBN-4 are shown in Table 2. Completion of Phase [I of the bullnose
project finished with test MBN-4; however, there remained a large amount of development before
a successful design could be realized. The final design from Phase II is shown in Figure 1.

Phase 11 of the bullnose median barrier development continued the progression of the barrier
design through a series of five addi!i;:}nat full-scale crash tests and a parallel simulation effort. These
full-scale crash tests followed the NCHRP Report No. 350 requirements for tests 3-32, 3-33, and 3-
38. Data from all five crash tests was collected, analyzed, and documented. Conclusions and
recommendations were then made with regards to the safety performance of the bullnose barrier
terminal. Computer simulation of the testing using LS-DYNA was successfully used to analyze and
predict the performance of the bullnose design. The following sections of this report document the
Phase 111 development, computer simulation modeling, testing, and evaluation of the bullnose barrier

terminal concept.



Table 2. Summary of Safety Performance Evaluation for Tests MBN-3 and MBN-4 (Phase [1)

Evaluation Evaluation Criteria Test Test
Factors MEBN-3 MBN-4
Structural C Acceptable test article performance may be by redirection. controlled penetration, or u S
controlled stopping of the vehicle.
D. Detached elements, fragments or other debris from the test article should not s s
penetrate or show potential for penetrating the occupant compartment, or
present an undue hazard 10 other traffic, pedestrians, or personnel in a work
zone. Deformations of, or intrusions into, the occupant compartment that
Risk F. The vehicle should remain upright during and after collision although moderate roll, 5 s
e pitching, and yawing are acceptable.
H. Occupant impact velocities should satisfy the following: § 5
Occupant Impact Velocity Limits (m/s)
Component Preferred Maximum
Longitudinal and 9 12
Lateral
l Occupant ride down accelerations shoulld satisfy the following: 5 5
Occupant Ride down Acceleration Limits (G's)
Component Preferred Maximum
Longitudinal and 15 20
Lateral
K. After collision it is preferable that the vehicle's trajectory not intrude into adjacent S S
Vehicle traffic lanes.
Trajectory
N Viehicle trajectory behind the test article is acceptable. u S
S - (Satisfactory)

U - (Unsatisfactory)
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2 BARRIER DESIGN
2.1 Phase 111 Barrier Design

The design layout for test MBN-5 was unchanged from the final design developed in Phase
II. A detailed discussion of the entire bullnose barrier as it was used for test MBN-5 is presented
below.

2.2 Nose Section Design

Afier reviewing the Pooled Fund member states’ bullnose standards, a 4,500-mm wide
design was selected for use in the current study. The shape of the nose section was chosen after an
analysis of prior bullnose (4-8) and short radius guardrail designs (9-14). The nose section was
formed using one 1,580-mm radius curved section of guardrail with one 10,400-mm radius curved
section attached to each end of the nose section, The overall shape was chosen using simple curves
to simplify the design and fabrication of the rail. The curve radii were sized based on ease of
fabrication as well as to maintain the design width of the system.

The front-end section of the bullnose barrier was designed without a post at the centerline
of the nose since the end post tends to rotate back after impact, often creating a potential for the
vehicle to vault over the rail. It was determined that a nose section without the centerline post would
have sufficient structural strength to maintain the shape of the rail without sagging while not causing
a vehicle vaulting hazard.

2.3 Barrier Design Details

The complete layout of the bullnose barrier system used for the test MBN-5 is shown in

Figure 2. A one-half barrier system was designed for testing purposes 1o limit costs and time of

construction. The bullnose barrier was 4,500-mm wide by 20,144-mm long. The bullnose system
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was constructed with twenty-two wood posts with eleven posts positioned on each side of the
system. The first two posts on each side of the system were 140-mm wide by 190.5-mm deep by
1830-mm long Breakaway Cable Terminal (BCT) posts set in Sequential Kinking Terminal (SKT)
(15) foundation tubes with soil plates and ground line channel strut. Post no. | on each side of the
barrier used no blockout while post no. 2 on each side used a 1 50-mm wide by 200-mm deep by 360-
mm long thrie blockout. Post no. 3 on each side of the system was a BCT post set in a SKT
foundation tube without a bearing plate. Posts nos. 4 and 5 on each side of the barrier were 1980-mm
long CRT posts. The next four posts along both sides of the bullnose barrier were standard 150-mm
wide by 200-mm deep by 1,980-mm long wood posts spaced 1,905-mm apart, as shown in Figure
2. Each of these posts uses a 1 50-mm wide by 200-mm deep by 360-mm long thrie blockout to space
the rail away from the post. The top mounting height of the rail was 804 mm, as measured from the
ground surface. Posts nos. 3 through 9 had a soil embedment depth of 1,153 mm. The last two posts
on each side of the bullnose barrier were 140-mm wide by 190.5-mm deep BCT posts set in
foundation tubes without soil plates but with a ground line channel strut.

A modified ground strut, as shown in Figure 3 and positioned between post nos. | and 2 on
each side of the system, was designed to compensate for the curve of the nose section. The ground
strut was altered by angling the upstream yoke of the strut 12.2 degrees.

A cable anchor system was used between post nos. 1 and 2 on each side of the system in
order to develop the tensile strength of the thrie beam guardrail downstream of the post no. 2. A
reverse cable anchor system was used between post nos. 11 and 12 to replicate the rail strength of
an actual installation. This setup was used for testing purposes only in order to simulate the effects

of a complete bullnose barrier system with both halves connected. All guardrail used in the bullnose
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barrier consisted of 12-gauge steel thrie beam. Eleven 3,810-mm long sections of thrie beam were
spliced together with a standard lap splice on each interior end. The first three rail sections were cut
with slots in the valleys. The nose section of the rail consisted of a 3,810-mm long section bent into
a 1,580-mm radius, as shown in Figure 4. The nose section bends were prefabricated with the these
radii. The nose section was cut with slots in the valleys to aid in vehicle capture, as shown in Figure
5. There were six primary 700-mm long slots centered about the midspan of the rail, three in each
valley. The primary slots were divided from one another by 25-mm wide slot tabs. Eight additional
smaller 230-mm long slots, four on each end of the rail section, were also cut with a 50-mm wide
slot tab between them. All slots were 25-mm wide. The second rail section on each side was bent
to form a 10,400-mm radius curve, as shown in Figure 4, These sections were cut with a different
pattern of slots, as shown in Figure 6. There were nine 290-mm long slots in each valley. A 100-mm
wide slot tab separated each slot. The slot pattern for the third rail section on each side consisted of
two sets of six 300-mm long slots centered between post slots, as shown in Figure 7. The slots were
separated by 250-mm wide slot tabs, which provided three slots per valley between posts.

The Phase 11 development of the bullnose barrier system found that it was necessary to add
a set of steel cable retention devices to contain impacting vehicles in the event of rail fracture. A
4.38-m long by 15.9-mm diameter cable was added behind the top and middle humps of the nose
section of thrie beam rail. A 7 x 19 cable was chosen such that one of the two cables was capable
of containing the impacting vehicle. Cables were only placed behind the first rail section because it
was the only section that had failed in previous testing. It was believed that the rail sections after the
nose section would be active in containing the vehicle, and therefore, the use of longer cable lengths

was deemed unnecessary. The cables were attached to the guardrail using three U-bolts per cable to
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fix the cables behind the top and middle humps of the thrie beam. The ends of each cable were fitted
with 73-mm diameter “Cold Tuff” buttons and clamped between formed steel plates located at the
guardrail splice at post no. 1 on each side. The “Cold Tuff" buttons are swaged-grip button ferrules.
As such, any similarly sized swaged-grip button ferrule could be substituted into the design. The
cable plate and the cable assembly detail are shown in Figure 8.

Photographs of the assembled bullnose median barrier for test MBN-5 are shown in Figures

9 through 10.
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Figure 9. Bullnose Barrier Design, Test MBN-3
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Figure 10. Bullnose Barrier Design, Test MBN-5
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3 TEST REQUIREMENTS AND PERFORMANCE EVALUATION CRITERIA

3.1 Test Requirements

Terminals and crash cushions, such as bullnose barriers, must satisfy the requirements
provided in NCHRP Report No. 350 (1) in order to be accepted for use on new construction projects
or as a replacement for existing barriers not meeting current safety standards. The bullnose barrier
is defined as a gated barrier and must fulfill the requirements for gated barriers. A gating device is
one designed to allow controlled penetration of the vehicle when impacted between the beginning
and the end of the length of need. According to NCHRP Report No. 350, terminals and crash
cushions must be subjected to seven full-scale vehicle crash tests, four using a 2000-kg pickup truck
and three using an 820-kg small car. The required 2000-kg pickup truck crash tests are: (1) Test 3-31,
a 100 km/h impact at a nominal angle of 0 degrees on the tip of the barrier nose; (2) Test 3-33,a 100
km/h impact at a nominal angle of 15 degrees on the tip of the barrier nose; (3) Test 3-35, a 100
km/h impact at a nominal angle of 20 degrees on the beginning of the Length-of-Need (LON); and
(4) Test 3-39, a 100 km/h impact at a nominal angle of 20 degrees on a point at the length of the
terminal divided by two. The required 820-kg small car crash tests are: (1) Test 3-30, a 100 km/h
impact at a nominal angle of 0 degrees on the tip of the barrier nose with a 1/4 point offset; (2) Test
3-32, a 100 km/h impact at a nominal angle of 15 degrees on the tip of the barrier nose; (3) Test 3-
34, a 100 km/h impact at a nominal angle of 15 degrees on the Critical Impact Point (CIP). A
diagram showing the impact location for the seven crash tests is shown in Figure 11.

Tests nos. 3-30 and 3-31 were successfully completed in the course of Phase | and Phase 1
of the bullnose median barrier project. During Phase 111, full-scale crash tests of test designations

nos. 3-32, 3-33, 3-34, and 3-35 were planned for this report. These tests were planned to further
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develop the bullnose design concept from Phase II as well as to fulfill the safety requirements set
forth in NCHRP Report No. 350. The results of these tests would be used to obtain information for
calibrating computer models, evaluating the feasibility of the design concept for the other required
impact conditions, and obtaining information for future design modifications and improvements.
3.2 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 barrier to contain, redirect, or allow controlled
vehicle penetration in a predictable manner. Occupant risk evaluates the degree of hazard to
occupants in the impacting vehicle. Vehicle trajectory after collision is a measure of the potential for
the post-impact trajectory of the vehicle to cause subsequent multi-vehicle accidents, thereby
subjecting occupants of other vehicles to an undue hazard or to subject the occupants of the
impacting vehicle to secondary collisions with other fixed objects. These three evaluation criteria
are defined in Table 3. The full-scale vehicle crash tests were conducted and reported in accordance

with the procedures provided in NCHRP Report No. 350.
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Table 3. NCHRP Report 350 Evaluation Criteria for 2000P Pickup Truck and 820C Small Car Tests

Evaluation Evaluation Criteria Applicable
Faciors Tests
A. Test article should contain and redirect the vehicle; the vehicle should not
penetrate, underride, or override the installation although controlled lateral 3-35
deflection of the test article is acceptable.
Structural 3-30
Adequacy 3-31
C. Acceptable test article performance may be by redirection, controlled 3-32
penetration, or controlled stopping of the vehicle. 3-33
3-34
3-39
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 ALL
zone, Deformations of, or intrusions into, the occupant compartment that
could cause serious injuries should not be permitted.
F. The vehicle should remain upright during and after collision although ALL
moderate roll, pitching, and yawing are acceptable.
Oc ¢ H. Oceupant impact velocities should satisfy the following: 3-30
;‘.’s':;c““ Occupant Impact Velocity Limits (m/s) 3-31
: Component Preferred Maximum 3-32
Longitudinal and 9 12 3-33
Lateral 3-34
p 4 i . 3-30
L. Oceupant ridedown accelerations should satisfy the following: 331
Occupant Ridedown Acceleration Limits (G's) 3.32
omponent Preferred Maximum 333
Longitudinal and 15 20
3-34
Lateral
K. After collision it is preferable that the vehicle's trajectory not intrude into ALL
adjacent traffic lanes.
L. The occupant impact velocity in the longitudinal direction should not exceed 3.35
12 m/sec and the occupant ridedown acceleration in the longitudinal direction
= 3-39
should not exceed 20 G’s.
Vehiel M. The exit angle from the test article preferably should be less than 60 percent 1.35
o of'the test impact angle, measured ai the time the vehicle lost contact with the
Trajectory St 3-39
evice.
3-30
3-31
N.  Vehicle trajectory behind the test article is acceptable. -
3-34
3-39
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4 TEST CONDITIONS

4.1 Test Facility

The testing facility is located at the Lincoln Air-Park on the NW end of the Lincoln
Municipal Airport and is approximately 8.0 km N'W of the University of Nebraska-Lincoln. The site
is protected by a 2.44-m high chain-link security fence.
4.2 Vehicle Tow and Guidance System

A reverse cable tow system with a 1:2 mechanical advantage was used to propel the test
vehicles. The distance traveled and the speed of the tow vehicle are one-half that of the test vehicle.
The test vehicle was released from the tow cable before impact with the guardrail system. A digital
speedometer was located in the tow vehicle to increase the accuracy of the test vehicle impact speed.

A vehicle guidance system developed by Hinch (16) was used to steer the test vehicle. A
guide-flag, attached to the front-left wheel and the guide cable, was sheared off before impact. The
9.5-mm diameter guide cable was tensioned to approximately 13.3 kN, and supported laterally and
vertically every 30.48 m by hinged stanchions. The hinged stanchions stood upright while holding
up the guide cable, but as the vehicle was towed down the line, the guide-flag struck and knocked
each stanchion to the ground. The vehicle guidance system was approximately 457.2-m long for the
2000-kg pickup tests and 313.9-m long for the small car tests.
4.3 Test Vehicles

For test MBN-5, a 1993 Chevy 2500 Y-ton pickup truck was used as the test vehicle. The
test inertial and gross static weights were 2039 kg. The test vehicle and vehicle dimensions are
shown in Figure 12.

For test MBN-6, a 1992 GMC 2500 %-ton pickup truck was used. The test inertial and gross
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Dale: 8/12/98

Make: Chevy

Tire Size: LT 2&5,{ /5R16 Year: 1993

Test Number: MBN-5

Vehicle 1.D.§: 1CBGCI4K3IPER02772
103500

*(all Measurements Refer to Impocling Side)

Modael:

2000P

Odometer:

Vehicle Geomelry — mm

r —— c_ 5531 o__1321
T - PN = —|' = 3327 P 813
t L rr— _T_ o g__ 738 h__1414
1 “ I i 470 J 692
ke 227 l 730
oscceleroneters
/ £ Tire dia o 1992 p IQZ
Q762 = r__445
s 489 t 1835
h Wheel Center Heighl Front 375

Wheel Cenler Heighlt Rear

368

Wheel Well Clearance (FR) 940

Wheel Well Cleorance (RR) 940
Engine Type _V—6 gasoline

Weights

- kg Curb Test Inerlial Gross Staotic
Wiront 1188 1173 1173
Woeqr . 904 866 866

Viglal —2092 2039 2039

Mote ony domage prior to leslk:
reor drivers well small dent, dented

Figure 12. Vehicle Dimensions, Test MBN-5
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Engine Size

9.7 L

Transmission Type:

(Aulomatic) or Manual
FWD or (BWD) or 4WD

tailgate, drivers door small dent/scratch



static weights were 2031 kg. The test vehicle and vehicle dimensions are shown in Figure 13.

For test MBN-7, a 1992 Chevy 2500 Yi-ton pickup truck was used. The test inertial and gross
static weights were 2036 kg. The test vehicle and vehicle dimensions are shown in Figure 14.

For test MBN-8, a 1992 GMC 2500 %-ton pickup truck was used. The test inertial and gross
static weights were 2033 kg. The test vehicle and vehicle dimensions are shown in Figure 15.

For test MBN-9, a 1996 Ford Festiva small car was used. The test inertial and gross static
weights were 829 kg and 904 kg, respectively. The test vehicle and vehicle dimensions are shown
in Figure 16.

The Suspension Method was used to determine the vertical component of the center of
gravity for the test vehicles. This method is based on the principle that the center of gravity of any
freely suspended body is in the vertical plane through the point of suspension. The vehicle was
suspended successively in three positions, and the respective planes containing the center of gravity
were established. The intersection of these planes pinpointed the location of the center of gravity.
The longitudinal component of the center of gravity was determined using the measured axle
weights. The locations of the final centers of gravity are shown in Figures 12 through 21.

Square, black and white-checkered targets were placed on the vehicle to aid in the analysis
of the high-speed film, as shown in Figures 17 through 21. One target was placed on the center of
gravity on the driver's side door, the passenger’s side door, and on the roof of the vehicle, The
remaining targets were located for reference so that they could be viewed from the high-speed
cameras for film analysis.

The front wheels of the test vehicle were aligned for camber, caster, and toe-in values of zero

50 that the vehicles would track properly along the guide cable. Two 5B flash bulbs were mounted
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Figure 18. Vehicle Target Locations, Test MBN-6
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on both the hood and roof of the vehicles to pinpoint on high-speed film the time of impact with the
guardrail system. The flash bulbs were fired by a pressure tape switch mounted on the front face of
the bumper. A remote-controlled brake system was installed in the test vehicle so the vehicle could
be brought safely to a stop afier the test.

4.4 Data Acquisition Systems

4.4.1 Accelerometers

One triaxial piezoresistive accelerometer system with a range of £200 G's was used to
measure the acceleration in the longitudinal, lateral, and vertical directions at a sample rate of 10,000
Hz. The environmental shock and vibration sensor/recorder system, Model EDR-4M6, was
developed by Instrumented Sensor Technology (IST) of Okemos, Michigan and includes three
differential channels as well as three single-ended channels. The EDR-4 was configured with 6 Mb
of RAM memory and a 1,500 Hz lowpass filter. Computer software, "DynaMax 1 (DM-1)" and
"DADiISP" were used to digitize, analyze, and plot the accelerometer data.

A backup triaxial piezoresistive accelerometer system with a range of 200 G's was also used
to measure the acceleration in the longitudinal, lateral, and vertical directions at a sample rate of
3,200 Hz. The environmental shock and vibration sensor/recorder system, Model EDR-3, was
developed by Instrumented Sensor Technology (IST) of Okemos, Michigan. The EDR-3 was
configured with 256 Kb of RAM memory and a 1,120 Hz lowpass filter. Computer software,
"DynaMax 1 (DM-1)"and "DADiSP" were used to digitize, analyze, and plot the accelerometer data.

4.4.2 Rate Transducers

A Humphrey 3-axis rate transducer with a range of 250 deg/sec in each of the three directions

(pitch, roll, and yaw) was used to measure the rates of motion of the test vehicle for test MBN-5. For
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tests MBM-6 through MBN-9, a Humphrey 3-axis rate transducer with a range of 360 deg/sec in each
of the three directions (pitch, roll, and yaw) was used. The rate transducers were rigidly attached to
the vehicles near the center of gravity of the test vehicle. Rate transducer signals, excited by a 28 volt
DC power source, were received through the three single-ended channels located externally on the
EDR-4M6 and stored in the internal memory. The raw data measurements were then downloaded
for analysis and plotting. Computer software, "DynaMax 1 (DM-1)" and "DADISP" were used to
digitize, analyze, and plot the rate transducer data.

4.4.3 High Speed Photography

For test MBN-5, five high-speed 16-mm Red Lake Locam cameras, with operating speeds
of approximately 500 frames/sec, were used to film the crash test. A Locam with a wide angle
12.5-mm lens was placed 17.09-m above the test installation to provide a field of view perpendicular
to the ground. A Locam with a zoom lens was placed 59.35-m downstream from the impact point
and had a field of view parallel to the barrier. Another Locam with a zoom lense was placed 35.16-m
downstream and offset 24.2 m to the left of the barrier to provide an additional viewing angle of the
crash test. A fourth Locam was placed 7.68-m downstream of the nose of the barrier and offset 8.23
m to the right with a field of view perpendicular to the barrier. The final Locam was placed 5.82-m
downstream and offset 15.45 m to the left with a field of view perpendicular to the installation. A
schematic of the five high speed camera locations for test MBN-5 is shown in Figure 22,

For test MBN-6, four high-speed 16-mm Red Lake Locam cameras, with operating speeds
of approximately 500 frames/sec, were used to film the crash test. A Locam with a wide angle
12.5-mm lens was placed 18.81-m above the test installation to provide a field of view perpendicular

to the ground. A Locam with a zoom lens was placed 38.41-m downstream from the impact point
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and had a field of view parallel to the barrier. Another Locam was placed 17.07-m upstream and
offset 12,19 m to the left of the barrier to provide an additional viewing angle of the crash test. The
fourth Locam was placed 11.5-m downstream of the nose of the barrier and offset 16.15 m to the
right with a field of view perpendicular to the barrier. A schematic of the four high speed camera
locations for test MBN-6 is shown in Figure 23.

For test MBM-7, four high-speed 16-mm Red Lake Locam cameras, with operating speeds
of approximately 500 frames/sec, were used to film the crash test. A Locam with a wide angle
12.5-mm lens was placed 18.81-m above the test installation to provide a field of view perpendicular
to the ground. A Locam with a zoom lens was placed 38.41-m downstream from the impact point
and had a field of view parallel to the barrier. Another Locam was placed 17.07-m upstream and
offset 12,19 m to the left of the barrier to provide an additional viewing angle of the crash test. The
fourth Locam was placed 11.5-m downstream of the nose of the barrier and offset 16.15 m to the
right with a field of view perpendicular to the barrier. A schematic of the four high speed camera
locations for test MBN-7 is shown in Figure 24.

For test MBN-8, six high-speed 16-mm Red Lake Locam cameras, with operating speeds of
approximately 500 frames/sec, were used to film the crash test. A Locam with a wide angle 12.5-mm
lens was placed 18.64-m above the test installation to provide a field of view perpendicular to the
ground. A Locam with a zoom lens was placed 40.23-m downstream from the impact point and had
a field of view parallel to the barrier. Another Locam was placed 17.07-m upstream and offset 12.19
m to the left of the barrier to provide an additional viewing angle of the crash test. The fourth Locam
was placed 11.5-m downstream of the nose of the barrier and offset 13.72 m to the right with a field

of view perpendicular to the barrier. A fifth and sixth Locam were placed 3.87-m and 7.11-m
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downstream and offset 2.74 m and 3.05 m to the right, respectively, with a field of view
perpendicular to the installation. A schematic of the six high speed camera locations for test MBN-8
is shown in Figure 25.

For test MBN-9, five high-speed 16-mm Red Lake Locam cameras, with operating speeds
of approximately 500 frames/sec, were used to film the crash test. A Locam with a wide angle
12.5-mm lens was placed 18.29-m above the test installation to provide a field of view perpendicular
to the ground. A Locam with a zoom lens was placed 61.83-m downstream and offset 16.57 m to
the left from the impact point and had a field of view parallel to the barrier. Another Locam was
placed 17.07-m upstream and offset 12.19 m to the left of the barrier to provide an additional
viewing angle of the crash test. A fourth Locam was placed 6.71 m to the right of the impact point
with a field of view perpendicular to the barrier. The final Locam was placed 36.58-m to the left of
the impact point with a field of view perpendicular to the installation. A schematic of the five high
speed camera locations for test MBN-9 is shown in Figure 26.

The film was analyzed using the Vanguard Motion Analyzer. Actual camera speed and
camera divergence factors were considered in the analysis of the high-speed film.
4.4.4 Pressure Tape Switches

For tests MBN-5 through MBN-9, five pressure-activated tape swilches, spaced at 2-m
intervals, were used to determine the speed of the vehicle before impact. Each tape switch fired a
strobe light which sent an electronic timing signal to the data acquisition system as the left-front tire
of the test vehicle passed over it. Test vehicle speeds were determined from electronic timing mark
data recorded on "Test Point" software. Strobe lights and high-speed film analysis are used only as

a backup in the event that vehicle speeds cannot be determined from the electronic data.
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S CRASH TEST MBN-5

5.1 Test MBN-5

Test MBN-5 was conducted according to the NCHRP Report No. 350 test 3-33 impact
conditions, The 2,039-kg pickup truck impacted the bullnose barrier with the centerline of the
vehicle aligned with the nose, as shown in Figure 27, and at a speed of 103,0 km/h and at an angle
of 13.4 degrees. A summary of the test results and the sequential photographs are shown in Figure
28. Additional sequential photographs are shown in Figure 29. Full-scale crash documentary
photographs are shown in Figures 30 and 31.
5.2 Test Description

Following the initial impact with the pickup truck, the thrie beam rail immediately began to
flatten across the front of the pickup truck and deform inward. At 0.068 sec after impact, the left
front of the truck impacted post no. 1 on the right side. At the same time, the bottom hump of the
thrie beam guardrail was pushed under the front wheels of the truck. As the pickup penetrated further
into the barrier, post no. 1 on the right side fractured, as the beam wrapped around the post at 0.093
sec. At 0.110 sec, post no. 1 on the left side fractured and the guardrail on the left side bowed
outward, pulling away from post no. 2. The pickup truck then continued to penetrate into the system,
impacting post no. 2 on the left side and breaking it, thus causing the front grill of the truck to
detach. After post no. 2 fractured, a buckle in the guardrail formed at the location of post no.2 on the
left side due to the bowing of the guardrail. The rail continued to bow outward as the truck
penetrated into the system. At 0.210 sec, post no. 3 on the left side was broken as it was impacted
by the left-front corner of the pickup truck. Post no. 2 on the right side was subsequently broken as

the guardrail wrapped around the post. At 0.307 sec, post no. 4 on the left was broken after impact
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with the front of the pickup truck. Shortly afterward, the pickup truck impacted the back side of the
thrie beam guardrail near post no. 4 on the left side and pushed it outward. At 0.569 sec, the pickup
truck continued to decelerate, hitting and breaking post no. 5 on the lefi side. The motion of the truck
continued to push a large section of the guardrail outward and to the left, thus forming a large kink
in the rail near post no. 4 on the left side. This action formed a sizeable wedge of guardrail on the
left side of the barrier. The pickup truck continued to move forward, breaking post nos. 6 and 7 on
the left side and coming to a stop as the front of the vehicle reached post no. 8 at 0.906 sec after
impact. At this time, the wedge of guardrail had been pushed perpendicular to the centerline of the
guardrail. The trajectory of the pickup truck during the crash test and the final position of the vehicle
are provided in Figure 32.
5.3 Vehicle Damage

Vehicle damage was moderate, as shown in Figure 33, The front bumper and the front of the
pickup truck were crushed inward across the entire front width of the vehicle. The bumper crushed
inward at the center and was folded around the supports at the end of the frame rails. The radiator
of the truck was flattened. There was very little engine movement which occurred during the impact.
The left-front fender of the pickup truck was bent down and forward. The lower section of the left
door was dented and scratched and was slightly ajar. The left-front tire was cut and deflated. There
was no significant rim damage. The front tire on the right side was not damaged and remained
inflated. The right-front fender was crushed down and forward due to the barrier impact. A small
amount of buckling and gouging occurred at the lower rear of the fender and the lower front of the
right-side door. A quarter sized hole and scrape were made on the right side of the pickup truck box

slightly in front of and above the wheel well. There was no crushing of the pickup truck's interior
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occupant compartment.
5.4 Barrier Damage

Barrier damage was extensive, as shown in Figures 34 through 36. Most of the post damage
occurred on the left side of the system. A total of ten posts in the system were fractured. Six of the
BCT posts fractured at the hole near the base of the post. Post nos. 1 through 3 on both sides of the
barrier were broken in this manner. On the left side of the barrier, CRT post no. 4 was broken at the
top hole while post no. 5 was broken at the bottom hole. Posts nos. 6 and 7 on the left side were also
broken at ground level.

The damage to the thrie beam guardrail in the system consisted of buckling and tearing of
the guardrail. Major buckles in the rail were formed around post nos. 4 and 7 on the left side of the
barrier. Minor tearing of the rail occurred around post nos. 1 and 2 on both sides of the barrier.
Additional tearing was observed 508-mm upstream of post no. 2 on the left side of the system. Major
tearing was also observed in the nose section of the system. The top hump of the rail was ripped
through the entire hump in the nose section beginning 330-mm right of the centerline of the nose,
while the bottom hump of the rail in the nose was completely disengaged from the main piece of
guardrail. No damage of the cables or the cable plates was found. The maximum longitudinal
permanent set deflection of the rail was 11.3-m downstream of the nose of the barrier.

5.5 Occupant Risk Values

The longitudinal and lateral occupant impact velocities (OI'V) were determined to be 6.22
m/s and 1.03 m/s, respectively. The maximum 0.010-sec average occupant ridedown deceleration
(ORD) in the longitudinal and lateral directions were 10.53 g’s and 7.06 g’s, respectively. It is noted

that the occupant impact velocities and occupant ridedown decelerations were within the suggested
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limits provided in NCHRP Report No. 350. The results of the occupant risk data are summarized in
Figure 28. Results are shown graphically in Appendix A. The results from the rate transducer are
also shown graphically in Appendix A.

5.6 Discussion

Following test MBN-5, a safety performance evaluation was conducted, and the bullnose
barrier design was determined to be acceptable for the test 3-33 impact condition according to
NCHRP Report No. 350 criteria. The bullnose barrier successfully contained and stopped the test
vehicle in a controlled manner. Detached elements and debris from the test article did not penetrate
or show potential for penetrating the occupant compartment. There was no deformation of, or
intrusion into, the occupant compartment that could have caused serious injury. The vehicle
remained upright during and after collision and the vehicle’s trajectory did not intrude into adjacent
traffic lanes. Vehicle trajectory behind the test article was acceptable as the test vehicle was captured
in the median area behind the bullnose. The occupant impact velocities and ridedown accelerations
were within the suggested limits imposed by NCHRP Report No. 350.

The results of this test were cause for redefining the gating/non-gating status of the barrier
as well as adjustment of the appropriate test matrix for evaluation of the design. Originally, the
bullnose barrier had been defined as a gating system. A gating device is one that is designed to allow
controlled penetration of the vehicle when impacted between the beginning and the end of the length
of need. Test MBN-5 showed that the bullnose is actually a non-gating terminal as it captured and
contained the impacting pickup truck rather than allowing it to penetrate through the barrier. Based
on this result, the bullnose barrier system was redefined as a non-gating system. By definition, a

non-gating device is one that is designed to contain and redirect a vehicle when impacted
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downstream from the nose of the device. Due to the reclassification of the barrier, the NCHRP

Report No. 350 test matrix was revised. The modified test matrix is discussed in Section 6.
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Figure 30. Full-Scale Crash Test MBN-5
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Figure 31. Full-Scale Crash Test MBN-5
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Figure 32. Vehicle Trajectory, MBN-5




Figure 33. Vehicle Damage, Test MBN-5
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Figure 36. Barrier Damage, Test MBN-5
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6 REVISED TEST REQUIREMENTS AND PERFORMANCE EVALUATION
CRITERIA
6.1 Test Requirements

Due to the results from test MBN-5, the bullnose median barrier system was redefined as a
non-gating design and therefore must fulfill the NCHRP Report No. 350 evaluation criteria for a
non-gating device. As mentioned previously, a non-gating device is one that is designed to contain
and redirect a vehicle when impacted downstream from the end of the device. Terminals and crash
cushions must satisfy the requirements provided in NCHRP Report No. 350 (1) in order to be
accepted for use on new construction projects or as a replacement for existing barriers not meeting
current safety standards.

According to NCHRP Report No. 350, terminals and crash cushions must be subjected to
eight full-scale vehicle crash tests, five using a 2000-kg pickup truck and three using an 820-kg small
car. The required 2000-kg pickup truck crash tests for a Test Level 3 (TL-3) device are: (1) Test 3-
31, a 100 km/h impact at a nominal angle of 0 degrees on the tip of the barrier nose; (2) Test 3-33,
a 100 km/h impact at a nominal angle of 15 degrees on the tip of the barrier nose; (3)Test 3-37,a 100
km/h impact at a nominal angle of 20 degrees on the beginning of the LON (Length-of-Need); (4)
Test 3-38, a 100 km/h impact at a nominal angle of 20 degrees on the Critical Impact Point (CIP);
and (5) Test 3-39, a 100km/h reverse direction impact at an angle of 20 degrees one half of the LON
from the end of the terminal. The required 820-kg small car crash tests for a TL-3 device are: (1)
Test 3-30, a 100 km/h impact at a nominal angle of 0 degrees on the tip of the barrier nose with a %-
point offset; (2) Test 3-32, a 100 km/h impact at a nominal angle of 15 degrees on the tip of the

barrier nose; and (3) Test 3-36, a 100 km/h impact at a nominal impact angle of 15 degrees on the
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beginning of the LON. A diagram showing the impact location for the eight crash tests is shown in
Figure 37. It is noted that the Critical Impact Point (CIP) mentioned above is defined for non-gating
terminals as the point along the installation where it unknown whether the guardrail will capture the
impacting vehicle or redirect it.

Previous testing in Phases I and Il of this research successfully completed tests 3-30, 3-31,
and 3-33. The remainder of Phase III testing was focused on tests 3-32 and 3-38. The next full-scale
test of the bullnose median barrier, test MBN-6, was chosen to be NCHRP 350 test 3-38. This test
consists of a 2000-kg pickup truck impact at 100 km/h and 20 degrees and at the CIP of the system.
6.2 Evaluation Criteria

Ewaluation 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 terminal to contain, redirect, or allow controlled
vehicle penetration in a predictable manner. Occupant risk evaluates the degree of hazard to
occupants in the impacting vehicle. Vehicle trajectory after collision is a measure of the potential for
the post-impact trajectory of the vehicle to cause subsequent multi-vehicle accidents, thereby
subjecting occupants of other vehicles to undue hazard or to subject the occupants of the impacting
vehicle to secondary collisions with other fixed objects. These three evaluation criteria are defined

in Table 4.
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Figure 37. NCHRP 350 Test Matrix for Non-Gating Systems



Table 4. NCHRP Report 350 Evaluation Criteria for 2000P Pickup Truck and 820C Small Car Tests

Evaluation Evaluation Criteria Applicable
Factors _ . Tests |
A Test article should contain and redirect the vehicle: the vehicle should not penetrate, 3-36
underride, or override the installation although controlled lateral deflection of the test 3-37
article is nccepuuble. 3-38
Structural 3-30
Adequacy 3-31
. Acceplable test article performance may be by redirection, controlled penetration, or 332
controlled stopping of the vehicle, 3313
3-19
D. Detached elements, fragments or other debris from the test articlke should not
penetrate or show potential for penetraling the occupant compartment, of presenl an
undue hazard to other traffic, pedestrians, or personnel in a work zone. Deformations ALL
of, or intrusions into, the occupant compartment that could cause serious injuries
should not be permitied.
F. The vehicle should remain upright during and after collision although moderate roll, ALL
| pitching, and yawing ure acceptable.
H 0 i locities should satisfy the following; e
Oecupant ; ccupant impact velocities should satisfy the following: 331
Risk Occupant Impact Velocity Limits (m/s) 3.32
Component Preferred Maximum 133
Longitudinal and 9 12 3.36
Lateral
1. Occupant ridedown accelerations should satisfy the following: ;3?
Occupant Ridedown Acceleration Limits (G's) RS
Component Preferred Maximum 333
Longitudinal and 15 20 3.36
Lateral
K. After collision it is preferable that the vehicle's trajectory not intrude into adjacent ALL
traffic lanes.
L. The occupant Impact velocity in the longitudinal direction should not exceed 12 g;;
m/sec and the occupant ridedown aceeleration in the longitudinal direction should not ]-]9
exceed 20 G's, E
3-36
Vehicle : 3-37
Traject M. The exit angle from the test article preferably should be less than 60 percent of the 3.38
test impact angle, measured ot the time the vehicle lost contact with the device. 3.39
3-30
3-31
N.  Vehicle trajectory behind the test article is acceptable. S
3-39
——  ——
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7 CRASH TEST MBN-6

7.1 Test MBN-6

Test MBN-6 was conducted according to NCHRP Report No. 350 test 3-38 impact
conditions. The 2,03 1-kg pickup truck impacted the bullnose barrier with the lefi-front corner of the
vehicle aligned midway between posts nos. 1 and 2 on the right-side of the barrier, as shown in
Figure 38, at a speed of 101.5 km/h and an angle of 20.4 degrees. A summary of the test results and
the sequential photographs are shown in Figure 39. Additional sequential photographs are shown in
Figure 40. Full-scale crash documentary photographs are shown in Figures 41 and 42. It is noted that
the bullnose system design used for test MBN-6 remained unchanged from the configuration used
in test MBN-5.
7.2 Test Description

Following the initial impact with the pickup truck, the thrie beam rail immediately began to
deform inward. At 0.041 sec after impact, post no. 2 on the right side fractured due to the impact
with the left front of the pickup truck, thus allowing the guardrail to deflect inward considerably.
Subsequently, the left-front tire of the pickup truck rode up and over the ground line strut and
snagged on post no. 2, causing the tire to rotate counter clockwise into the guardrail. As the pickup
penetrated farther into the barrier, it impacted and fractured post no. 3 on the right side at 0.089 sec.
However, post no. 3 did not detach from the guardrail but instead remained attached to the rail,
pulling the guardrail downward as it fractured. The top of the guardrail displaced back laterally
farther than the botiom of the rail, thus forming a ramp for the tire to climb up and over. The lefi-
front tire began to ride up the ramp formed by the deformation of the rail at 0,105 sec. By 0.153 sec,

the lefi-front tire was on top of the thric beam. Subsequently, post no. 4 on the right side fractured;
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however, it remained attached to the guardrail and pulled it downward in a similar manner to post
no. 3. The right-front tire rode up the broken post no. 4 and onto the rail. At 0.253 sec, the entire
front of the pickup truck had ridden up and over the top of the rail. The back wheel then traveled up
and over the guardrail near post no. 2 on the right side. The pickup truck became completely airborne
and lost contact with the guardrail at 0.384 sec. At 1.110 sec after impact, the truck returned to the
ground, just clearing the installation and landing on its side. The truck slid to a stop 35.1-m
downstream of the end of the installation. The trajectory of the pickup truck during the crash test and
the final position of the vehicle are provided in Figure 43.
7.3 Vehicle Damage

The extensive vehicle damage, occurring as a result of the vehicle vaulting over the system
upon impact, is shown in Figure 44. Significant undercarriage damage was observed on the vehicle
along with extensive body damage. There was also considerable crushing of the pickup truck's
interior occupant compartment. It is noted that it is difficult to determine the amount and extent of
the damage caused by interaction with the guardrail as opposed to damage caused with vehicle
vaulting and subsequent rollover of the vehicle.
7.4 Barrier Damage

Barrier damage was moderate, as shown in Figures 45 through 47. All of the post damage
occurred to the right side of the system. The first five posts on the right side of the system were
fractured. Although post no. 1 was split down the centerline, starting at the top and ending at the top
of the foundation tube, it did not break away completely. BCT post nos. 2 and 3 fractured through
the holes at ground level. CRT post no. 4 was broken at the bottom hole. The fracture of post no. 5

was observed at both the top and bottom holes in the post. The bolts attaching post no. 4 and 5 to the
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guardrail did not pull through the rail and remained in place during the impact.

The damage to the thrie beam guardrail in the system was moderate due to the limited
interaction of the impact vehicle with the system prior to vaulting. No major tearing of the guardrail
was observed. Buckles in the rail were formed 279-mm upstream of post no. 1 and at post no. 6 on
the right side of the barrier. The thrie beam between post nos. 1 through 6 was deformed and pushed
down. No damage of the cables or the cable plates was found.

7.5 Occupant Risk Values

The longitudinal and lateral occupant impact velocities (OIV) were determined to be 6.22
m/s and 2.41 m/s, respectively. The maximum 0.010-sec average occupant ridedown deceleration
(ORD) in the longitudinal and lateral directions was 2.08 g's and 4.46 gs, respectively. It is noted
that the occupant impact velocities and occupant ridedown decelerations, as determined by the
vehicle contact with the barrier before rollover, were within the suggested limits provided in NCHRP
Report No. 350. The results of the occupant risk data are summarized in Figure 39. Results are
shown graphically in Appendix B. A rate transducer malfunction prevented rate transducer data from
being collected in test MBN-6.

7.6 Discussion

Following test MBN-6, a safety performance evaluation was conducted, and the bullnose
barrier design was determined to be unacceptable for the test 3-38 impact condition according to the
NCHRP Report No. 350 criteria. The bullnose barrier failed to contain and stop the test vehicle in
a controlled manner due to the vehicle override and vaulting. Detached elements and debris from the
test article did not penetrate or show potential for penetrating the occupant compartment. As a result

of vehicle rollover, there was significant deformation of, or intrusion into, the occupant compartment
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that could have caused serious injury. The vehicle did not remain upright during and after collision,
and the vehicle’s trajectory likely intruded into adjacent traffic lanes. Vehicle trajectory behind the
test article was unacceptable as the test vehicle vaulted and became airborne in the median area
behind the bullnose.

The failure of test MBN-6 to meet all of the safety performance criteria was directly
attributed to the vaulting of the pickup truck. The pickup truck rode up the guardrail between post
nos. 2 through 4 on the right side of the system. Two factors were believed to have attributed to the
vehicle climbing and vaulting over the system. The first contributing factor which led to the failure
of the system was a lack of sufficient guardrail tension developed upstream of the impact point. A
second factor was that little lateral resistance was provided by the posts as post nos. 3 and 4 fractured
on the right side. As these posts rotated and fractured, they remained bolted to the guardrail and
pulled it down towards the ground. The lack of tension and lateral resistance allowed the pickup
truck to penetrate into the guardrail with increased rail deflection and rotation and without the
vehicle being captured or redirected. This combination turned the guardrail into an effective ramp
for the impacting pickup truck to climb up and vault over.

As a result of the failed test, design changes were necessary to allow the successful
containment or redirection of the pickup truck. This meant that the thrie beam rail would need to
remain upright and functional long enough in order to capture the front of the impacting vehicle, thus
preventing vehicle climbing, vaulting, and rollover. These changes required that the rail tension and
lateral stiffness be increased without adversely affecting the head-on impact performance of either

the pickup truck or small car impacts.
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Figure 38. Impact Location, Test MBN-6
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Figure 39. Summary and Sequential Photographs, Test MBN-6



Figure 40. Additional Sequential Photographs, Test MBN-6
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Figure 41. Full-Scale Crash Test, Test MBN-6
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Figure 42, Full-Scale CrashTest, Test MBN-6

12



tL

Figure 43. Vehicle Trajectory, Test MBN-6




Figure 44. Vehicle Damage, Test MBN-6
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Figure 46. Barrier Damage, Test MBN-6
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Figure 47. Barrier Damage, Test MBN-6
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8 BARRIER MODIFICATIONS (DESIGN FOR MBN-7)

8.1 Modification of Bullnose Design

The bullnose barrier system was modified prior to conducting the third full-scale crash test
of Phase Il1, test MBN-7. The full-scale test results of test MBN-6 demonstrated the importance of
keeping the thrie beam rail upright and functional long enough in order to sufficiently capture the
front of the impacting vehicle and prevent vehicle climbing and vaulting over the system. The failure
of the guardrail in test MBN-6 to remain upright and functional can be attributed to a lack of
sufficient tension in the guardrail upstream of the impact and a lack of lateral resistance in the barrier
system. These factors were believed to have allowed the guardrail to deform and rotate excessively,
and therefore design changes in the bullnose barrier were deemed necessary prior to performing test
MBN-7.

Four modifications were made to the bullnose median barrier prior to conducting test MBN-
7. These changes were intended to strengthen the guardrail in the area of the critical impact point
without sacrificing the ability of the nose of the system to safely bring the previously tested head-on
impacts to a controlled stop. First, the third post on each side of the system was changed froma BCT
post to a CRT post. Second, two CRT posts were also added to each side of the system. The two new
posts were placed midway between post nos. 2 and 3 and midway between post nos. 3 and 4 in the
previous design. These posts were added in order to increase the lateral resistance in the barrier
system, thus increasing the rails ability to capture and contain the impacting vehicle. Thirdly, the
SKT soil tubes used with post nos. 1 and 2 were changed to standard, non-proprietary foundation
tubes to eliminate any perceived conflicts in their use in the final design. The final modification was
made to the second section of thrie beam rail. The addition of new posts to the system made it
necessary to change the slot pattern in rail section no, 2 in order to allow for proper connection of

the rail to the posts. The modified design is shown in Figures 48 through 50.
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9 CRASH TEST MBN-7

9.1 Test MBN-7

Test MBN-7 was conducted according to the NCHRP 350 test 3-38 impact conditions which
are the same conditions used in test MBN-6. The 2,036-kg pickup truck impacted the bullnose
barrier with the left-front corner of the vehicle aligned midway between post nos. 1 and 2, as shown
in Figure 51, and at a speed of 100.0 km/h and at an angle of 24.9 degrees. A summary of the test
results and the sequential photographs are shown in Figure 52. Additional sequential photographs
are shown in Figure 53. Full-scale crash documentary photographs are shown in Figure 54,
9.2 Test Description

Following the initial impact with the pickup truck, the thrie beam rail immediately began to
deform inward. At 0.026 sec after impact, the left front of the pickup truck impacted post no. 2 on
the right side, causing it to deflect backward. The middle front of the pickup hit post no. 3 just as
post no. 2 fractured at 0.052 sec. As the pickup penetrated farther into the barrier, post no. 4 on the
right side was fractured as the front of the pickup truck impacted it at 0.104 sec. At 0.123 sec, post
no. 1 on the right side fractured due to the lateral loading exerted from the vehicle onto the rail. This
post fracture eliminated the cable anchor as well any as rail tension provided by the cable on that
side. These post failures allowed the thrie beam to move longitudinally with the truck instead of
providing the adequate resistance needed to capture the vehicle. This longitudinal movement allowed
the thrie beam to lay down and rotate backward, thus creating a ramp for the vehicle to climb up and
over the rail instead of capturing and redirecting the vehicle. The lefi-front wheel of the pickup truck
began to travel over the thrie beam near post no. 5 at 0.152 sec. Subsequently, the right-front wheel

traveled over the rail which pulled the truck toward the right. The truck continued to travel up and
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over the rail until 0.597 sec after impact when the right-rear wheel of the pickup truck snagged on
the guardrail while passing over it. This wheel snagging caused the front of the pickup to rotate down
and toward the right. At 0.771 sec, the right-front side of the pickup contacted the ground after the
right-rear tire disengaged from the rail. The momentum of the truck continued forward, rotating the
back of the pickup forward over the right front of the truck, causing the vehicle to cartwheel across
the system. The pickup truck then impacted the left side of the system as it continued to cartwheel,
striking the top of the rail between post nos. 11 and 12 before coming to rest on its side
approximately 5.5 m to the left of the system. The trajectory of the pickup truck during the crash test
and the final position of the vehicle are provided in Figure 535.
9.3 Vehicle Damage

The moderate vehicle damage, occurring as a result of the vehicle vaulting over the system
and rolling over upon impact, is shown in Figure 56. Minor undercarriage damage was observed on
the vehicle. The right side of the front bumper was bent inward and around the frame rails. Minor
buckling of the right-front fender was also found. The right front of the frame was bent significantly;
however, it was believed that this damage occurred during the rollover event and not during the
impact with the guardrail. There was no crushing or damage to the pickup truck's interior occupant
compartment. It is noted that it is difficult to determine the amount and extent of the damage caused
by interaction with the guardrail as opposed to damage caused with vehicle vaulting and subsequent
rollover of the vehicle.
9.4 Barrier Damage

Barrier damage was extensive, as shown in Figures 57 through 59. All of the post damage

occurred to the right side of the system. The first seven posts on the right side of the system were
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fractured. BCT post nos. 1 and 2 fractured through the hole at ground level. CRT post no. 3 broke
at the bottom hole, while CRT post no. 4 was fractured cleanly at the top hole. The fracture of post
no. 5 was observed near the bottom hole in the post, while CRT post nos. 6 and 7 broke through the
top hole near ground level.

The damage to the thrie beam guardrail in the system was more significant than was observed
in test MBN-6 due to the improved vehicle interaction with the guardrail. Buckling of the rail on the
right side occurred at three locations - 254-mm upstream of post no. 1, midway between post nos.
6 and 7, and near post no. 8. Buckling of the rail on the left side occurred at post no, 1. Tearing of
the guardrail was observed upstream of post no. 1 on the right side of the barrier as well as in the top
hump of the rail at two locations 381-mm upstream and 127-mm downstream of post no. 2. Major
tearing of all three humps occurred 381-mm downstream of post no. 6 on the right side. The top of
the guardrail was dented between post nos. 11 and 12 on the left side of the barrier when the vehicle
rolled over. No damage to the cables or the cable plates was found.

9.5 Occupant Risk Values

The longitudinal and lateral occupant impact velocities (OIV) were determined to be 7.44
m/s and -1.38 m/s, respectively. The maximum 0.010-sec average occupant ridedown deceleration
(ORD) in the longitudinal and lateral directions was 7.01 g's and 5.79/-5.57 g’s, respectively. It is
noted that the occupant impact velocities and occupant ridedown decelerations, as only determined
by the vehicle contact with the barrier before rollover, were within the suggested limits provided in
NCHRP Report No. 350. The results of the occupant risk data are summarized in Figure 52. Results
are shown graphically in Appendix C. The results from the rate transducer are also shown graphically

in Appendix C.
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9.6 Discussion

Following test MBN-7, a safety performance evaluation was conducted, and the bullnose
barrier design was determined to be unacceptable for the test 3-38 impact conditions according to
the NCHRP Report No. 350 criteria. The bullnose barrier failed to contain and stop the test vehicle
in a controlled manner due to the vehicle override and vaulting. Detached elements and debris from
the test article did not penetrate or show potential for penetrating the occupant compartment. There
was no significant deformation of, or intrusion into, the occupant compartment that could have
caused serious injury. The vehicle did not remain upright during and after collision, and the vehicle’s
trajectory likely intruded into adjacent traffic lanes. Vehicle trajectory behind the test article was
unacceptable as the test vehicle vaulted and became airborne in the median area behind the bullnose.

The failure of test MBN-7 to meet all of the safety performance criteria was directly
attributed to the vaulting of the pickup truck. The pickup truck rode up the guardrail near post no.
5 on the right side of the system. The cause of the vaulting of the pickup truck in test MBN-7 was
similar to what was observed during test MBN-6. Two factors were believed to have attributed to
the vehicle climbing and vaulting over the system. The first contributing factor which led to the
failure of the system was a lack of sufficient guardrail tension developed upstream of the impact
point. After the failure of post no.1 and the accompanying loss of the cable anchorage, there was not
sufficient tension in the guardrail to safely redirect and contain the vehicle. A second factor was that
insufficient lateral resistance was provided by the fractured posts fractured on the right side of the
barrier. The lack of tension and lateral resistance allowed the pickup truck to penetrate into the
guardrail with increased rail deflection and rotation and without the vehicle being captured or

redirected. This combination turned the guardrail into an effective ramp for the impacting pickup
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truck to climb up and vault over,

As a result of the failed test, design changes were necessary to allow the successful
containment or redirection the pickup truck. This meant that the thrie beam rail would need to remain
upright and functional long enough in order to capture the front of the impacting vehicle, thus
preventing vehicle climbing, vaulting, and rollover. These changes required that the rail tension and
lateral stiffness be increased without adversely affecting the head-on impact performance of either
the pickup truck or small car impacts. Subsequently, computer simulation modeling of the previous
two failures was performed in order to investigate the design flaws in the bullnose system as well

as to investigate potential solutions.
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Figure 51, Impact Location, Test MBN-7
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Figure 52. Summary and Sequential Photographs, Test MBN-7

0.773 sec

Vehicle Angle

DOREE oo snmiinioh dinaseaiens i 0]

BB o b e i e NA
Vehiche SMBRINE .. ovvivsrsrrsransress s NORE
Vehicle Stability . ...... Unsatisfuctory/Rollover
Orecupant Ridedown Dcmlmiunilumsac m“

Longitudinal . . Wb ki S0 g's

Lateral (not n:qulrrd]n ............ 5.10/-557g's
Oecupant Impact Y elocity

Longitudinal ... ., 0uviivannccaea. T4 MS

Lateral {not required) ... .... -1.38 mis
Vehicle Damage ......occoviiiimnananass Moderate (Rollover)

7.1 1 o — |

SRR, ovvrisnsianney coo NA
Vehicle Stopping Distance . ................ 16.35 m downstream

7.74 m left of centerline
Barrier Damage ........ivviiianassesn.. Extensive mil damage and
seven fractured posts

Maximum Deflections

- T R R——— T}

DN - o i ... NA



0.000 sec

Figure 53. Additional Sequential Photographs, Test MBN-7
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Figure 55, Vehicle Trajectory, Test MBN-7
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Figure 56. Vehicle Damage, Test MBN-7
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Figure 58. Barrier Damage, Test MBN-7



Figure 59. Barrier Damage, Test MBN-7
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10 COMPUTER SIMULATION

10.1 Introduction

Nonlinear finite element analysis (FEA) using LS-DYNA (19) was performed to analyze and
evaluate the bullnose system throughout its development. Previously, the FEA application for the
frontal impact scenario was described in the Phase II report (3). This section describes the FEA
application for the critical impact point (CIP) scenario. The previous failures of test nos. MBN-6 and
MBN-7 had established the difficultly of impacting the CIP, and it was hoped that simulation could
aid the search for a possible solution.
10.2 Transition from Frontal to CIP

To simulate the CIP scenario, the frontal impact model had to be converted to a model
suitable for impacts along the side of the bullnose. This transition required a considerable amount
of modeling effort. Since this mﬂduiing effort did not directly contribute to the analysis and design,
it will not be documented in this section. However, from a modeling viewpoint, there was much
gained by this transition modeling effort and thus, a conference paper was published documenting
the work (20). A copy of that conference paper is attached as Appendix D.
10.3 MBN-6 Simulation and Analysis

MBN-6 was the CIP impact with a 2000-kg truck at 100 km/h and at 20 degrees. During the
test, the rail began to roll over, forming a ramp which caused the truck to ride up and over the
system. Simulating this event was the first step in the analysis. The CIP model and MBN-6
simulation of the event is shown in Figure 60. From the front-end view, it can be seen that the rail
has rolled over, and the truck begins to climb up the rail.

By careful inspection of the simulation results, it was determined that the tire/suspension
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Figure60. MBN-6 Simulatior
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system influenced the truck ride up the rail due to the tire impacting the ground line strut. A cut away
view of this behavior is shown in Figure 61, Examination and comparison of overhead views of both
the MBN-6 simulation and full-scale testing showed that when the vehicle reaches post no. 3 the
rail rollover becomes evident, as shown in Figure 62. When the baseline model is modified by
removing the ground line strut and replacing post nos. 1 and 2 with longer posts, the tire-strut
interaction is eliminated. Simulation results of this modified model shows noticeable improvement
in the rail behavior, as shown in Figure 63.
10.4 Design Modifications

In addition to the ground line strut being removed, three additional modifications were made
to the bullnose system model to improve its performance for the CIP impact. First, half-post spacing
was used between original post nos. 1 and 4. This change added three new posts to each side of the
system. Second, chamfered blockouts were used to improve the ability of the rail to wrap around the
top of the tire and thus, get improved interlocking between the rail and the vehicle, as shown in
Figure 64. Finally, double blockouts were used to reduce tire snag as well as to hold the rail higher
for longer time as the post rotates during the impact. This is shown in Figure 65.
10.5 Final Design Simulation

Before running full-scale test MBN-8, the design modifications were made to the LS-DYNA
model. The modified model is shown in Figure 66. Results indicated that the new design would
safely capture the truck, as shown in Figure 67, Recall that the CIP test is defined as the impact
condition where it was not known whether the bullnose would capture or redirect the vehicle.

Physical testing later verified these results.
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Figure 61. Ground Strut Influences Tire Behavior
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Figure 62. MBN-6 Top View - Test and Simulation
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Figure 63. No Strut Simulation - Rail Does Not Roll Over
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Figure64. ChamferedlockoutAllows Rail to Wrap Around Tire
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Figure 64. Chamfered Blockout Allows Rail to Wrap Around Tire
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Figure 65. Double Blockout Reduces Tire Snag
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Figure 66. Model of Modified Design for Test MBN-8

104



Figure67. Modified DesignindicatesCaptureof Vehicle
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Figure 67. Modified Design Indicates Capture of Vehicle
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11 BARRIER MODIFICATIONS (DESIGN FOR MBN-8)
11.1 Modification of Bullnose Design

The bullnose barrier system was modified prior to conducting the fourth full-scale crash test
of Phase Il1, test MBN-8. The full-scale test results of test MBN-7 and the computer simulation
discussed in the previous section led to several modifications to the bullnose barrier design that were
aimed at improving its safety performance in the CIP impact test.

Four modifications were made to the bullnose median barrier for test MBN-8. First, the
second post on each side of the system was changed from a CRT post to a BCT post. Second, an
additional BCT post with a single blockout was also added to each side of the system. The new post
was placed midway between post nos. 1 and 2 in the previous design. These two posts were added
in order to increase the lateral resistance in the barrier system, thus increasing the rail’s ability to
capture and contain the impacting vehicle. Changes were also made to the blockouts used in the
design. Post nos. 3 through 8 on both sides of the barrier were fitted with double blockouts in order
to reduce wheel snag. In addition, the outside blockout on post nos. 2 through 8 were chamfered 25
degrees on the front face, beginning at the post bolt hole and continuing to the bottom. The purpose
of the chamfered blockouts was to allow the thrie beam to fold back and wrap around the front tire
of the impacting vehicle, thus aiding in vehicle capture. The final modification to the bullnose design
was the removal of the ground line strut between post nos. 1 and 2 in the previous design. The
ground line strut removal eliminated the interaction between the left-front vehicle tire and the ground
line strut, thus reducing the potential for the vehicle to climb and vault the rail. The modified design
is shown in Figures 68 through 70.

It was decided that the fourth test of Phase 111 would be a repeat of test nos. MBN-6 and
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Figure 69. Bullnose Design, Test MBN-8
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Test MBN-8

1]

Figure 70. Bullnose Design
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MBN-7 in order to prove that the modified design was capable of capturing a 2000-kg pickup truck

impact occurring at the critical impact point,
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12 CRASH TEST MBN-8

12.1 Test MBN-8

Test MBN-8 was conducted as a rerun of test nos. MBN-6 and MBN-7 with the design
modifications specified in Section 11, The 2,033-kg pickup truck impacted the bullnose barrier, as
shown in Figure 71, at a speed of 99.8 km/h and at an angle of 21.5 degrees in a similar location to
that used in test nos. MBN-6 and MBN-7. A summary of the test results and the sequential
photographs are shown in Figure 72, Additional sequential photographs are shown in Figure 73. Full-
scale crash documentary photographs are shown in Figures 74 and 75.
12.2 Test Description

Following the initial impact with the pickup truck, the thrie beam rail immediately began to
deform inward. At 0.031 sec after impact, the left front of the pickup truck impacted CRT post no.
3 on the right side, causing it to fracture. At 0.066 sec after impact, post nos. 2 through 4 on the right
side had broken. As the pickup penetrated farther into the barrier, post nos. 5 and 6 on the right side
broke due to the impact with the front of the pickup truck. At 0.143 sec, post no. 1 on the right side
fractured as the rail wrapped around it, thus eliminating the cable anchor at post no.l as well.
However, unlike in tests MBN-6 and MBN-7, the guardrail system had adequate lateral stiffness and
tension to allow the capture of the bumper and front wheels of the pickup truck prior to the loss of
the cable anchor and upstream posts. As a result, the guardrail did not drop nor rotate backward as
much as was observed in the previous two tests. As the pickup truck continued its rapid deceleration,
the back wheels started to rise off of the ground at 0.296 sec. At 0.371 sec, the guardrail wrapped
around post no. 1 on the left side of the barrier and broke it on the right side of the barrier system.

In addition, the guardrail formed a right angle at post no. 8, causing the front bumper and wheels of
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the pickup truck to be completely captured. At 0.703 sec, the pickup truck was nearly stopped when
post no. 2 on the left side broke. By approximately 0.801 sec, the guardrail, which had been pulled
taul at post no. 3 on the left side and post no. 8 on the right side, brought the forward motion of the
pickup to a complete stop and caused the back end of the pickup truck to pitch into the air. At 1.43
sec, the back of the vehicle returned to the ground. The pickup truck came to rest after traveling
longitudinally 10.18 m into the system. The trajectory of the pickup truck during the crash test and
the final position of the vehicle are provided in Figure 76.
12.3 Vehicle Damage

Vehicle damage was moderate, as shown in Figure 77. The majority of the damage to the
pickup truck occurred below the hood line. The front bumper and front end of the pickup truck were
crushed inward across the entire width of the vehicle. The engine radiator was also flattened. The
pickup truck’s engine was shifted and twisted due to deformations to the front of the frame. The
drive shaft was disengaged during the impact. The left-front fender of the pickup truck was bent
down and inward around the left tire. The left-front tire was turmed outward and pushed back into
the wheel well. The tie rod on the left side was sheared off, and the front frame horn on the left side
was bent almost 90-degrees downward. The front wheel on the right side was tore off during impact
with the barrier. The right-front fender was crushed inward and downward due to the barrier impact.
Minor cracking and chipping of the frame behind the right-front wheel was also observed. There was
no crushing of the pickup truck's interior occupant compartment.
12.4 Barrier Damage

Barrier damage was extensive, as shown in Figures 78 through 80. Most of the post damage

occurred to the right side of the system. Nine posts in the system were fractured. BCT post no. 1 on
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the left side broke through the hole at ground line, while post no. 2 partially fractured but did not
break off completely. On the right side, BCT post nos. 1 and 2 and CRT post nos. 3 and 4 were
broken at the hole at ground level. CRT post nos. 5 through 7 on the right side fractured through the
bottom hole. Post no. 6 was partially pulled out of the ground. No other posts in the system were
fractured; however, post no. 8 on the right side had over 305 mm of permanent set deflection, as
measured at ground line.

The damage to the thrie beam guardrail in the system consisted of buckling and tearing of
the guardrail. Rail buckling was found on both sides of post no. 2 on the left side of the barrier. The
rail on the right side of the barrier buckled into a 90-degree bend at a locations 305-mm upstream
of post no. 8 and again at post no. 9. Tearing of the tabs for the lower slots on the nose section of
guardrail occurred 381 mm on each side of centerline. The middle hump of guardrail was torn 457-
mm downstream of post no.7 on the right side of the system and beginning at the slot tab. No
damage to the cables or the cable plates was found. The maximum longitudinal permanent set
deflection of the rail was 10.2-m downstream from the nose of the barrier.

Finally, it should be noted that several large pieces of barrier debris were dislodged during
impact and deposited a significant distance from the barrier. A large piece of BCT post no. 1 on the
right side of the barrier fractured off and was sent into the air, landing approximately 12.2-m to the
left of post no. 7 on the left side of the system. Two pieces of wood blockouts from unidentified
posts were also dislodged during impact, landing 57.9-m to the left of post no. 14 on the lefi side of
the system.

12.5 Occupant Risk Values

The longitudinal and lateral occupant impact velocities (OI'V) were determined to be 8.90
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m/s and 2.39 nV/s, respectively. The maximum 0.010-sec average occupant ridedown deceleration
(ORD) in the longitudinal and lateral directions was 10.90 g’s and 3.05/-7.82 g's, respectively. It is
noted that the occupant impact velocities and occupant ridedown decelerations were within the
suggested limits provided in NCHRP Report No. 350. The results of the occupant risk data are
summarized in Figure 72. Results are shown graphically in Appendix E. The results from the rate
transducer are also shown graphically in Appendix E.
12.6 Discussion

Following test MBN-8, a safety performance evaluation was conducted, and the bullnose
barrier design was determined to be acceptable for the test 3-38 impact conditions according to the
NCHRP Report No. 350 criteria. The bullnose barrier successfully contained and stopped the test
vehicle in a controlled manner. Detached elements and debris from the test article did not penetrate
or show potential for penetrating the occupant compartment; however, several sizeable pieces of
debris were detached and may have intruded on opposing traffic lanes. There was no deformation
of, or intrusion into, the occupant compartment that could have caused serious injury. The vehicle
remained upright during and after collision, and the vehicle’s trajectory did not intrude into adjacent
traffic lanes. Vehicle trajectory behind the test article was acceptable as the test vehicle was captured
in the median area behind the bullnose. The occupant impact velocities and ridedown accelerations
were within the suggested limits imposed by NCHRP Report No. 350.

The next full-scale test of the bullnose median barrier, test MBN-9, was chosen in order to
evaluate the NCHRP Report No. 350 impact conditions of test 3-32. This test consists of a 820-kg
small car impacting at a speed of 100 km/h and at an angle of 15-degrees on the nose of the system.

No changes were made to the design of the bullnose median barrier for this test.
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Figure 73. Additional Sequential Photographs, Test MBN-8
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Figure 74. Full-Scale Crash Test MBN-§
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Figure 75. Full-Scale Crash Test MBN-8
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Figure 76. Vehicle Trajectory, MBN-8




Figure 77. Vehicle Damage, Test MBN-8
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Figure 78. Bammer Damage, Test MBN-8
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Figure 79. Barrier Damage, Test MBN-8



Figure 80. Barrier Damage, Test MBN-8
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13 CRASH TEST MBN-9

13.1 Test MBN-9

Test MBN-9 was conducted according to the requirements of NCHRP Report No. 350 test
3-32. The 904-kg small car impacted the nose of the bullnose barrier, as shown in Figure 81, at a
speed of 105.0 km/h and at an angle of 15.7 degrees. A summary of the test results and the sequential
photographs are shown in Figure 82. Additional sequential photographs are shown in Figure 83. Full-
scale crash documentary photographs are shown in Figures 84 and 85. No changes were made to the
design of the bullnose median barrier for this test.
13.2 Test Description

Following the initial impact with the small car, the thrie beam rail immediately began to
deform around the front of the vehicle with the middle and bottom humps capturing the front bumper
and the top hump moving onto the hood. At 0.037 sec after impact, the thrie beam continued to
deform inward as the top hump impacted the hood, dented it, and pushed it backward, causing the
hood to buckle. The top hump of the thrie beam continued to be pushed up underneath the hood,
bending it significantly. As the small car penetrated farther into the barrier, post no. | on the right
side was fractured as the beam wrapped around it at 0.076 sec. At 0.111 sec, post no. 1 on the lefi
side fractured as the rail loaded the post. The rail on the left side of the system bowed outward and
pulled away from post nos. 2 and 3. Shortly thereafter, a buckle in the guardrail near post no. 1 on
the left side was pulled back into the small car, impacting the front-left door and shattering the
window. By 0.163 sec into the impact, post no. 2 on the right side fractured as the rail wrapped
around the post, and post no. 3 on the left side was fractured as it was impacted by the small car. Post

no. 2 on the left side fractured soon afterward as the rail from the opposite side contacted it at 0.204
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sec after impact. At 0.302 sec, post no. 3 on the right side was broken and the vehicle began
decelerating rapidly. The rapid deceleration of the vehicle forced the vehicle to yaw counter
clockwise, causing the back tires to lift off the ground slightly. The guardrail formed a right angle
at post no. 4 on the right side at 0.471 sec. At the same time, the small car continued to slow down
as the guardrail was pulled taut at post no. 4 on both sides of the system. By 0.861 sec after impact,
the small car had been stopped compleiely 6.50 m into the system. The trajectory of the small car
during the crash test and the final position of the vehicle are provided in Figure 86.
13.3 Vehicle Damage

Vehicle damage was moderate, as shown in Figure 87. The engine hood was pushed back and
upward, causing it to bend and fold at several locations. The front end of the small car was crushed
inward across the entire width of the vehicle. The radiator was flattened along with other engine
components near the engine block. Minor bending of the front of the frame was also observed. The
right-front fender was crushed all along its length and pushed back toward the door. The left-front
tire was turned outward and pushed back into the wheel well. The left-front fender was also severely
deformed inward. The left-side door buckled near the front region when it contacted the fender and
was pushed backward. This door buckling caused the left-front window to shatter. Scratching and
denting of the left-side door due to contact with the rail was evident as well. There was no crushing
of the small car’s intertor occupant compartment.
13.4 Barrier Damage

Barrier damage was extensive, as shown in Figures 88 through 89. A total of six posts in the
system were fractured. BCT post nos. 1 and 2 on both sides of the system fractured through the hole

at ground level. CRT post no. 3 on the left side broke at the top hole and was trapped between the
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end of the rail and post no. 4. CRT post no. 3 on the right side fractured at the bottom hole. No other
posts in the system were fractured.

The damage to the thrie beam guardrail in the system consisted of buckled and torn guardrail.
Buckling of the rail on the left side occurred 762-mm upstream of post no. 3. On the right side, the
barrier buckled at post nos. 3 and 4. All of the slot tabs in the nose section of thrie beam guardrail
were torn apart, allowing all three humps of rail to separate. No other significant tearing of the rail
was observed. No damage to the cables or the cable plates was found. The permanent set deflection
of the rail was 6.50-m downstream from the nose of the barrier.

13.5 Occupant Risk Values

The longitudinal and lateral occupant impact velocities (OIV) were determined to be 9.94
m/s and 0.796 m/s, respectively. The maximum 0.010-sec average occupant ridedown deceleration
(ORD) in the longitudinal and lateral directions was 13.86 g’s and 10.55/-11.04 g’s, respectively.
It is noted that the occupant impact velocities and occupant ridedown decelerations were within the
suggested limits provided in NCHRP Report No. 350. The results of the occupant risk data are
summarized in Figure 82. Results are shown graphically in Appendix F. The results from the rate
transducer are also shown graphically in Appendix F.

13.6 Discussion

Following test MBN-9, a safety performance evaluation was conducted, and the bullnose
barrier design was determined to be acceptable for the test 3-32 impact conditions according to the
NCHRP Report No. 350 criteria. The bullnose barrier successfully contained and stopped the test
vehicle in a controlled manner. Detached elements and debris from the test article did not penetrate

or show potential for penetrating the occupant compartment. There was no deformation of, or
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intrusion into, the occupant compartment that could have caused serious injury. The vehicle
remained upright during and after collision, and the vehicle's trajectory did not intrude into adjacent
traffic lanes. Vehicle trajectory behind the test article was acceptable as the test vehicle was captured
in the median area behind the bullnose. The occupant impact velocities and ridedown accelerations

were within the suggested limits imposed by NCHRP Report No. 350.
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Figure 81. Impact Location, Test MBN-9
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Figure 83. Additional Sequential Photographs, Test MBN-9
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Figure 84. Full-Scale Crash Test, Test MBN-9
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Figure 85. Full-Scale Crash Test, Test MBN-9
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Figure 86. Vehicle Trajectory, Test MBN-9




Figure 87. Vehicle Damage, Test MBN-9
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Figure 88. Barrier Damage, Test MBN-9
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Figure 89. Barrier Damage, Test MBN-9
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14 SUMMARY AND CONCLUSIONS

A bullnose median barrier was developed and full-scale crash tested to further develop the
design concept and to provide compliance testing according to federal impact safety standards. Five
crash tests were performed according to Test Level 3 (TL-3) of NCHRP Report No, 350, The results
of the tests are summarized in Table 5. The first test, test MBN-5, was conducted according to the
NCHRP Report No. 350 impact conditions for test 3-33. The test consisted of a 2,039-kg pickup
truck impacting the nose of the barrier at a speed of 103.0 kmv/h and at an angle of 13.4 degrees. This
test was judged acceptable as the bullnose system successfully captured the pickup truck. Oniginally,
the bullnose barrier system was believed to be a gating system, and the test matrix was configured
accordingly. However, test MBN-5 showed that the bullnose system was actually a non-gating
terminal since it contained the vehicle when impacted on the nose of the device and at an angle. This
change in classification required that the test matrix be revised in order to reflect its non-gating
slalus,

The second test, test MBN-6, was conducted according to the NCHRP Report No. 350 test
3-38 impact conditions for non-gating terminals. The test consisted of a 2,031-kg truck impacting
the CIP of the system at a speed of 101.5 km/h and at an angle of 20.4 degrees. Test MBN-6 failed
to meet the NCHRP safety requirements as the pickup truck vaulted over the system and rolled over.
The vaulting of the pickup truck was directly attributed to a lack of tension and lateral stiffness in
the system making the guardrail unable to remain upright and functional long enough to allow the
successful capture of the vehicle. The test resulls were used to make design changes to the bullnose
barrier which were aimed at increasing rail tension and lateral stiffness. These changes were

necessary to effectively capture the front of the vehicle. Modifications consisted of adding two posts
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Table 5. Summary of Safety Performance Evaluation

Evaluation Evaluation Criteria Test Test Test Test Test
Factons MEN-5 | MBN-6 | MBN-7 | MBN-§ | MEN-9
A Test article should contain and redinect the vehicle the vehicle should not penetrate, 5 u u 5 s
underride, or override the installation although controlled lateral deflection of the test anticle
Structural | is scceptable
Adequacy
. Acceptable test article performance may be by redirection, controlled penctration, or 5 u u s s
controlled stopping of the vehicle.
D. Detached clements, fragments or other debris from the test article should not § 5 5 M s
penctrate or show potential for pencirating the occupant compartment, or present
an undue harard 10 other traffic, pedestrians, or personnel in a work zone.
Deformations of, or intrusions into, the occupant compartment that could cause
serious injuries should not be permitted.
F. The vehicle should remain upright during and afier collision although moderate roll, 5 u U s 5
E‘Mm“m
Occupant | H Occupant impact velocitics should satisfy the following: s s s 5 S
Risk Occupant Impact Velocity Limits (m/s)
Compongnt Preferred Maxirmum
Longimdinal and 9 12
Lateral
I Occupant ride down accelerations should satisfy the following: 5 5 5 5 5
Occupant Ride down Acceleration Limits (G's)
LCompongn Preferred Maximum
Longitudinal and 15 20
Lasteral
K After collision it is preferable that the vehicle's irajectory not intrude into adjacent traffic -] u u 5 5
lanes.
L. The occupant impact velocity in the longitudinal direction should bot exceed 12 m's and the ] ] s s 5
Vehicle | occupam ridedown sccelcration in the longitudinal dircction should not exceed 20 G's.
Trajectory
M The exit angle from the test article preferably should be less than 60 percent of the test s 5 s s -1
impact angle, measured al the time the vehicle lost contact with the device.
N, Viehicle trajectory behind the test anticle is acoeptable. ] u u s ]
S - (Satisfactory) M - (Marginal)

U - (Unsatisfactory)




to each side of the system between post nos. 2 and 4 and changing post no. 3 from a BCT posttoa
CRT post.

Test MBN-7 consisted of a retest of test MBN-6 on the modified design using a 2,036-kg
pickup truck. The pickup truck impacted the barrier system at a speed of 100.0 km/h and at an angle
of 24.9 degrees. This test also a failed as the pickup truck vaulted over the guardrail and rolled over.
However, it should be noted that the design modifications showed promise as the pickup truck was
contained and redirected much farther into the system prior to vaulting than was observed in the
previous test. Consequently, there still was not adequate tension and lateral stiffness in the guardrail
system to allow the vehicle to be safely captured.

Computer simulation modeling using LS-DYMNA was then used to analyze the failures of test
nos. MBN-6 and MBN-7 as well as to investigate possible solutions to the problems being
encountered. An investigation of the simulated test results showed that the tire interaction with the
ground line strut could increase the potential for the vehicle and tire to climb up the guardrail and
vault over the system. Simulation of the barrier system with the ground line strut removed showed
a reduced tendency for vehicle climbing and vaulting over the rail. Computer simulation was also
used to examine whether modified blockouts could improve performance. The analysis showed that
double chamfered blockouts reduced tire snag and allowed the lower thrie corrugation to fold back,
thus increasing wheel capture.

Based on the simulation analysis and results from the previous tests, the bullnose barrier was
modified to include the removal of the ground line strut and the addition of doubled chamfered
blockouts at post nos. 2 through 8. A BCT post was also placed at the half-post spacing downstream

from post no. | on each side of the system. A simulation of the modified bullnose system indicated
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that the new design would be capable of capturing the impacting pickup truck.

Testing of the modified design was then continued with test MBN-8, a retest of test nos.
MBN-6 and MBN-7. Test MBN-8 passed the NCHRP Report No. 350 safety requirements for the
test 3-38 impact conditions as the pickup truck was safely captured and contained by the bullnose
barrier.

The final test of the bullnose barrier, test MBN-9, was conducted according to the NCHRP
Report No. 350 test 3-32 impact conditions. For this test, a small car impacted on the nose of the
barrier at a speed of 105.0 km/h and at an angle of 15.7 degrees. No changes were made to the
bullnose design for this test. Test MBN-9 successfully met the NCHRP 350 requirements as the
small car was safely captured and contained by the bullnose barrier.

Throughout the course of the development of the bullnose barrier, a host of modifications
and design changes were made to improve the performance of the system. It was important to
consider the effect that the design changes would have on the behavior of the system with respect
to previously run full-scale compliance tests. A total of three full-scale compliance tests for the
bullnose barrier were not rerun since it was believed that the design changes would not adversely
effect the results from the previous successful tests. These successful tests were test nos. MBN-2,
MBN-4, and MBN-5, which were performed according to the NCHRP Report No. 350 impact
conditions for test nos. 3-30, 3-31, 3-33, respectively.

Test 3-30, which was previously run as test MBN-2, was a Y4-offset small car impact on the
nose of the barrier at a speed of 100 km/h and an angle of 0 degrees. Based on the success of test
MBN-9, a successful test of a small car impact on the nose of the barrier at a speed of 100 km/h and

at an angle of 15 degrees, it is believed that the design changes would not degrade the performance
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of the barrier for test 3-30. Therefore, the researchers believe that it does not need to be rerun.

Test nos. 3-31 and 3-33 were 2000-kg pickup truck impacts that were previously run
successfully as test nos. MBN-4 and MBN-35, respectively. Consideration was given to the possibility
of rerunning those tests after several modifications were made to the barrier design in the course of
subsequent testing. After deliberation, the researchers believed that there was no need to rerun these
tests, because the changes made to the system in order to stiffen the barrier for the C.LLP. impact
would not degrade the performance of the barrier for the head on impacts. It was noted that the
additional posts added to the system in test nos. MBN-8 and MBN-9 stiffened the system; however,
they did not hinder the system performance in test MBN-9, a successful small car impact at an angle
on the nose of the system. The increased stiffness of the system should have even less of an effect
on the pickup truck in test nos. 3-31, and 3-33 than in the small car test no. MBN-9, The use of the
additional modified blockouts should also pose no problem for these tests.

It should also be noted that three of the tests listed in the NCHRP Report No. 350 test matrix
for the bullnose barrier were not conducted. These are the length-of need tests, test nos. 3-36 and 3-
37, and the reverse direction test, test 3-39. The two length of need tests were not conducted because
previous testing has shown that thrie beam guardrail is capable of meeting the length of need
requirements found in the NCHRP 350 impact safety standards. Similarly, the reverse direction
impact test was also left untested. Test 3-39 calls for a reverse direction impact of a 2000-kg pickup
truck on a point at the length of the terminal divided by two. In the case of the bullnose barrier
system, this impact would have been placed near the middle of the straight thrie beam section of the
barrier between post nos. 5 through 14. Thus, based on previous experience with straight thrie beam

guardrail testing, it was believed that test 3-39 was unnecessary.
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The Phase Il development of the bullnose barrier end terminal was successfully completed.
The initial design concept was further developed and successfully tested for all of the necessary

NCHRP Report No. 350 compliance tests.
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15 RECOMMENDATIONS

A bullnose median barrier designed for use in the protection of errant vehicles from median
hazards was successfully crash tested according to the criteria found in NCHRP Report No. 350. The
results of these tests suggest that this design is suitable for Federal-aid highways. However, it should
be noted that any design modifications made to the bullnose barrier require verification through full-
scale vehicle crash testing.

The bullnose barrier system, as shown in Figures G-1 through G-6 in Appendix G, was tested
with a 4,500-mm width to represent a configuration with the minimum system width. As mentioned
previously, a narrow bullnose installation requires tighter guardrail radii and induces much greater
stresses and strains in the guardrail when an impacting vehicle penetrates into the system. The tighter
guardrail radii and higher siresses and strains should lead to greater likelihood of rail rupture and
higher decelerations on impacting vehicles. Therefore, the narrow design was selected for testing as
a worst case installation.

While the focus of this research has been the development of the bullnose barrier for
protection of narrow median hazards such as bridge piers and overhead sign support structures, other
possible applications for the design exist. There are two additional foreseeable field applications for
the bullnose barrier system: (1) the protection of the gap between twin bridges; and (2) gore area
protection. For each of the three bullnose applications, there are installation and design factors that
must be addressed before the design can properly be used in these situations. These additional
considerations will be addressed for each application.

The narrow median hazard situation is the most basic application for the bullnose barrier. An

example of a typical, narrow bullnose barrier used for the protection of bridge piers is shown in
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Figure 90. During the crash testing program, the maximum longitudinal vehicle penetration and
barrier deflection was approximately 15.4-m downstream from post no. 1, as observed in test MBN-
4. In the test, the front of the pickup truck came to rest about one quarter of the way down rail section
no. 6 of the bullnose system. Based on this test deformation, a minimum of 19.125-m of guardrail,
as measured longitudinally, or five sections of guardrail downstream of post no. 1 of the system is
recommended in front of any hazard. The recommended distance is slightly higher than the
maximum observed deflection to provide a factor of safety for the design. It also allows for a whole
number of guardrail sections in front of the hazard.

An additional consideration for the application of the bullnose barrier to a narrow median
hazard situation is the lateral clearance between the tangent segments of the bullnose barrier system
and the face of the hazard. Previous testing conducted by TTI on a thrie beam longitudinal barrier
system found a maximum dynamic deflection of 680 mm (21). Based on this data, the minimum
recommended lateral clearance between the back of the posts and the face of the hazard is 700 mm.

The second major application for the bullnose median barrier is the protection of the gap
between twin bridges on divided highways. This application is more complex than the narrow
median hazard application due to the need to flare the guardrail away from the bridge rail. Since the
width of the bullnose barrier system may be narrower than the width of the median, long sections
of guardrail may be required in order to move the face of the guardrail closer to the roadway edge.
In many instances, the guardrail adjacent to the roadway is within the driver’s shy distance. In this
case, flare rates must be severely limited to avoid affecting vehicle lane placement as traffic
approaches the bridge. Further, although recent research indicates that higher flare rates are actually

more cost beneficial (22), the Roadside Design Guide (23) still recommends very flare rates for high-
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speed roadways, even when the guardrail is outside of the driver’s shy distance.

The median area used to separate divided highways is often 9 m or more wide. Therefore,
this median width may not be easily protected by the 4.5-m wide version of the bullnose median
barrier that was tested. In order to better accommodate larger widths, two wider bullnose barrier
designs were developed, as shown in Figures H-1 through H-3 of Appendix H and Figures I-1
through I-3 of Appendix I. The two wider bullnose designs were created by laterally pushing out the
sides of the system and then modifying the size of the nose section. It is noted that the geometry and
slot patterns of rail section nos. 2 and 3 remained unchanged. For the two new configurations, a
5715-mm long and 7620-mm long section of thrie beam guardrail was bent to form the 2370-mm
and 3 160-mm radii, respectively. A 3810-mm long section of guardrail was used for the nose section
of the system that was crash tested. While the size of the nose section was increased, it was simply
scaled upwards to account for the longer section length and did not change in shape. The new widths
for the widened bullnose designs are 5807 mm and 7283 mm. It is suggested that these widened
systems be used for attachment to twin bridges on a divided highway. The wider bullnose systems
offer economy over the narrow, crash tested design as the potential exists for reduced lengths of
flared guardrail between the bullnose barrier and the bridge rail and transition systems.

No wider designs were developed at this time. The current designs are as wide as the bullnose
can be made without moditying ar;}' rail sections other than the nose or using a nose section of
guardrail that is longer than 7620 mm. It is currently unknown how further widening of the system
would effect the performance of the system. Modification of rail section no. 2 is not advisable due
to the unforseen effects this would have on the system. This curved section aids in the buckling of

the guardrail and may require further testing if modified. Using an even longer section of guardrail
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in the nose potentially presents other problems as well, with the most obvious being the issue of the
added cantilever weight from the additional guardrail. It is also believed that as the bullnose system
is widened the energy absorption of the system changes. The wider systems do not bend the guardrail
through as severe an angle as a narrow system, and the rail loading on the posts as the guardrail
system deforms changes as well. These differences could be significant if the bullnose is widened
further than the alternatives described above.

While the widened bullnose median barrier designs improve the adaptability of the system
to applications across wide medians, an appropriate flare will likely be required in most installations
in order to meet existing bridge rails. The flare rates used for these installations should be obtained
based on guidelines set forth in the AASHTO Roadside Design Guide, or other applicable research.
As mentioned above, crash tests of temporary concrete barriers have shown that the flare rates
presented in the Roadside Design Guide appear to be very conservative. The use of slightly higher
flare rates can greatly reduce the length of the bullnose system without creating a significantly higher
impact angle on the flared sections. It is recommended that the flare begin no sooner than the start
of rail section no. 3. It its believed that flaring the guardrail prior to this first straight section could
aversely affect the performance of the barrier. While the shape of rail section no. 2 should not be
changed, it should be allowable to straighten the end of the section to meet the specified flare rate.
Such a configuration would facilitate a smooth transition from the curved guardrail to the flare. A
schematic of the three bullnose designs applied to a 10-m wide median with twin bridges is shown
in Figure 91.

Another consideration in the twin bridge rail application of the bullnose median barrier is the

length of system required before the attachment of bridge or guardrail transitions. The results from
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Figure 91. Schematic of Double Bridge Rail Installation
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test MBI -8 showed deformation of the thrie beam guardrail as far as the middle of rail section no.
4. This was the farthest distance from the nose of the barrier that deformation of guardrail was
observed in any of the bullnose tests. Due to the importance of guardrail deformation in the proper
energy absorption and performance of the bullnose, it is believed that attachment of any transition
prior to the areas were the thrie beam guardrail deformed in testing could prove detrimental to the
behavior of the system. Therefore, it is recommended that any transitions used in conjunction with
the bullnose median barrier should be placed no closer than the end of rail section no. 4 or 15.17-m
downstream of post no. 1. This should allow for the necessary deformation of the thrie beam
guardrail prior to any transition attached to the system.

The final application of the bullnose barrier system is the protection of gore areas. Similar
design considerations exist for the gore area installations as described in the two previous
applications. The length of the barrier required prior to a hazard or transition section should follow
the guidelines for the double bridge rail and median hazard installations described previously. Flare
guidelines for gore area installations should be the same as those referenced for the twin bridge

application described above.

150



16 REFERENCES

Ross, H.E., Sicking, D.E., Zimmer, R.A, and Michie, ].D., Recommended Procedures for the
Safety Performance Evaluation of Highway Fearures, National Cooperative Highway
Research Program (NCHRP) Report No. 350, Transportation Research Board, Washington,

D.C., 1993.

Bielenberg, B. W., Faller, R. K., Reid, J. D., Rohde, J. R., Sicking, D.L., Keller, E.A.,
Concept Development of a Bullnose Guardrail System for Median Applications, MwRSF
Report No. TRP-03-73-98, Final Report, Submitted to the Missouri Department of
Transportation, Midwest Roadside Safety Facility, May 22, 1998.

Bielenberg, B. W, Faller, R. K., Reid, J. D., Rohde, J. R., Sicking, D.L., Keller, E.A.,
Holloway, J. C., Phase II Development of a Bullnose Guardrail System for Median
Applications, MwRSF Report No. TRP-03-78-98, Final Report, Submitted to the Midwest
States Regional Pooled Fund Program, Midwest Roadside Safety Facility, December 18,
1998.

Button, J.W., Buth, E. and Olson, R.M., Crash Tests of Five Foot Radius Plate Beam
Guardrail, Submitted to the Department of Highways, State of Minnesota, Performed by
Texas Transportation Institute, Texas A & M University, June 1975.

Task Force 13.4 Guide to Standardized Highway Barrier Hardware, AASHTO-AGC-
ARTBA Joint Cooperative Committee Subcommittee on New Highway Materials, Task
force 13, 1995,

Robertson, R.G. and Ross, H.E. Jr., Colorado Median Barrier End Treatment Tests, TTI
Research Report No. 4179-1F, Submitted to the Colorado Department of Highways,
Performed by Texas Transportation Institute, Texas A&M University, May 1981.

Bronstad, M.E., Ray, M.H., Mayer, J.B. Jr. and Brauer, S.K., Median Barrier Terminals and
Median Treatments. Volume 1 Research Reports and Appendix A, Report No. FHWA/RD-
088/004, Final Report to the Federal Highway Administration, Southwest Research Institute,
October 1987.

Bronstad, M.E., Ray, M.H., Mayer, J.B. Jr. and Brauer, S.K., Median Barrier Terminals and
Median Treatments. Volume 2 Appendices B and C, Report No. FHWA/RD-088/005, Final
Report to the Federal Highway Administration, Southwest Research Institute, October 1987.

Bronstad, M.E., Calcote, L.R., Ray, M.H., and Mayer, 1.B., Guardrail-Bridge Rail Transition
Designs - Volume I - Research Report, Report No. FHWA/RD-86/178, Final Report to the
Safety Design Division, Federal Highway Administration, Performed by Southwest Research
Institute, April 1988.

151



10.

11.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

Bronstad, M.E., Ray, M.H., Mayer, J.B., Jr., and McDevitt, C.F., W-Beam Approach
Treatment at Bridge Rail Ends Near Intersecting Roadways, Transportation Research Record
No. 1133, Transportation Research Board, National Research Council, Washington, D.C.,
1987.

Mayer, J.B., Full-Scale Crash Testing of Approach Guardrail for Yuma County Public
Works Department, Final Report, Project No. 06-2111, Southwest Research Institute, San
Antonio Texas, 1989,

Curved W-Beam Guardrail Installations at Minor Roadway Intersections, Federal Highway
Administration (FHWA), U.S. Department of Transportation, Technical Advisory T 5040.32,
April 13, 1992,

Ross, H.E., Ir., Bligh, R.P., and Parnell, C.B., Bridge Railing End Treatments at Intersecting
Streets and Drives, Report No. FHWA TX-91/92-1263-1F, Final Report to the Texas
Department of Transportation, Performed by Texas Transportation Institute, Texas A&M
University, November 1992.

Bligh, R.P., Ross, H.E., Jr., and Alberson, D.C., Short-Radius Thrie Beam Treatment for
Intersecting Streets and Drives, Report No, FHWA/TX-95/1442-1F, Final Report to the
Texas Department of Transportation, Performed by Texas Transportation Institute, Texas

A&M University, November 1994,

Sicking, D. L., Reid, J. D., and Rohde, J. R., Development of a Sequential Kinking Terminal
for W-Beam Guardrails, TRB Paper 980614, Transportation Research Board, January 1998.

Hinch, 1., Yang, T-L, and Owings, R., Guidance Systems for Vehicle Testing, ENSCQO, Inc.,
Springfield, VA, 1986.

Vehicle Damage Scale for Traffic Investigators, Second Addition, Technical Bulletin No.
1, Traffic Accident Data (TAD) Project, National Safety Council, Chicago, Illinois, 1971.

Collision Deformation Classification - Recommended Practice J224 March 1980, Handbook
Volume 4, Society of Automotive Engineers (SAE), Warrendale, Pennsylvania, 1985.

Hallquist, J.O., LS-DYNA Keyword User's Manual, Livermore Software Technology
Corporation, California, 1997.

J.D. Reid, Transition from a Frontal Impact to a Redirection Impact on a New Bullnose
Guardrail System Design, Crashworthiness, Occupant Protection and Biomechanics in
Transportation Systems - 1999, ASME, AMD-Vol. 237, November 1999, pp. 303-317.

Buth, C.E. and Menges, W.L., “NCHRP Report 350 Test 3-11 of the Strong Wood Post

152



22

23.

Thrie Beam Guardrail,” Test Report No. 404211-11, Contract No. DTFH61-97-C-00039,
TTI, Texas A&M University, July 1998.

Ross, H.E., Krammes, R.A., Sicking, D.L., Tyer, K.D., and Perera, H.S., Recommended
Practices for Use of Traffic Barrier and Control Treatments for Restricted Work Zones,
Mational Cooperative Highway Research Program (NCHRP) Report No. 358, Transportation
Research Board, Washington, D.C., 1994,

Roadside Design Guide, American Association of State Highway and Transportation
Officials (AASHTQ), Washington D.C., January 1996.

153



17 APPENDICES



APPENDIX A
ACCELEROMETER DATA ANALYSIS TEST MBN-5

Figure A-1. Graph of Longitudinal Deceleration - Filtered Data, Test MBN-5

Figure A-2 Graph of Longitudinal Occupant Impact Velocity - Filtered Data, Test MBN-5
Figure A-3. Graph of Longitudinal Occupant Displacement - Filtered Data, Test MBN-5
Figure A-4. Graph of Lateral Deceleration - Filtered Data, Test MBN-5

Figure A-5. Graph of Lateral Occupant Impact Velocity - Filtered Data, Test MBN-5
Figure A-6. Graph of Lateral Occupant Displacement - Filtered Data, Test MBN-5

Figure A-7. Rate Transducer Data, Test MBN-5
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WT: Longhudinal Deceleration - Filtered Data - Test MBN-5 (EDR-4)
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We: Longltudinal Occupant impact Velocity - Filtered Data - Test MBN-5 (EDR)
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Figure A-2. Graph of Longitudinal Occupant Impact Velocity - Filtered Data, Test MBN-S
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W8: Longitudinal Occupant Displacement - Filtered Data - Test MBN-5 (EDR-4)
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Figure A-3. Graph of Longitudinal Occupant Displacement - Filtered Data, Test MBN-5



W7: Lateral Deceleration - Filtered Data - Test MBN-5 (EDR-4)
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W: Lateral Occupant Impact Velocity - Filtered Data - Test MBN-5 (EDR-4)

Figure A-5. Graph of Lateral Occupant Impact Velocity - Filtered Data, Test MBN-5
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WS: Lateral Occupant Displacement - Filtered Data - Test MBN-5 (EDR-4)
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Figure A-6. Graph of Lateral Occupant Displacement - Filtered Data, Test MBN-3
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APPENDIX B
ACCELEROMETER DATA ANALYSIS TEST MBN-6

Figure B-1. Graph of Longitudinal Deceleration - Filtered Data, Test MBN-6

Figure B-2. Graph of Longitudinal Occupant Impact Velocity - Filtered Data, Test MBN-6
Figure B-3. Graph of Longitudinal Occupant Displacement - Filtered Data, Test MBN-6
Figure B-4. Graph of Lateral Deceleration - Filtered Data, Test MBN-6

Figure B-5. Graph of Lateral Occupant Impact Velocity - Filtered Data, Test MBN-6
Figure B-6. Graph of Lateral Occupant Displacement - Filtered Data, Test MBN-6
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W7: Longitudinal Deceleration - Filtered Data - Test MBN-6 (EDR-4)
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Figure B-1. Graph of Longitudinal Deceleration - Filtered Data, Test MBN-6
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Figure B-2. Graph of Longitudinal Occupant Impact Velocity - Filtered Data, Test MBN-6
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| W8: Longhudinal Occupant Displacement - Filtered Data - Test MBN-6 (EDR-4)

Figure B-3. Graph of Longitudinal Occupant Displacement - Filtered Data, Test MBN-6
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Figure B-4, Graph of Lateral Deceleration - Filtered Data, Test MBN-6
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We: Lateral Occupant impact Velocity - Filtered Data - Test MBN-6 (EDR-4)
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APPENDIX C

ACCELEROMETER DATA ANALYSIS TEST MBN-7

Figure C-1. Graph of Longitudinal Deceleration - Filtered Data, Test MBN-7

Figure C-2. Graph of Longitudinal Occupant Impact Velocity - Filtered Data, Test MBN-7
Figure C-3. Graph of Longitudinal Occupant Displacement - Filtered Data, Test MBN-7
Figure C-4. Graph of Lateral Deceleration - Filtered Data, Test MBN-7

Figure C-5. Graph of Lateral Occupant Impact Velocity - Filtered Data, Test MBN-7
Figure C-6. Graph of Lateral Occupant Displacement - Filtered Data, Test MBN-7

Figure C-7. Rate Transducer Data, Test MBN-7
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Figure C-1. Graph of Longitudinal Deceleration - Filtered Data, Test MBN-7
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Figure C-2. Graph of Longitudinal Occupant Impact Velocity - Filtered Data, Test MBN-7
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Figure C-3. Graph of Longitudinal Occupant Displacement - Filtered Data, Test MBN-7
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Figure C-4. Graph of Lateral Deceleration - Filtered Data, Test MBN-7
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Figure C-6. Graph of Lateral Occupant Displacement - Filtered Data, Test MBN-7
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ADDITIONAL COMPUTER SIMULATION DISCUSSION AND RESULTS
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Transition from a Frontal Impact to a Redirection Impact
on a New Bullnose Guardrail System Design

John D. Reid
University of Nebraska-Lincoln

ABSTRACT

Bullnose guardrail systems are used to protect vehicles from hazards in the median of divided
highways. The Midwest Roadside Safety Facility is currently designing and testing a new bullnose
system that will meet relatively new Federal safety performance specifications. After developing a
system that successfully handled frontal impacts, attention was then focused on the redirection impacts
required of such systems. Similar to vehicle design for frontal and side impact, there are many
differences in the modeling and simulation requirements between frontal and redirection impacts for
bullnose systems. Several complicated modeling problems were solved that only became evident
when contacts became unstable during the simulations. The problems were mainly related to modeling
issues such as course mesh sizes, contact penalty factors, contact thicknesses, edge-to-edge
penetrations not being addressed in the model, and unstable element formulations after significant
hourglassing had been induced. The resulting model can now be used to help re-design the bullnose
system to meet the redirection requirements of such systems.

INTRODUCTION

Divided highways separated by a median area are a valuable safety feature in modern roadway
design. However, many roadway structures are built in the median such as bridge supports, drainage
structures, and large sign supports, These structures present hazards to vehicles in the median. There
are Lhree main treatments that have been used in the protection against median hazards such as crash
cushions, open guardrails, and closed guardrail envelopes, called bullnose systems. Bullnose systems
involve wrapping the guardrail completely around the hazards (see Figure 1),

In past years, several design studies were undertaken to improve and evaluate the performance
of closed guardrail median barriers [ 1,2,3]. Results from these projects had varying degrees of success
but none of the designs studied meet current safety standards as specified in the National Cooperative
Highway Research Program (NCHRP) Report No. 350, Recommended Procedures for the Safety
Performance Evaluation of Highway Features [4]. Seven different crash tests are required in order
for a bullnose guardrail system to be approved to be installed on our Federal Highways, These tests
fall under three categories, head-on impacts, redirection impacts, and reverse direction impacts, A
schematic of the tests is shown in Figure 2. All tests are run at 100 kmvh,
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Figure 1. Typical W-Beam Bullnose Guardrail
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Figure 2. NCHRP Report 350 Crash Tests for a Bullnose System



In 1997, the Midwest Roadside Safety Facility (MwRSF) began a project to develop a new
bullnose system that would meet NCHRP 350 requirements. This project is sponsored by the Midwest
Pooled Fund States and by the Federal Highway Administration (FHWA).

The first phase of the project concentrated on the head-on impact conditions involving two tests
with a 2000-kg pickup truck and one test with a 820-kg small car. In order to pass these three tests,
two major design changes were required due to two failed crash tests. Throughout this effort,
nonlinear, finite element simulation played a key roll in identifying the cause of failure and predicting
the successful re-design. Results from both simulation and physical testing of the head-on impact with
the 2000-kg truck are shown in Figure 3. Note that the simulation was completed prior to the physical
test. Details of the first phase were documented by Reid and Bielenberg [ 3]

Researchers were then presented with a new challenge when the newly designed bullnose system
failed the 100 km/h redirection test with a 2000-kg pickup. The bullnose failed to contain the pickup
and instead rolled back and formed a ramp causing the truck to vault into the air and over the system
{see Figure 4). To determine the cause of the failed test, researchers again turned to simulation.
Unfortunately the transition from simulating the head-on impact to the redirection impact required an
extensive modeling effort. Not only did the model require major modifications, a series of contact
troubles delayed the project several months.

The bullnose project is still under development at the MwRSF. This paper documents the
transition from testing and simulating the head-on impact condition to the testing and simulation of
the redirection impact condition required to meet NCHRP 350 specifications. The software used for
this effort was LS-DYNA, developed by Livermore Software Technology Corporation [6].
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Figure 3. Fronial Impact - Bullnose Capiures Vehicle
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Figure 4. Redirection Impact - Truck Vaults Over Bullnose
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BARRIER DESIGN

The front portion of the bullnose system is shown in Figures 5 and 6. The nose section was
formed using one 1,580-mm radius curved section of 12-gauge steel thrie beam with one 10,400-mm
radius curved section attnched to each end of the center section. During a vehicle head-on impact with
a bullnose, the rail element is forced to bend through an angle of 1 80 degrees as the vehicle progresses
into the system. The bending strength of two thrie beams is relatively high and would result in high
vehicle decelerations. Additionally, previous research had shown a tendency for a large vehicle or
truck to over ride bullnose type systems and for a small car to under ride such a system [3]. To
address these concerns, slots were cut in the valleys of the rail. The slots accomplish two tasks. First,
they allow the front peaks to wrap around a vehicle to capture it and prevent over ride and under ride.
Second, they weaken the rail to allow for lower force bending levels.

The system was symmetric with eleven posts positioned on each side. The first two posts on each
side of the system were standard BCT (Breakaway Cable Terminal) posts set in foundation tubes with
soil plates. The third post on each side of the system was a BCT post set in a foundation tube without
a bearing plate. The fourth and fifth posts on each side of the barrier were CRT (Controlled Releasing
Terminal) posts. The remaining posts of the bullnose barrier were standard 200-mm deep by 150-mm
wide by 1830-mm long wood posts spaced 1905-mm apart. With the exception of post |, a wood
blockout was used to space the rail away from the posts. A cable anchor system was used between
the first and second posts on each side of the system to develop the tensile strength of the thrie beam

guardrail downstream of post no. 2.

MODELING

The bullnose is composed of many components, including wood posts, cable anchor bracket
assembly, guardrail, ground strut, foundation tubes and various brackets and attachment bolts. Reid
and Biclenberg described the simulation model for the frontal impact scenario previously m [3] (see
Figure 5). Three important modeling features noted were the mesh size of the rail, the failure criteria
of the rail and the modeling of the breakaway wood posts.

The redirection model of the bullnose is depicted in Figure 6. Many modifications to the frontal
moclel were required in order to effectively simulate the redirection impact. The following list
summarizes the major changes.

Bullnose Model Changes

. Add the cable anchor assembly.

Remove everything beyvond post 2 on the left side (impact is on right side).

Update slot pattern to be more accurate,

Add CRT posts and soil springs for posts 4 and 5.

Add CRT post parts to the contact interior definition, which prevented negative volumes.
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Figure 5, Overview of Frontal Impact Model

Figure 6, Overview of Redirection Impact Model
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*«  Extend deformable rail to approximately post 7 location (previously extension was to post 5
location).

*  Replace fix boundary condition on end of rail on impact side with a discrete spring to simulate
rail flexibility.

*  Add shell elements to cover the rail slots, use null material,

*  Add control accuracy to the model - objective stress updates and invarient node numbering for
shell elements.

Truck Model Changes

The FHWA had previously contracted model development of a C2500 pickup truck to the
National Crash Analysis Center (NCAC) [7]. The NCAC subsequently developed a truck model with
approximately 10,000 clements for frontal impact scenarios. Version 7 of the NCAC reduced truck
model was downloaded from the NCAC web site and was modified for this study. When converting
from the frontal impact scenari¢ to the redirection impact, the following changes were made to the
truck model.

*  Truck was repositioned for a 20 degree impact al the critical impact location (which was half-way
between posts | and 2). This also required an update of the direction for the initial velocity
specification.

= A new part was added to fill in the light-holes on the radiator-tie bar to improve contacts.

»  Refine the mesh of the left front tire, bumper, radiator-tie bar and left front mounting brackets
by splitting the ¢lements (1 element into 4 elements) to improve contacts.

= Doubly refine the mesh of the left front fender and wheel well by splitting the elements twice (1
element into 16 elements) to improve contacts.

«  Switch element formulation for the left front tire, left front fender and radiator-tie bar to a fully
integrated scheme (type 16) to prevent hourglassing.

= Stiffen the tire to prevent excessive, unrealistic deformations.

MODELING CHALLENGES

The transition from the frontal impact to what is believed a reasonable redirection simulation
required a total of 24 separate simulation runs, each run making one or more modifications to the
model. This section describes three of the problems encountered and the implemented solutions.

The majority of the challenges were related to contacts. Not in the contacts themselves, there
were no instances where any contact algorithms were found to be in error. The problems were mainly
related to modeling issues such as course mesh sizes, contact penalty factors, contact thicknesses,
edge-to-edge penetrations not being addressed in the model, and unstable element formulations after
significant hourglassing had been induced. Many different contacts and contact parameters were tried
throughout the study. By monitoring contact forces with force transducers, it was possible to grasp
a better understanding of the system behavior and come up with various fixes for the model.

Cable Anchor to Post Contact

Figure 7 demonstrates the problem and fix. The cable anchor assembly is used to provided
tension anchorage for the guardrail during redirection. One end of a cable is attached to the rail, the
other end is attached to bracket at the hasi:g%f post one. The tension force in the cable during an



im pact can reach around 180 kN (40 kips). This force is transmitted to the ground through the bracket
and post base. During simulation these forces caused excessive deformations in the wood post and
led to an unstable result. By decreasing the contact scale factor, the contact forces were stabilized and
the problem was fixed.

Radiator-Tie Bar Interaction with Guardrail

After 145 ms of simulation time, the radiator-tie bar on the truck began contact with the guardrail.
Due to the course mesh and shape of the rad-tie bar, a snag developed between the two parts and
caused the solution to go unstable (see Figure 8). This could probably be attributed to an edge-to-edge
penctration. Instead of investigating various contact changes, it was decided to make a more uniform
contact surface between the parts. Changes to the truck model included filling in the holes of the rad-
tic bar, refining the mesh of the tie bar and moving some of the nodes of the tie bar to smooth its
surface. Simulation results showed that these changes stabilized the contacts in this area of the model.

Rolling Tire Nodes Through the Rail Slot

Slots are cut in the valleys of the guardrail in order to weaken the rail for the frontal impact,
allowing it to wrap around a vehicle without excessive forces. (High forces would result in excessive
decelerations on the passengers.) Because a thrie-beam rail is used, these slots do not significantly
reduce the tensile capacity of the rail. During simulation, however, these slots provide an opening in
the rail for portions of the vehicle to wedge through and cause contact troubles. An example of this
is shown in Figure 9. As the tire of the truck hits the rail a portion of the tire goes through one of slots
(marked by the arrow in Figure 9). In this case, the node penetrated far enough through the slot that
it got trapped on the other side of the rail as the tire continued to rotate. For about 10 ms the tire
happily rotated and moved forward along the rail with the node being trapped on the wrong side.
Shortly thereafter the contact became unstable causing the tire to experience shooting nodes.

Physically, a real tire could not experience this type of behavior. Instead, a portion of the tire
tread would be simply cut off by the edge of the rail slot. The details to model this phenomena would
be excessive for this project. Thus, a cover was placed over the slots to provide a contact area to
prevent such behavior. This was accomplished with a single row of shell elements using the null
material. Slot covers proved to be an effective method for preventing vehicle parts from interlocking
with the rail unrealistically through the slots.
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Figure 7. Cable Anchor - Post Contact
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Figure 8. Radiator-Tie Bar Interaction with Guardrail
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Tire node on wrong side of rail eventually causes trouble.

Fix: Add a single row of null-shells to cover slots, provide contact area.

Figure 9. Tire Through Rail Slot
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REDIRECTION SIMULATION

After a series of modeling adjustments, the failed redirection test was reasonably simulated (see
Figure 4). The simulation was ended at 278 ms due to another instability in the solution. However,
because the failure phenomenon was clearly captured further simulation was deemed nonessential.
Results showed posts 2 and 3 breaking early in the event, allowing the rail to roll back and form a
ramp, which vaults the vehicle ap and over the system,

The final simulation took 120 hours using 2 processors on an R10000 5GI Octane workstation,
The model was composed of approximately 75,000 shell, 8,000 solid and 450 beam elements.
Roughly 95% of these elements were deformable.

CONCLUSIONS

= Frontal impacts and redirection impacts of bullnose guardrail systems are significantly different
and each require unique attention, similar to frontal and side impact design of a vehicle.

. What are sometimes referred to as “contact troubles,” are often signs of detailed modeling
requirements. Areas where more modeling details might be required manifest themselves as
unstable contacts during simulation.

= An LS-DYNA model of a bullnose system that fairly accurately simulates a failed redirection
crash test was developed.

The bullnose project is still under development and is left for future work. The model described
in this paper will be used to evaluate possible design alternatives.
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APPENDIX E

ACCELEROMETER DATA ANALYSIS TEST MBN-8

Figure E-1. Graph of Longitudinal Deceleration - Filtered Data, Test MBN-8

Figure E-2. Graph of Longitudinal Occupant Impact Velocity - Filtered Data, Test MBN-8
Figure E-3. Graph of Longitudinal Occupant Displacement - Filtered Data, Test MBN-8
Figure E-4. Graph of Lateral Deceleration - Filtered Data, Test MBN-8

Figure E-5. Graph of Lateral Occupant Impact Velocity - Filtered Data, Test MBN-8
Figure E-6. Graph of Lateral Occupant Displacement - Filtered Data, Test MBN-8

Figure E-7. Rate Transducer Data, Test MBN-8

194



S6l

W1: Longitudinal Decsleration - Filtered Data - Test MBN-8 (EDR4) |

Figure E-1. Graph of Longitudinal Deceleration - Filtered Data, Test MBN-8



961

WE: Longltudinal Occupant Impact Velocity - Filtered Data - Test MBN-8 (EDR-4)

Figure E-2, Graph of Longitudinal Occupant Impact Velocity - Filtered Data, Test MBN-8
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W8: Longitudinal Occupant Displacement - Filtered Data - Test MBN-8 (EDR-4)
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Figure E-3. Graph of Longitudinal Occupant Displacement - Filtered Data, Test MBN-8
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W7: Lateral Deceleration - Fittered Data - Test MBN-E (EDR4)

Figure E-4. Graph of Lateral Deceleration - Filtered Data, Test MBN-8
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WE: Lateral Occupant Impact Velocity - Filtered Data - Test MBN-8 (EDR-4)

Figure E-5. Graph of Lateral Occupant Impact Velocity - Filtered Data, Test MBN-8
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We: Lateral Occupant Displacement - Filtered Data - T est MBN-E [(EDR-4)

Figure E-6. Graph of Lateral Occupant Displacement - Filtered Data, Test MBN-8
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Figure E-7. Rate Transducer Data, Test MBN-8



APPENDIX F

ACCELEROMETER DATA ANALYSIS TEST MBN-9

Figure F-1. Graph of Longitudinal Deceleration - Filtered Data, Test MBN-9

Figure F-2. Graph of Longitudinal Occupant Impact Velocity - Filtered Data, Test MBN-9
Figure F-3. Graph of Longitudinal Occupant Displacement - Filtered Data, Test MBN-9
Figure F-4. Graph of Lateral Deceleration - Filtered Data, Test MBN-9

Figure F-5. Graph of Lateral Occupant Impact Velocity - Filtered Data, Test MBN-9
Figure F-6. Graph of Lateral Occupant Displacement - Filtered Data, Test MBN-9

Figure F-7. Rate Transducer Data, Test MBN-9
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Figure F-1. Graph of Longitudinal Deceleration - Filtered Data, Test MBN-9



¥0T

We: Longitudinal Occupant Impact Velocity - Filtered Data - Test MBN-8 (EDR-4)

Figure F-2. Graph of Longitudinal Occupant Impact Velocity - Filtered Data, Test MBN-9
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We: Longitudinal Occupant Displacement - Filtered Data - Test MBN-5 [EDR<4)
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Figure F-3. Graph of Longitudinal Occupant Displacement - Filtered Data, Test MBN-9



Figure F-4. Graph of Lateral Deceleration - Filtered Data, Test MBN-9
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W: Lateral Occupant Impact Velochy - Filtered Data - Test MBN-8 (EDR-4)

Figure F-5. Graph of Lateral Occupant Impact Velocity - Filtered Data, Test MBN-9
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WS: Lateral Occupant Displacement - Filtered Data - Test MBN-8 (EDR4)
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Figure F-7. Rate Transducer Data, Test MBN-9



APPENDIX G
FINAL PHASE 11l BULLNOSE MEDIAN BARRIER DESIGN DETAILS

Figure G-1. Final Bullnose Barrier Design

Figure G-2. Layout of Bullnose Rails No. | and 2

Figure G-3. Rail Section No. | Detail

Figure G-4. Rail Section No. 2 Detail

Figure G-5. Rail Section No. 3 Detail

Figure G-6. Post Details

Figure G-7. Bullnose Cable Assembly

Figure G-8. Cable Detail and Cable Plate

Figure G-9. Final Bullnose Barrier Design , English Units

Figure G-10. Layout of Bullnose Rails No. 1 and 2, English Units
Figure G-11. Rail Section No. 1 Detail, English Units

Figure G-12. Rail Section No. 2 Detail, English Units

Figure G-13. Rail Section No. 3 Detail, English Units

Figure G-14. Post Details, English Units Bullnose Cable Assembly, English Units
Figure G-15. Bullnose Cable Assembly, English Units

Figure G-16. Cable Detail and Cable Plate, English Units
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Figure G-2. Layout of Bullnose Rails No. 1 and 2
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Rail Section 1 ("Nose" Section)

Rail Section 1 ("Nose" Section)

Figure G-3. Rail Section No. | Detail
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Figure G-5. Rail Section No. 3 Detail
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Figure G-7. Bullnose Cable Assembly
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Figure G-8. Cable Detail and Cable Plate
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Rail Section 3
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Figure G-13. Rail Section No. 3 Detail, English Units
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APPENDIX H
BULLNOSE MEDIAN BARRIER DESIGN NO. 2 DETAILS

Figure H-1. Bullnose Design No. 2

Figure H-2. Rail Section No. 1, Bullnose Design No. 2

Figure H-3. Nose Cable, Bullnose Design No. 2

Figure H-4. Bullnose Design No. 2, English Units

Figure H-5. Rail Section No. 1, Bullnose Design No. 2, English Units
Figure H-6. Nose Cable, Bullnose Design No. 2, English Units
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Widened Bullnose Medion Barrier Design No. 2
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Figure H-1. Bullnose Design
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Figure H-2. Rail Section No. 1, Bullnose Design No. 2
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Design No. 2

Roil Section No. 1 = 18" 9" iong

Widened Bullnose Medion Barrier

N\

!
i
B
A
- - MI - -
- _ 5
ot "
£ __
: [
T h ¥
|
= 3
s .ﬂ_...” . -y
5 e
| : |
: =
! —)
L
K

i

2
}

d
il

ww
=8 = 1 I
Ve o
: e
=% py—
" <
5
=5 B
E wm
T
—3 R
" ?
H
26 p
N A . —m
A N—
_ w 2 _mwu
a -
—
e z
iz B mw.mm
ﬂ | §=
—32 Mf _“,‘w

231

Figure H-4, Bullnose Design No. 2, English Units
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APPENDIX I
BULLNOSE MEDIAN BARRIER DESIGN NO. 3 DETAILS

Figure I-1. Bullnose Design No, 3

Figure I-2. Rail Section No. 1, Bullnose Design No. 3

Figure 1-3. Nose Cable, Bullnose Design No. 3

Figure I-4. Bullnose Design No. 3, English Units

Figure 1-5. Rail Section No. 1, Bullnose Design No. 3, English Units
Figure I-6. Nose Cable, Bullnose Design No. 3, English Units

234



B mem 1] pige Py beee guordrel sections (typeed)

_V._ -
i
ol
- ’
< :
T
" .—M o
“
u [CTi y
m/ f :
| 2
“ ;
3 m :
= uu._ m
Hr___ %m_n—- i

g
_._u,.ut mqhz
i
—3 §-
3
P.Imi o
on ,n
® I_u_
—3 2

h

235

Sela | M sl ow me e Olherwiae sloaieg

Figure I-1. Bullnose Design No. 3
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Roil Section 1 ("Meose™ Section) (only holf shown, totcl length 7620mm)
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Rail Seclion 1 ("Nose™ Seclion) (only holf shown, total length 7620 mm)

Figure I-2. Rail Section No. 1, Bullnose Design No. 3
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Second holl of guardroil symmetrical

Second holl of guordroil symmatlricol
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LET

8.25 m Cable Length —

73.025 mm — i 8.10m ' 73.025 mm

it 7f /_ﬂ__k
"Cold Tuff” Button, S-409

Size No. 12 SB 73.025 mm

Stock No. 1040395

for 15.875 mm dia (7 X 19) wire rope

(or ony similorly sized swage—grip button ferrules)

Figure I-3. Nose Cable, Bullnose Design No. 3
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Figure I4. Bullnose Design No. 3, English Units
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Roil Section 1 ("Nose™ Section) (only half shown, iotal lenglh 7620mm)
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Roil Section 1 ("Nese™ Section) (only holf shown, lotol length 257)

Figure I-5. Rail Section No. 1, Bullnose Design No. 3, English Units

Lt

Ml [

Second holl of guardroil symmetrical

Second holf of guordroil symmetrical
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2 7/8"

27.07' Cable Length ——

26.57

!
"Cold Tuff" Button, S—409

Size No. 12 SB 2 7/8"
Stock No. 1040395
for 5/8" dia (7 X 19) wire rope

(or any similarly sized swoge—grip button ferrules)

2 7/8"

Figure I-6. Nose Cable, Bullnose Design No. 3, English Units






