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1 INTRODUCTION

Guardrail end terminals have been developed to shield the end of a longitudinal barrier
and function as a redirective barrier when struck along the side. Several guardrail end terminal
systems utilize an energy-absorbing mechanism, such as cutting, kinking, flattening, or another
mechanism to safely decelerate errant passenger vehicles that impact the end of the terminal. The
Federal Highway Administration (FHWA) resource charts identified seven energy-absorbing
roadside end terminals for W-beam guardrail systems [1]. Median configurations of energy-
absorbing end terminals utilize similar components as roadside energy-absorbing end terminals.
The FHWA resource charts identified five energy-absorbing median end terminals for W-beam
guardrail systems [2]. These systems were installed on level terrain and tested at Test Level 3
(TL-3) of the National Cooperative Highway Research Program (NCHRP) Report 350 [3] or the
2009 edition of the Manual for Assessing Safety Hardware (MASH) [4]. A summary of the
roadside and median end terminal systems is shown in Tables 1 through 3. However, the safety
performance of these energy-absorbing, guardrail end terminals may change if a curb is installed
adjacent to the terminal, and little guidance is available to State Departments of Transportation
(DOTs) that have installations where a curb is required adjacent to energy-absorbing, guardrail
end terminals.

1.1 Problem Statement

Highway design policy typically discourages the use of 6- to 8-in. (152- to 203-mm) tall
vertical curbs on high-speed roadways due to their potential to cause drivers to lose control in a
crash [5]. Curbs can also affect the interaction of errant vehicles with roadside barriers by
affecting vehicle capture and barrier loading. However, the use of curbs is commonly required
because of restricted right-of-way, drainage considerations, access control, and other functions.
Often, there is a desire to laterally offset the guardrail away from the curb to reduce the
propensity for snow plows to gouge and/or damage the W-beam rail sections or to allow for the
placement of sidewalks between the road and a barrier or other roadside features.

When curbs are required, modeling and crash testing have shown that the lateral barrier
offset from the curb is critical to W-beam guardrail performance. Previous work with 27%-in.
(705-mm) tall steel-post, nested W-beam guardrail has shown that a 4-in. (102-mm) high sloped
curb with the toe of the curb placed at the front face of the guardrail was capable of meeting
NCHRP Report 350 TL-3 safety requirements [6-7]. Further research with standard wood-post,
W-beam guardrail (G4(2W)) has shown that a 4-in. (102-mm) high sloped curb with its toe 1 in.
(25 mm) in front of the front face of the guardrail was also capable of meeting NCHRP Report
350 TL-3 requirements [8].

Investigation of curb-barrier combinations was reported in NCHRP Report No. 537,
Recommended Guidelines for Curbs and Curb-Barrier Combinations and the Roadside Design
Guide [9-10]. This study developed guidelines for the use of curbs and curb-barrier combinations
on roadways with operating speeds greater than 37.3 mph (60 km/h). It was recommended that
guardrail be installed flush with the face of a sloped curb or offset more than 8.2 ft (2.5 m)
behind a curb for operating speeds in excess of 37.3 mph (60 km/h). In addition, the study
recommended that guardrail not be offset behind sloped curbs for speeds greater than 62.1 mph
(100 km/h).
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Development and testing of the Midwest Guardrail System (MGS) demonstrated that a 6-
in. (152-mm) tall, American Association of State Highway Transportation Officials (AASHTO)
Type B curb positioned 6 in. (152 mm) in front of the face of the guardrail element resulted in
successful barrier performance [11-12]. In 2008, a 6-in. (152-mm) high AASHTO Type B curb
was impacted under MASH 2009 TL-3 conditions [13-14]. The main goal of the tests was to
determine vehicle behavior following the impact, with particular attention focused on the pitch
angles and the bumper trajectories of the vehicles. By comparing the critical bumper impact
point trajectories against the MGS top/bottom corrugation heights, the critical override/underride
offset for placing the MGS behind the curb was determined. Results of this analysis created
potential offset guidelines for placement of the MGS with a 6-in. (152-mm) high curb.

To further investigate the critical offset distance for MGS placement behind an AASHTO
Type B curb with MASH 2009 TL-3 impact conditions, finite element analysis was performed.
The MGS was offset from a 6-in. (152-mm) high AASHTO Type B curb at various distances and
impacted with a 4,409-Ib (2,000-kg) test vehicle (designated 2000P) as a 2270P vehicle model
was unavailable. Based on previous vehicle-curb simulation results and to ensure reliability of
the model, the offset distance under investigation was limited to the range of 0.0 ft (0.0 m) to
7.35 ft (2.2 m) behind the curb. Simulation results indicated that the 2000P pickup model
accurately predicted the vehicle trajectory within 7.35 ft (2.2 m) behind the curb. Details of this
research effort are documented in prior MWRSF research reports [13-14].

Based on the simulation results, a MASH 2009 TL-3 full-scale crash test was performed
on the MGS with a top mounting height of 37 in. (940 mm) above the roadway and offset 8 ft
(2.4 m) behind a 6-in. (152-mm) high AASHTO Type B Curb [15]. In the test, the 2270P vehicle
was contained by the guardrail but became unstable and rolled over. Analysis of the test revealed
that the truck’s right-front tire snagged on a post and detached. The right-rear tire overrode the
detached tire, causing the rear of the vehicle to pitch upward. The vehicle subsequently became
unstable and rolled over. Thus, the MGS offset 8 ft (2.4 m) behind a 6-in. (152-mm) high curb
with a top mounting height of 37 in. (940 mm) relative to the roadway was deemed to be
unacceptable according to TL-3 of MASH 20009.

The MGS was installed 6 ft (1.8 m) behind a 6-in. (152-mm) high, AASHTO Type B
curb and was successfully evaluated according to MASH 2009 TL-2 conditions [16]. The MGS
with a 37-in. (940-mm) top rail height relative to the roadway was recommended for MASH
2009 TL-2 applications for lateral offsets ranging between 4 and 12 ft (1.2 and 3.7 m) behind a
6-in. (152-mm) high, AASHTO Type B curb. Prior TL-3 curb testing indicated potential vehicle
problems beyond a 12-ft (3.7-m) lateral offset. As discussed by Polivka et al. and Faller et al.
[11-12], the Type B curb is considered the worst-case geometry for sloped curbs. Thus, this
recommendation is also valid for other sloped curbs with heights of 6 in. (152 mm) or less. For
lower-height curbs, the rail height should be reduced in order to maintain the 31-in. (787-mm)
top rail height relative to the ground behind the curb.

The Roadside Design Guide recommends that, for design speeds above 50 mph (80
km/h), guardrails should be used with 4 in. (102 mm) or shorter sloping curbs, and the face of the
curbs should be flush with the face of the guardrail [10]. The performance of guardrail end
terminals behind curbs has not been tested, and one transportation agency addressed this issue by
transitioning the curb to a laydown curb along the length of the end terminal and extending
typically 100 ft (30 m) in advance of the terminal. Additionally, the Roadside Design Guide

2
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states that curbs should not be built in new construction where crash cushions are to be installed,
and a curb no higher than 4 in. (102 mm) may be considered acceptable on existing crash
cushion locations unless it has contributed to poor crash cushion performance in the past [10].

In 1979, the California Department of Transportation performed several curbed gore area
vehicle jump tests and a full-scale crash test with a 2,790-1b (1,265-kg) passenger car impacting
a sand barrel crash cushion on top of a 6-in. (152-mm) tall curbed gore area at a speed of 41 mph
(66.0 km/h) [17]. The sand barrel crash cushion was 5 ft (1.5 m) behind the perpendicular curb,
and the curb did not adversely affect the crash cushion performance. It was recommended to
place a sand barrel crash cushion 0 to 5 ft (1.5 m) or over 50 ft (15.2 m) behind a perpendicular
6-in. (152-mm) tall curb (the front of the gore area) and 0 to 3 ft (0.9 m) behind a parallel curb
(the side of the gore area) if a curb was necessary. No other known research has been conducted
in relation to curbs and end treatments.

While much research has been conducted to determine the safe placement of curbs
adjacent to W-beam guardrail, no guidance exists on the use of curbs adjacent to end terminals.
Thus, a study was desired to evaluate curb configurations and placement adjacent to energy-
absorbing end terminals.

1.2 Research Objective

The research objective was to investigate whether curb placement in advance of guardrail
end terminals significantly degrades barrier performance on high-speed roadways. Design
guidance and recommendations will be provided for the safe placement of curbs and gutters
installed adjacent to energy-absorbing guardrail end terminals. Performance trends will be
identified, and further research needs will be recommended.

1.3 Scope

The Wisconsin DOT and members of the Midwest States Pooled Fund Program were
surveyed about their use of energy-absorbing end terminals and installations of guardrail and
curbs adjacent to high-speed roadways to tailor the study to their needs. An energy-absorbing,
W-beam end terminal model was developed using LS-DYNA computer simulation software.
Simulated impacts on the end of the terminal (test nos. 3-30, 3-31, 3-32, and 3-33) were
evaluated according to NCHRP Report 350 and MASH 2009 safety performance criteria. The
simulations were compared to available crash test data to ensure that the energy-absorbing end
terminal model accurately represented the performance of end terminals. Several curb
configurations adjacent to the energy-absorbing end terminal, including variations in size, shape,
and location, were evaluated using computer simulations with MASH 2009 TL-3 impacts on the
end of the terminal. The performance of the system with and without curbs was compared, and
general performance trends were identified. The simulation results were summarized, and
recommendations and guidance were provided in regard to the safe placement of curbs and
gutters installed adjacent to energy-absorbing end terminals. Performance trends and limitations
of the research were identified, and further research needs were recommended.



Table 1. Energy-Absorbing Roadside Terminals [2]

PERFORMANCE

TEST LEVEL £
CHARACTERISTICS a E ‘% =
o
NAME MANUFACTURER g g i '% DISTINGUISHING CHARACTERISTICS LOCATIONS CAN BE USED
Ener, Non Enel 2
£y "® Inchrp3so| masH | = 2 £2
Absorbing Absorbing =
Rectangular impact front face, with steel tube on top.
Flared Energy-Absorbing End of W-beam rail with offset
Terminal (FLEAT) Rail has 5 slots (1/2”x4” long) on both the top and bottom corrugations of the w- of 2'-6" to 4'-0".
beam section.
http://roadsystems.com/fleat. There may also be 3 additional (1/2”x4” long) slots in the valley of the rail which
html imakes it interchangeable with the first SKT section.
— =3 Road Syst: 3
- Iy loacsysiem X L2, TL3 X X
Inc.
Breakaway steel end posts #1 and #2, standard steel guardrail post #3 and beyond.
Cable anchor bracket is fully seated on the shoulder portion of the cable anchor
bolts.
All hinge steel post, plug weld steel posts, or wood posts available.
[TREND 350 Flared Rectangular Impact Face End of W-Beam rail with offset
All steel driven posts. of 1'to 40
oo bana sl . . Breakaway steel posts at #1 and #2, standard steel guardrail posts #3 and beyond.
com/products/et.html Trinity Highway X T3 X X
Products, LLC 3
Steel Strut between posts #1 and #2.
A During head on impacts the system telescopes rearward, using friction between the
guardrail panels and deformation of the rail sections to decelerate the vehicle.
Square Impact Face.
Sequential Kinking Terminal End of W-beam rail with offset
(SKT) Has a feeder chute (channel section that surrounds the rail) that gets wider at the of 0to 2'-0".
downstream end.
http://roadsystems.com/skt.ht Breakaway steel end posts #1 and #2 and standard steel guardrail posts #3 and
mi beyond.
Rail has 3 (1/2”x4” long) slots in the valley of the rail.
foad IS YEtems, X L2, L3 X X
he There may also be an additional 5 slots (1/2”x4” long) on both the top and bottom
corrugations of the w-beam section, which makes it interchangeable with the FLEAT
section.
Cable anchor bracket is fully seated on the shoulder portion of the cable anchor
bolts.
All hinge steel post, plug weld steel posts, or wood posts available.
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The safety systems shown on this chart are eligible for reimbursement under the Federal-Aid Highway Program. This reference is for informational purposes only, and was created by KLS Engineering under FHWA Contract, DTFH61-10-D-00021,
Federal Highway Administration Roadside Safety Systems Installers and Designers Mentor Program. For further information on an individual system please refer to the manufacturers' website.
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Table 2. Energy-Absorbing Roadside Terminals (cont’d) [2]

PERFORMANCE =
TEST LEVEL 5
CHARACTERISTICS a = 2=
jm}
NAME MANUFACTURER g g i '% DISTINGUISHING CHARACTERISTICS LOCATIONS CAN BE USED
Enery Non Enel e
&Y & Inchrp3so| masH | = = £2
Absorbing Absorbing =
Rectangular Impact Front Face (Extruder Head).
End of W-beam rail with offset
Extruder Terminal (ET-PI
xtruder Terminal (ET-Plus) of 0 to 2'-0".
Rectangular holes in 1st rail support the tabs of the cable anchor bracket.
Trinity Highwa:
) e X TL2,TL3 X X
http://www.highwayguardrail Products; LLC
; ' 3 Steel HBA and SYTP and wood post options are available.
com/products/etplus.html
SYTP Retrofit in tube sleeve option available.
SoftStop Rectangular Impact Face.
Trinity Highway| X T3 X X End of W-Beam rail with offset
- Products, LLC (Only) of 0' to 2'0"
http://www.highwayguardrail.
om/prodists/atitm Breakaway steel posts at #1 and #2, standard posts 3 and beyond.
X-Tension Guardrail End Impact head with locking bar to lock cables into place. End of V»I/_—b”eam rail with offset
" of 0t0 4'-0".
Terminal Strut between the first post and a front anchor post.
Barrier Steel and wood post options available.
~tensit X TL-3 X X X i
com/#/x-tension Systems, Inc.
Tension Cable Based Energy Absorber.
[Two cables attached to soil anchor extend the entire length of the terminal.
X-Lite Terminal Only approved with steel post. End of W-Beam rail at tangent
: i i locations or at flared locations
hito://www.barriersystemsinc.com Uses a slider mechanism between post 1 and 2 that gathers and retains the rail when | .
|/4/x-lite-redirective-gating-end- 3 with a 4-ft offset
treatment hit.
Barrier [The anchor consists of posts #1 and #2 connected by tension struts and a soil plate
Syst , below grade st #2.
Incy/st:rr:'\set X i3 X X X A
) Inc. ! [Tangent systems uses 3 modified crimped posts and special shear bolts at second and
= third splice location.
Flared layout uses 6 modified crimped posts and special shear bolts at second splice
location.
Flared layout uses blockout at post #2 where tangent does not.
Q The safety systems shown on this chart are eligible for reimbursement under the Federal-Aid Highway Program. This reference is for informational purposes only, and was created by KLS Engineering under FHWA Contract, DTFH61-10-D-00021, Roadside
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Table 3. Energy-Absorbing Median Terminals [2]

PERFORMANCE CHARACFERISTICSI

TEST LEVEL £
28
£3
NAME MANUFACTURER 52 DISTINGUISHING CHARACTERISTICS HOW IT WORKS LOCATIONS CAN BE USED
Energy Non-Energy £8
NCHRP 350 | MASH 0
Absorbing Absorbing -
|Brakemaster 350 Steel posts are not embedded. During head-on impacts, the system telescopes Low frequency impact areas.
rearward, using friction technology to decelerate
Energy " the vehicle In the median with 1-way or 2-
[ T e Absorption X T3 |Break Tension System at post #1. . \way traffic.
com/products/products brake Systems, Inc. . )
RsteriEhVerathian: Short W-Beam rail sections that translate over
each other.
|Breakaway wood posts and a cable anchorage .
. s t During head-on impacts, the system telescopes Low frequency impact areas.
Crash Cushion Attenuating system. !
rerminal (CAT-350 rearward, shearing out tabs between the slots to
erminal (CAT=350} The beam elements are slotted W-beam rail deceleratethevehicle:
Y Trinity Highway sections. Attached directly to a W-Beam
Products, LLC X T3 imedian barrier, or to a Thrie-
|Beam median barrier using the
http://www.highwayguardrail. Nose is 10 gauge And first set of rails are 12 gauge standard W-Beam to Thrie-Beam
com/products/cat350.html and second set of rails are heavier 10 gauge. transition section.
Square Impact Face. During head on impacts the system telescopes Low Frequency impact areas.
[TREND 350 Median rearward, using between the system rails and the
All steel driven posts. deformation of the rails to decelerate the vehicle.
Trinity Highway Attached directly to a W-Beam
Products, LLC X -3 X Median Barrier, or to a Thrie-
http://www.highwayguardrail. . Breakaway steel posts at #1 and #2, standard steel |Beam median barrier using the
com/products/et.html guardrail posts #3 and beyond. standard W-Beam to Thrie-Beam
transition section.
Steel Strut between posts #1 and #2.
Two impact heads, two modified W-beam rails, U e e A e et hasd Low frequency impact areas
FLEAT Median Terminal standard W-beam rails, two breakaway cable 8 P A P ) '
L translates down the rail kinking the rail to
(FLEAT-MT) anchor assemblies and weakened steel or wood 3
— decelerate the vehicle.
Road Systems, " . Hem Attached directly to a3 W-Beam
Inc. E N imedian barrier, or to a Thrie-
|Beam median barrier using the
http://www.roadsystems.com, Uses many of the same components as the standard W-Beam to Thrie-Beam
fleat-mt.html roadside FLEAT terminal. transition section.
X-Tension Median Impact head with locking bar to lock cables into T
Attenuator System (X-MAS) place. q ¥ Imp: )
i . Hanch i During head on impacts, X-Tension is energy
s | Gari T‘”? cables attached to soil anchor extend the absorbing with resistance at the impact head. As |, o oo el
com/#/x-tension-median amer X TL-3 x  [entire length of the terminal. the head is pushed down the two cables, the cables| . po "
Systems, Inc. A s median barrier, or to a Thrie-
are pulled through the cable friction plate in a Beam median barrier using the
twisting path which dissipates the energy. ¥ N
Only available with steel posts. :ta“df.rd w B:am to Thrle:Beam
ransition section.

e
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2 SURVEY

In 2014, the Wisconsin DOT and additional State DOTSs in the Midwest States Pooled
Fund Program were surveyed about their use of energy-absorbing, W-beam end terminals and
installation practices, including if and when curbs were present on high-speed roadways. The list
of end terminals provided in the survey was obtained from the FHWA resource charts [1-2].
Variations in end terminal post types and system lengths were not included in the survey. Other
systems that were previously installed on the roadway, but are not listed on the FHWA resource
charts, fall into the category of ‘Other’. More than one answer could be selected for several of
the questions. The survey questions and the number of responses for each answer are as follows:

1. Which of the following energy-absorbing roadside end terminals have you installed?

6 - FLEAT [Road Systems, Inc.]

0 - TREND 350 Flared [Trinity Highway Products, LLC]

8 - SKT [Road Systems, Inc.]

8 - ET-Plus [Trinity Highway Products, LLC]

0 - SoftStop [Trinity Highway Products, LLC]

2 - X-Tension Guardrail End Terminal [Barrier Systems, Inc.] (Noted experimental use only)
1 - X-Lite Terminal [Barrier Systems, Inc.] (Noted experimental use only)

0 - None

2 - Other: older systems that were previously installed

2. Which of the systems in Question#1 is installed most frequently?

ET-Plus (5 States), FLEAT (3 States), SKT (1 State), Unknown (2 States)

3. Which of the following energy-absorbing median end terminals have you installed?

2 - Brakemaster 350 [Energy Absorption Systems, Inc.]

6 - CAT-350 [Trinity Highway Products, LLC]

0 - TREND 350 Median [Trinity Highway Products, LLC]

3 - FLEAT-MT [Road Systems, Inc.]

1 - X-MAS [Barrier Systems, Inc.] (Noted experimental use only)
1- None

1 - Other: Bullnose

4. What top of rail height are new installations of end terminals installed at?

0-27%in.
6-31in.
2 - Other: 27 Y4 in. and 28 in.

5. Do you install more tangent or flared end terminal installations?

3 - Tangent
2 - Flared
3 - Both
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Are tangent end terminals typically installed with a flare?

3 -Yes — 1:50 flare rate

3 - Yes— 1:25 flare rate

1 - Yes — Other flare rate: 1:15
1-No

Have you installed curbs and gutters adjacent to energy-absorbing end terminals? If
yes, please provide a drawing at an installed location, if available. Keep in mind this is
only for high-speed roadways.

2 - Yes — at many locations
4 - Yes —at a few locations
1 - No — but may in the future
1 - No —and do not plan to

What is the typical lateral offset from the front of the curb to the face of the W-beam
guardrail for guardrail-curb installations?

5 - 0” (flush)
2-6

1 - Other: 10 ft
1 - Not used

Have you installed a curb perpendicular to an energy-absorbing end terminal (e.g. near
an intersection or median cross-over)? Keep in mind this is only for high-speed
roadways.

0 - Yes — at many locations
3 - Yes — at a few locations
3 - No — but may in the future
3 - No —and do not plan to

If you answered ‘yes’ in Question#9, how far was the curb offset from the nose of the
end terminal?

50 to 100 ft or more, varies, or unsure

What curb shape is installed near guardrail and/or end terminals?

7 — Sloped (includes AASHTO Type G and other constant sloped curbs)
0-TypeB

0-TypeD

2 - Vertical

2 - None

0 - Other:
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What curb height is installed near guardrail and/or end terminals?

3-<4in.
6-4in.
2-6in.
1 - None
0 - Other:

Do end terminal manufacturers provide any installation guidance in relation to curbs
and gutters?

1 - Yes, please describe: reference RDG
1 - Yes, please describe: if curb is taller than 4”, replace with 4” curb for 75” in advance of

nose and extend 50’ beyond
5-No

Do you plan on using any tension-based, energy-absorbing end terminals (e.g. Trinity
Highway Products SoftStop, Barrier Systems X-Tension Guardrail End Terminal, and
Barrier Systems X-Tension Median Attenuation System (X-MAS))?

0 - Yes —we currently are

2 - Yes — we are considering in the next year

3 - Yes —we are considering in the next two years
3 - No — not in the foreseeable future

What would be your desired use for curbs and gutters adjacent to energy-absorbing
terminals (if the configuration was crashworthy)?

Most States need the curbs for drainage control.

Need to know how to safely start and terminate curbs near end terminals.

Some would like to be able to use with different shaped curbs (6 tall AASHTO Type B)
with a minimal lateral offset.

Please provide any additional comments about the use of curbs near energy-absorbing
end terminals

Tangent terminals must be flared if the guardrail is installed flush with the curb so the end
anchorage doesn’t interfere with the curb and to move the impact head farther from the
edge of the road.

Based on the results of the survey, most State Departments of Transportation installed the

ET-Plus, SKT, and FLEAT end terminal systems. These systems involve an end terminal head
that translates longitudinally along the end terminal system upon impact and has an energy-
absorbing mechanism that deflects guardrail laterally behind or in front of the guardrail system.
Most State DOTs utilized 31-in. (787-mm) tall W-beam guardrail. Tangent and flared end
terminal systems were commonly used, and many tangent end terminals were installed with a
1:25 or 1:50 flare. Several State DOTSs had at least a few curb installations that were adjacent to
energy-absorbing end terminal systems on high-speed roadways. The curbs were typically

9
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installed flush with the face of the rail or laterally offset 6 in. (152 mm) away from the front face
of the rail. Most State DOTs used a constant-sloped curb, and two State DOTs used a vertical
curb. The curb height may be up to 6 in. (152 mm), although 4-in. (102-mm) tall curbs were used
most frequently. Curbs perpendicular to energy-absorbing end terminals were used infrequently
but may be utilized more in the future.

Needs were identified by this survey:

1) Curbs and gutters are necessary for drainage control, which may include placement
adjacent to energy-absorbing end terminals

2) Guidance is not available on proper curb placement adjacent to end terminals

3) Tangent end terminals installed flush or with a small offset from a curb must be flared
to properly install the anchorage posts and move the impact head farther from the
roadway

10
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3 TEST REQUIREMENTS AND EVALUATION CRITERIA

3.1 Test Requirements

End terminals and crash cushions, such as energy-absorbing, W-beam guardrail end
terminals, must satisfy impact safety standards in order to be declared eligible for federal
reimbursement by the FHWA for use on the National Highway System (NHS). For new
hardware, these safety standards consist of the guidelines and procedures published in MASH
2009 [4]. According to TL-3 of MASH 2009, end terminals must be subjected to nine full-scale
vehicle crash tests, as summarized in Table 4. MASH 2016 was published after this project was
initiated and provides revisions to test no. 3-37, which was not conducted as part of this project
[18]. Note that there is no difference between MASH 2009 and MASH 2016 for the tests
performed herein.

Table 4. MASH 2009 TL-3 Crash Test Conditions for Terminals and Crash Cushions [4]

Te_st Test Te_st \\//vir::gﬂte S!:ezza Condlt:)nn;e Eva_lua_tioln
Atrticle No. Vehicle b (kg)' Mph (km1/h) deg. : Criteria

3-30 1100C | 2,425 (1,100) 62 (100) 0 C,D,F,H,IN

3-31 2270P | 5,000 (2,270) 62 (100) 0 C,D,F,H,IN

3-32 1100C | 2,425 (1,100) 62 (100) 5/15 C,D,F,H,IN

Terminals | 3-33 | 2270P | 5,000(2,270) | 62 (100) 5/15 C.D,FH,IN

and Crash | 3-34 1100C | 2,425 (1,100) 62 (100) 15 C,D,F,H,IN
Cushions | 3.35 | 2270P | 5,000(2,270) | 62 (100) 25 AD,FH,|I
3-36 2270P | 5,000 (2,270) 62 (100) 25 AD,FH,I

3-37 2270P | 5,000 (2,270) 62 (100) 25 C,D,F,H,IN

3-38 1500A | 3,300 (1,500) 62 (100) 0 C,D,F,H,IN

1 Evaluation criteria explained in Table 5.

3.2 Evaluation Criteria

Evaluation criteria for full-scale vehicle crash testing are based on three appraisal areas:
(2) structural adequacy, (2) occupant risk, and (3) vehicle trajectory after collision. Criteria for
structural adequacy are intended to evaluate the ability of the end terminal to contain, redirect, or
control test article penetration and stopping of impacting vehicles. In addition, controlled lateral
deflection of the test article is acceptable. Occupant risk evaluates the degree of hazard to
occupants in the impacting vehicle. Post-impact vehicle trajectory is a measure of the potential of
the vehicle to result in a secondary collision with other vehicles and/or fixed objects, thereby
increasing the risk of injury to the occupants of the impacting vehicle and/or other vehicles.
Vehicle trajectory behind the system is acceptable for gating end terminals under MASH 2009
test nos. 3-30 through 3-34, 3-37, and 3-38. Vehicle trajectory behind the system is not
acceptable for MASH 20009 test nos. 3-35 and 3-36. These evaluation criteria are summarized in
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Table 5 and defined in greater detail in MASH 2009. While all the end terminals listed in the
FHWA resource charts have been tested to either NCHRP Report 350 or MASH 2009 safety
performance criteria, the complete crash testing matrix has not been conducted on any terminal
at both the 27%-in. (705-mm) and 31-in. (787-mm) guardrail heights.

In lieu of conducting several full-scale crash tests to evaluate end terminal systems with
curbs, a computer simulation effort was conducted, and the results were evaluated using the
MASH 2009 evaluation criteria. Test nos. 3-30 through 3-33 involve impacts on the end of the
system, while test nos. 3-34 through 3-37 involve impacts along the length of the system. Test
nos. 3-34 through 3-37 were not evaluated as the results of impacts along the length of a terminal
with a curb were expected to be similar to impacts along the length of W-beam guardrail with a
curb, which was previously evaluated in NCHRP Report 537 [9] and other studies noted
previously. Test no. 3-38 is only recommended if a force vs. deflection analysis predicts that the
terminal will not meet occupant impact velocity and ridedown acceleration requirements, which
was not expected, so this test was not evaluated with simulation.

Table 5. MASH 2009 Evaluation Criteria for End Terminal [4]

A. Test article should contain and redirect the vehicle or bring the vehicle
to a controlled stop; the vehicle should not penetrate, underride, or

Structural override the installation although controlled lateral deflection of the test
Adequacy article is acceptable.
C. Acceptable test article performance may be by redirection, controlled
penetration, or controlled stopping of the vehicle.
D. Detached elements, fragments or other debris from the test article

should not penetrate or show potential for penetrating the occupant
compartment, or present an undue hazard to other traffic, pedestrians,
or personnel in a work zone. Deformations of, or intrusions into, the
occupant compartment should not exceed limits set forth in Section 5.3
and Appendix E of MASH 20009.

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

H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3 of
MASH 2009 for calculation procedure) should satisfy the following

Occupant virm
Risk limits:
Occupant Impact Velocity Limits
Component Preferred Maximum
Longitudinal and Lateral 30 ft/s (9.1 m/s) | 40 ft/s (12.2 m/s)
l. The Occupant Ridedown Acceleration (ORA) (see Appendix A,
Section A5.3 of MASH 2009 for calculation procedure) should satisfy
the following limits:
Occupant Ridedown Acceleration Limits
Component Preferred Maximum
Longitudinal and Lateral 15.0 g’s 20.49 g’s
TVe_hche N. Vehicle trajectory behind the test article is acceptable.
rajectory
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4 END TERMINAL DETAILS

Based on the results of the survey and with sponsor direction, a plan was devised to
evaluate energy-absorbing end terminal systems. Since several State DOTSs install more than one
type of end terminal system, a generic end terminal, which was representative of all of these
systems, was developed. Several end terminal systems involve an impact head that translates
longitudinally along the system upon impact and has an energy-absorbing mechanism that
deflects guardrail laterally behind or in front of the guardrail system, including the ET-2000,
BEST (Beam Eating Steel Terminal), SKT, FLEAT, and ET-Plus. The ET-2000 and BEST were
not included in the FHWA resource chart. However, the ET-2000 and BEST, which are similar
to the others, were crash tested and evaluated according to NCHRP Report 350.

The overall length of end terminal systems is typically 37.5 ft (11.4 m) or 50 ft (15.2 m).
The ET-2000, BEST, SKT, and ET-Plus systems have an option for a 50-ft (15.2-m) system
length. Thus, a 50-ft (15.2-m) system length was selected for the generic design. The dimensions
of the five systems’ impact head components varied and were averaged, resulting in a
representative system, as shown in Figures 1 through 3.

These systems were tested at a 27%-in. (706-mm) rail height with wood posts spaced at 6
ft — 3 in. (1.9 m) installed in soil. Most systems also have steel post options, some of which are
proprietary, for the anchorage (post nos. 1 and 2) and/or the line posts (post no. 3 and
downstream). The steel and wood post options were designed to be similar, so the non-
proprietary Breakaway Cable Terminal (BCT) wood posts and Controlled Release Terminal
(CRT) wood posts were selected for the anchorage posts and the line posts, respectively.

End terminal system anchorages typically include a groundline strut to distribute loads
between post nos. 1 and 2, steel soil tubes embedded in soil that contain the CRT posts, a cable
anchor that spans between the bottom of post no. 1, and a cable anchor bracket attached to the
W-beam. The cable anchor bracket disengages when impacted by the impact head, which
releases tension in the guardrail. Many of the anchorage parts are unique to each energy-
absorbing end terminal system; however, they perform similarly. Therefore, MGS downstream
anchorage parts were utilized with modifications so the cable anchor bracket would disengage
when impacted, similar to existing end terminal systems [19].

Each end terminal system also contains a post breaker to initiate fracture of post no. 1 and
an impact head support bracket attached to post no. 1. For the purposes of this study, a solid
rectangular support was utilized for each, which is described in Chapter 5.

All of the end terminal systems utilize the same AASHTO M-180 W-beam guardrail.
However, the length of each section and the location of rail splices varies by system. In general,
the rail splices for the 27%:-in. (706-mm) tall system are located at post nos. 3, 5, 7, etc. For the
31-in. (787-mm) tall systems, rail splices are located typically at the midspan between posts, but
the location of the first rail splice from the end of terminal varies by manufacturer. For example,
some 31-in. (787-mm) tall systems have rail splices located at post no. 3, midspan between post
nos. 5 and 6, midspan between post nos. 7 and 8, etc. Other 31-in. (787-mm) tall systems have
rail splices located at midspan between post nos. 3 and 4, midspan between post nos. 5 and 6,
midspan between post nos. 7 and 8, etc. The location of the rail splices may affect the
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performance of end terminals. Guardrail has localized stiffness points when the rail splices are
located at posts due to the overlapping rail plies and post bolts. When the splices are located at
the midspan between posts, the localized stiffness points are distributed differently.

The energy-absorbing mechanism in each end terminal system varies greatly. Coon
previously determined the average force exerted during an impact with energy-absorbing end
terminals [20-21], as shown in Table 6. For each system, the average force range was determined
by analyzing the rail deflection versus vehicle velocity and applying conservation of momentum
during several full-scale crash tests.

Table 6. End Terminal Summary [20-21]

[ Average Force
End Terminal System ImpaCtS?ﬁg)Welght kipg (kN)
275 18.7t0 225
BEST-350 [22-23] (125) (83.4 to 100)
268
ET-2000 [24-26] (122) 1210 21.3
53.210 94.7
ET-2000 Plus [27-30] (17795) ( )
120 13.5t016.7
FLEAT-350 [31-34] (54.5) (60.2 to 74.5)
172 10.5t015.2
SKT-350 [32-35] (78) (46.7 10 67.6)

Analyses were conducted on additional NCHRP Report 350 test no. 3-31 crash test
results that were not included in Coon’s force range derivation. The weight of the impact head
was not explicitly given for each crash test, so the values listed in Table 6 were assumed. Test
no. SMG-1 was conducted on the SKT-MGS (installed with 31-in. (787-mm) tall guardrail) and
resulted in an approximate average force of 10.5 kips (46.8 kN) [32]. Test no. ET27-31 was
conducted on the ET-Plus (installed with 27%:-in. (706-mm) tall guardrail) and resulted in an
approximate average force of 15.0 kips (66.8 kN) [27]. Test no. ET31-31 was conducted on the
ET-Plus (installed with 31-in. (787-mm) tall guardrail) and resulted in an approximate average
force of 12.7 kips (56.4 kN) [28]. The average force for each of these tests fell into the force
ranges previously established by Coon.
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5 LS-DYNA MODELS

5.1 Hardware Models

The 175-ft (53.3-m) long MGS LS-DYNA finite element analysis model previously
developed and validated at MwRSF was modified to incorporate the end terminal system
detailed in Figures 1 through 3. The models were developed using LS-DYNA Version 7.1.1 [36].
Two variations of a 29-post, 175-ft (53.3-m) long model, shown in Figures 4 and 5, were created:

1) 27%-in. (705-mm) tall guardrail with posts with 8-in. (203-mm) blockouts
representative of a modified G4(1S) with an end terminal; and

2) 31-in. (787-mm) tall guardrail with posts with 12-in. (305-mm) blockouts
representative of MGS with an end terminal

Each model consisted of several components, which are described in detail in the following
sections:

1) 50-ft (15.2-m) long end terminal system with 8 posts spaced at 6 ft — 3 in. (1.9-m), as
shown in Figure 6, consisting of
a. 2 BCT posts and an anchorage system consistent with the MGS downstream
anchorage;
6 CRT posts with blockouts embedded 40 in. (1,020 mm);
16-ft 10%-in. (5.1-m) long W-beam guardrail end section;
13-ft 6%2-in. (4.1-m) W-beam guardrail sections
W-beam guardrail splices located every 12 ft — 6 in. (3.8 m) at the midspans
between post nos. 3 and 4, 5 and 6, and 7 and 8;
f. Impact head; and
g. Impact head support bracket attached to post no. 1;
2) 19 W6x9 steel posts with blockouts spaced at 6 ft — 3 in. (1.9-m) embedded 40 in.
(1,020 mm) for MGS, and 43%4 in. (1,100 mm) for G4(1S);
3) 2 BCT posts with the MGS downstream anchorage spaced at 6 ft — 3 in. (1.9-m);
4) 13-ft 6%-in. (4.1-m) W-beam guardrail sections; and
5) W-beam guardrail splices located every 12 ft — 6 in. (3.8 m) at the midspans between
posts.

® 00T

Figure 4. 175-ft (53.3-m) Long Guardrail Model
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(@) G4(1S) (b) MGS

Figure 5. Cross Sections Through End Terminal and Guardrail Model (a) Modified G4(1S) and
(b) MGS

Figure 6. 50-ft (15.2-m) Long End Terminal System
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5.1.1 End Terminal System

The 50-ft (15.2-m) long end terminal system included component models of the impact
head, W-beam guardrail, anchorage, and CRT post assemblies. The details of each component
are described in the following sections.

5.1.1.1 Impact Head

The parts and details of the impact head are shown in Figure 7 and Table 7. The impact
head consisted of a 3/,.-in. (4.8-mm) thick shell-element face plate, tapered head, and chute. The
downstream end of the chute had a 180-degree, ¥-in. (12.7-mm) diameter rounded corner to
prevent contact problems from occurring when the chute impacted posts and blockouts. The
chute’s interior had several rounded '4-in. (3.175-mm) thick shell-element guide spacers merged
to the chute to keep the W-beam rail centered vertically in the chute. A 2-in. (50.8-mm) long x 2-
in. (50.8-mm) wide x 4.9-in. (124.2-mm) tall solid-element post breaker was attached to the
chute upstream of post no. 1. All component interfaces were connected using merged nodes. All
parts were modeled with a deformable steel material, with the exception of the chute, which was
modeled with a rigid steel material. Using average dimensions of the end terminal systems
combined with the internal structure added to the head, the weight of the generic impact head
was 243 Ib (110 kg).

Table 7. Impact Head Model Parts

Part Part Material Element I_Element_
.. Thickness in.
Description Number Type Type (mm)

Face Plate 11000003 | 24 - Piecewise Linear Plasticity | Shell -8 | 3/16 (4.7625)
Tapered Head | 11000004 | 24 - Piecewise Linear Plasticity | Shell -8 | 3/16 (4.7625)
Chute 11000005 20 - Rigid Shell -8 | 3/16 (4.7625)
Interior Plate | 11000006 | 24 - Piecewise Linear Plasticity | Shell — 8 1/2 (12.7)
Stiffening Tubes | 11000007 | 24 - Piecewise Linear Plasticity | Shell -8 | 3/16 (4.7625)

Rigid Plate 11000008 20 - Rigid Shell -8 0.008 (0.2)
Guide Spacers | 11000009 | 24 - Piecewise Linear Plasticity | Shell — 8 1/8 (3.175)
Post Breaker 11000010 | 24 - Piecewise Linear Plasticity | Solid — 1 NA

NA = not applicable

The energy absorbing mechanism was not modeled for the generic end terminal system
due to the variability between systems. Since the internal structure of the impact head did not
include the energy-absorbing mechanism, nine approximately 1-in. (25-mm) square, 3/,.-in. (4.8-
mm) thick shell-element steel tubes connected the face plate and to a %-in. (12.7-mm) thick
shell-element internal plate that spanned the height and width of the tapered impact head to add
rigidity to the head. The internal plate was located at 5% in. (146 mm) longitudinally from the
impact face plate, which was approximately where the W-beam rail exits from the side on
existing impact heads. A rigid plate was merged to the internal plate, which is where the end
terminal force was applied.
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Figure 7. Impact Head Model
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An average force representative of the forces produced by the energy absorbing
mechanisms was utilized. As shown in Table 6, the overall range of the representative end
terminal systems was 10.5 to 22.5 kips (46.7 to 100 kN). There was no determination whether
higher or lower values in the force range would be more critical, so a representative force in the
middle of the range was desired.

The average force was applied to the impact head at Node no. 1, as shown in Figure 7,
using the keyword *LOAD_MOTION_NODE. Node no. 1 was located laterally at the centerline
of the rail and attached to the rigid plate. The keyword *LOAD_MOTION_NODE specified that
if the local x-translational velocity of Node no. 1 was between 0.2 and 268.4 mph (0.01 and 120
mm/ms), then a constant -11.2 kip (-50 kN) force was applied in the x-direction and a constant
-1.1 kip (-5 kN) force was applied in the y-direction at Node no. 1 in the local coordinate system.
The value of 11.2 kips (50 kN) was selected, because it was toward the lower end of the average
force range exerted by actual end terminals in full-scale crash testing. However, the 11.2 kips (50
kN) value in the simulation only accounted for the energy-absorbing mechanism, whereas the
average forces determined from full-scale crash testing accounted for the energy-absorbing
mechanism in the impact head, post fracture, vehicle deformation, and other energies. Therefore,
the actual average force in simulation was expected to be higher than 11.2 kips (50 kN) due to
post fracture, vehicle deformation, and other energies. The -1.1 kip (-5 kN) lateral force was
selected as 10 percent of the longitudinal force as the actual force level was unknown. If the
model did not behavior similar to actual terminals, these force levels could be varied.

5.1.1.2 W-beam Guardrail

The W-beam rail was modeled with Type 16 (fully integrated) shell elements, and
material model *MAT_PIECEWISE_LINEAR_PLASTICITY representative of AASHTO M180
steel with no failure defined. The average element size was 0.37 in. X 0.97 in. (9.3 mm x 24.7
mm) with a finer mesh of approximately %z in. (6.4 mm) around bolt holes in the rail.

The first rail splice was located at the midspan between post nos. 3 and 4. The splices
were located at the midspans between posts in both the MGS and modified G4(1S) models. The
splice location may affect where the guardrail buckles during full-scale crash testing. However,
due to the modeling methodology to simulate the energy-absorbing mechanism, the simulated
guardrail was not loaded in compression like an actual installation, so the guardrail buckling
location when loaded in compression in the simulations was not very accurate. The guardrail
buckling location for the 15-degree angle impacts may be closer to reality since the rail buckle is
primarily caused by lateral force exerted by the vehicle rather than the compression load
imparted to the rail from the impact head.

*DEFINE_CONSTRUCTION_STAGES, *DEFINE_STAGED_CONSTRUCTION_
PART, and *CONTROL_STAGED_CONSTRUCTION were used to sequentially delete the W-
beam segments as a function of time for visualization. The timing of part deletion was
determined for each individual simulation. When the W-beam part was deleted, the mass was
also deleted, which would normally extend to the side of the end terminal head after exiting the
energy-absorbing mechanism. In most simulations, the deletion of parts did not significantly alter
the system or vehicle performance, so it only contributed to the visualization.
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5.1.1.3 Anchorage

The end terminal anchorage was adapted from the MGS downstream anchorage design
[16] and consisted of two BCT posts in soil tubes, a groundline strut spanning post nos. 1 and 2,
a cable anchor bracket attached to the backside of the W-beam rail, a cable anchor spanning from
the cable anchor bracket through the groundline hole in post no. 1, and an anchor bearing plate,
as shown in Figure 8. Multiple parts make up each of these systems, including bolt connections
between parts.

The wood material model used for the BCT posts was developed previously using
material model *MAT_ISOTROPIC_ELASTIC_FAILURE [16]. The region near the groundline
of BCT post nos. 1 and 2 had a plastic failure strain defined, while the other BCT post regions
had no failure defined. The BCT posts were constructed of type 3 (fully integrated quadratic 8-
node element with nodal rotations) solid elements in the fracturable area.

Most end terminals do not include a standard post-to-rail bolt at post no. 1. Rather, no
bolt is present to allow the post to release easily, and a bracket is attached to the side of post no.
1, which supports the impact head. This configuration was replicated in the simulation with an
approximately 2-in. x 2-in. x 2-in. (50.8-mm x 50.8-mm x 50.4-mm) solid element support tied
to the front face of post no. 1.

A cable anchor bracket attached the backside of the W-beam guardrail with the
anchorage cable. The cable anchor bracket disengages when hit in an end-on impact in energy-
absorbing end terminal systems. However, the cable anchor brackets utilized in actual end
terminals were not utilized, because many of the brackets are proprietary. Therefore, the
downstream anchorage cable anchor bracket was modelled. However, the anchor bracket is not
intended to disengage when impacted. Thus, disengagement was simulated by deleting the part at
the appropriate time using the construction stages that were utilized to delete the W-beam
guardrail. The trajectory of the impact head was monitored in the simulations to determine if the
impacts could cause the cable release bracket to fail to disengage.

5.1.1.4 CRT Post Assembly

The CRT post assembly was initially developed by Weiland, et al. [37]. The post
assembly consists of several parts, as shown in Figure 9:

1) CRT post with a failure region near groundline and non-failure regions elsewhere
2) Soil tube with soil springs

3) Blockout

4) Post-to-guardrail bolt assembly, as shown in Figure 10

5) Guardrail bolt slot with refined mesh

The wood material model used for the CRT posts was developed previously using an
elasto-plastic material (*MAT_PIECEWISE_LINEAR_PLASTICITY) with a failure criterion
based on a maximum plastic strain [37]. The material model was representative of Southern
Yellow Pine, which is the material used in the manufacturing of CRT posts. The parameters used
in the wood material model are shown in Table 8. The region near the groundline of the CRT
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posts had a plastic failure strain defined, while the other CRT post regions did not. The CRT
posts were constructed using solid elements with a fully integrated, selectively reduced element
formulation. The soil tubes and soil springs were defined to represent typical soil stiffness used
during full-scale crash testing. Bogie vehicle impacts into CRT posts in the strong and weak axes
were compared to simulations with the same set-up. Based on the correlation with the physical
bogie tests, degrees of deflection, and modes of failure, the wood material model used for the
CRT posts was considered validated.

The blockouts were fully integrated, selectively reduced element formulation with an
elastic material. It is difficult to predict blockout fracture and disengagement from the posts, and
often the blockouts do not disengage from the posts. Therefore, the blockouts were not defined
with a material with failure.

Table 8. CRT Post Properties

Density | Young’s Modulus | Poisson’s Yield Tangent Plastic Failure
kg/mm? GPa Ratio Strength Modulus Strain
GPa GPa
6.274 E-07 11.0 0.30 6.0 E-03 250.0 E-03 120.0 E-03

The preload in the post to guardrail bolts was determined though field testing to an
average of 6.7 kips (30 kN) [37]. The *INITIAL_STRESS_SECTION card was utilized to apply
a 23.2 ksi (160 MPa) initial stress at a cross-section near the center of each bolt to obtain a
preload of 6.7 kips (30 kN). The CRT post assembly was calibrated to accurately model bolt
pullout and general post behavior. Further details of the post model can be found in Weiland, et
al. [37].

Typically in impacts on the end of guardrail end terminals, the W-beam rail tears at the
slots as the post bolts release. The mesh around the guardrail slot was refined to enhance bolt
release. However, no failure is defined in the W-beam guardrail material model, so tearing
cannot occur. Without failure in the material, significant rail deformations occurred when the
post bolt heads did not release easily and snagged on the W-beam elements, as shown in Figure
11a before release and Figure 11b after release at post no. 3. This led to instabilities in the
simulations, especially in impacts with the 2270P model where large W-beam deformations
occurred. The mesh around the guardrail slots was refined and other contact definitions were
explored, but significant rail deformations and simulation instabilities still occurred.

To account for the lack of gquardrail material failure, parameters on the
*CONTROL_SHELL card were activated to delete excessively distorted elements:

stretch = 1 (stretch ratio of element diagonals for element deletion)
nfaill = 1 (delete element if highly distorted under-integrated shell elements)

delfr = 1 (delete shell elements whose neighboring shell elements have failed)
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Frontside Isometric

Backside Isometric

Figure 8. End Terminal Anchorage Model
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Figure 9. CRT Post Assembly Model

Figure 10. Post-to-Guardrail Bolt Model
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When element deletion is active, LS-PrePost allows two different modes to view the
element deletion patterns: on the deformed part shape and on the undeformed part shape. On the
deformed part shape, it can be difficult to see which elements are deleted. However, on the
undeformed part shape, it is much easier to discern which elements were deleted. The guardrail
deformation at post no. 3 with element deletion active is shown in Figure 12a. When significant
deformation occurred, some elements were deleted, which prevented significant snagging and
simulation instability. The undeformed guardrail state with deleted elements and the deformed
guardrail state with deleted elements at post no. 3 are shown in Figure 12b. However, the number
and location of deleted elements at each post differed as the deformation varied. An example of
the undeformed guardrail state with deleted elements at post no. 7 is shown in Figure 12c. The
distorted element deletion modeling technique was not predictive of where actual tearing
occurred in the guardrail but was used to overcome the lack of guardrail material failure.

\\\\:§§\§\§§§\\\ \\\\\\&K\\
. .

(a) Before bolt release (post no. 3) (b) After bolt release (post no. 3)

Figure 11. Bolt Head Snagging and Deformation Around Guardrail Slot
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(a) Deformed state with (b) Undeformed state with (c) Undeformed state with
element deletion element deletion element deletion
(post no. 3) (post no. 3) (post no. 7)

Figure 12. Bolt Head Deformation with Distorted Element Deletion

5.1.2 Strong Post Guardrail Model

A 175-ft (53.3-m) MGS model was previously validated against NCHRP Report 350 test
no. 3-10 and MASH 2009 test no. 3-11 impacts on the length-of-need [38]. This model was
modified with the end terminal system previously described. During impact events on the end of
the end terminal, the vehicles should not travel much beyond the 50-ft (15.2-m) long end
terminal system. Therefore, the rest of the guardrail system was not modified from the standard
MGS model, apart from changing from 12 in. to 8 in. (305 mm to 203 mm) deep blockouts and a
31-in. to 27%-in. (787-mm to 705-mm) rail height for the modified G4(1S) configuration.

5.2 Vehicle Models

Four vehicle models were used to evaluate the end terminal. The NCHRP Report 350
820C vehicle was the Geo Metro small car, and the 2000P vehicle was the Chevrolet c2500
pickup truck. The MASH 2009 1100C vehicle was the Toyota Yaris small car, and the 2270P
vehicle was the Chevrolet Silverado pickup truck.

5.2.1 Geo Metro (820C)
A Geo Metro vehicle model, shown in Figure 13, was originally created by National

Crash Analysis Center (NCAC) and then improved upon and obtained from Politecnico di
Milano, Italy. This model was later modified by MwRSF personnel for use in roadside safety
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applications. A Roadside Safety Verification and Validation Program (RSVVP) analysis was
conducted with the 1,984-Ib (900-kg) Geo Metro model impacting the MGS model according to
NCHRP Report 350 test no. 3-10 [38].

Figure 13. Geo Metro Model

5.2.2 Chevrolet 2500 (2000P)

A Chevrolet ¢2500 vehicle model, shown in Figure 14, was originally developed by
NCAC and later modified by MwRSF personnel for use in roadside safety applications. The
€2500 vehicle models weighs 4,572 b (2,074 kg).

Figure 14. Chevrolet c2500 Model
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5.2.3 Toyota Yaris (1100C)

A Toyota Yaris model, shown in Figure 15, was originally created by NCAC and later
modified by MwRSF personnel for use in roadside safety applications. The 2,776-Ib (1,259-kg)
Toyota Yaris model was validated by NCAC with several frontal impact events [39], and the
MGS model has been validated with other vehicle models. The Toyota Yaris vehicle model had a
test inertial mass of 2,425 Ib (1,100 kg) and an additional mass of 351 Ib (159 kg), which
included the mass of two front-seated occupants, for a total mass of 2,776 Ib (1,259 kg). A
RSVVP analysis was conducted with the Toyota Yaris model impacting the MGS model
according to MASH 2009 test no. 3-10 [40].

Figure 15. Toyota Yaris Model

5.2.4 Chevrolet Silverado (2270P)

A Chevrolet Silverado vehicle model, shown in Figure 16, was originally developed by
NCAC and later modified by MwRSF personnel for use in roadside safety applications. This
particular vehicle is a reduced version 3 Silverado model, which weighs 5,000 Ib (2,270 kg) [41].
Tire deflation and disengagement were not enabled in the simulations. A RSVVP analysis was
conducted with the Chevrolet Silverado model impacting the MGS model according to MASH
2009 test no. 3-11 [40].

Figure 16. Chevrolet Silverado Reduced V3 Model
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6 SIMULATIONS ON LEVEL TERRAIN

Eight different test numbers from NCHRP Report 350 and MASH 2009 were simulated
on the generic end terminal installed on MGS and modified G4(1S), as follows:

1) NCHRP Report 350 test no. 3-30 - 820C small car (Geo) impacting end at 0 deg at
quarter point offset

2) NCHRP Report 350 test no. 3-31 - 2000P pickup truck (C2500) impacting end at 0 deg

3) NCHRP Report 350 test no. 3-32 - 820C small car (Geo ) impacting end at 15 deg

4) NCHRP Report 350 test no. 3-33 - 2000P pickup truck (C2500) impacting end at 15 deg

5) MASH 2009 test no. 3-30 - 1100C small car (Yaris) impacting end at 0 deg at quarter
point offset

6) MASH 2009 test no. 3-31 - 2270P pickup truck (Silverado) impacting end at 0 deg

7) MASH 2009 test no. 3-32 - 1100C small car (Yaris) impacting end at 5/15 deg

8) MASH 2009 test no. 3-33 - 2270P pickup truck (Silverado) impacting end at 5/15 deg

Full-scale crash testing did not exist for all of these impact conditions, so all simulations could
not be compared to existing systems in all cases. However, the simulations were conducted to
provide additional results for comparison.

Specific simulation results that were evaluated included occupant risk measures, vehicle
stability, guardrail feed length, average end terminal forces, rail buckle location, and vehicle and
system damage. The occupant risk measures included longitudinal and lateral occupant impact
velocities (OIV) and occupant ridedown accelerations (ORA) that were calculated using
acceleration data with a minimum 10,000 Hz frequency from the local c.g. node of the vehicle
and then processed as defined in MASH 20009.

The average end terminal force was calculated based on the procedure established by
Coon to provide an equivalent comparison to the full-scale crash tests [20-21]. Using
conservation of momentum and assuming the initial impact is perfectly plastic, the combined
velocity, V., of the terminal head and vehicle can be calculated just after the initial impact from
Equation 6.1. The kinetic energy, KEc, can be calculated at that initial combined state from
Equation 6.2. The kinetic energy, KEq, when the vehicle departs from the rail or when the impact
head stops extruding guardrail can be calculated from Equation 6.3. Applying conservation of
energy, kinetic energy at the initial combined state, KEc, can also be calculated with Equation
6.4. The average force can be found by rearranging these equations, as shown in Equation 6.5.

ViMy+VpMp _ ViMy

Ve= My+Mp — My+Mp (6.1)
where

Vi = initial velocity of vehicle

My = mass of vehicle

Vh = velocity of end terminal head initially = 0

Mhn = mass of impact head = 110 kg (243 Ib)
KE. = 0.5(M,, + M)V, (6.2)
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KE; = 0.5(M, + M)V,* (6.3)

where

Vq is the velocity of the vehicle as it departs from the rail or when the impact head stops
extruding guardrail

KE. = KE; + Erqi (6.4)
where

E,qi1 = energy dissipated by rail = F,.d

Fave = average force required to displace the head along the rail

d = distance the head is displaced or feed length

KE.—KEg4

Fope = —a (6-5)

The procedure to determine average end terminal force is only valid when the velocity of
the vehicle and the impact head are the same throughout the impact event. This only occurs in
the simulations of NCHRP Report 350 and MASH 2009 test no. 3-31.

6.1.1 NCHRP Report 350 Test No. 3-30

NCHRP Report 350 test no. 3-30 involves an 820C small car impacting at 62 mph (99.8
km/h) and at 0 degrees with the centerline of the system aligned with the quarter point offset of
the vehicle’s bumper. Many end terminal systems have been tested at the shallow quarter point
offset, as shown in Figure 17. Since the performance of the deep quarter point offset, shown in
Figure 18, is largely unknown, impacts with both quarter point offsets were simulated.

Figure 18. NCHRP Report 350 Test No. 3-30, Deep Quarter-Point Offset Impact
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6.1.1.1 Shallow Quarter-Point Offset

In simulation nos. NCHRP-30-shallow-G41S and NCHRP-30-shallow-MGS, the 820C
small car impacted the end terminals installed on modified G4(1S) and MGS, respectively, at the
shallow-quarter point offset. Sequential photographs are shown in Figure 19 (overhead view) and
Figure 20 (downstream view). The longitudinal and lateral ORAs and OIVs are shown in Table
9. The distance the impact head translated, or the feed length, and the buckle location are also
shown in Table 9.

The 820C model impacted the impact head installed on modified G4(1S). The impact
head translated downstream along 12.5 ft (3.8 m) of guardrail, impacting the BCT posts and one
of the CRT posts. The first three posts fractured near the groundline. The car yawed toward the
traffic side of the system, and the impact head stopped translating downstream 360 ms after
impact. The guardrail did not buckle, but the simulation model rail buckling should be used
cautiously as the rail does not have typical compressive loads as a result of not modeling the
energy-absorbing mechanism in the impact head. The longitudinal OIV was -36.1 ft/s (-11.0
m/s), which is close to the 39.4 ft/s (12 m/s) limit specified in NCHRP Report 350. No
significant occupant compartment deformation occurred.

The 820C model impacted the impact head installed on MGS. The impact head translated
downstream along 13.3 ft (4.1 m) of guardrail, impacting the BCT posts and one of the CRT
posts. The first three posts fractured near groundline. The car yawed toward the traffic side of the
system, and the impact head stopped translating downstream 360 ms after impact. The guardrail
began to buckle at post no. 4, but the model rail buckling should be used cautiously as the rail
does not have typical compressive loads as a result of not modeling the energy-absorbing
mechanism in the impact head. The longitudinal ORA was -22.5 g’s, which is over the NCHRP
Report 350 limit of 20 g’s. The high acceleration occurred when a post-to-rail bolt snagged as it
tried to release. As discussed previously, rail release when impacted end-on was not calibrated
due to not modeling steel material failure, including tearing. No significant occupant
compartment deformation occurred.

Table 9. NCHRP Report 350 Test No. 3-30, Shallow Quarter-Point Offset

Simulation No. NCHRP-30-shallow-G41S | NCHRP-30-shallow-MGS
Test Number NCHRP 350 3-30 (Shallow) | NCHRP 350 3-30 (Shallow)
System G41S MGS
Longitudinal OIV, ft/s (m/s) -36.1 (-11.0) -31.2 (-9.5)
Lateral OIV, ft/s (m/s) -3.9(-1.2) 2.0 (-0.3)
Longitudinal ORA, g’s -17.1 -22.5
Lateral ORA, g’s 5.7 7.6
Maximum Roll Angle, deg 4.0 -1.2
Maximum Pitch Angle, deg 2.2 1.8
Maximum Yaw Angle, deg 58.3 93
Guardrail Feed Length, ft (m) 12,5 (3.8) 13.3(4.1)
Buckle Location None Post no. 4

33




July 10, 2017
MwRSF Report No. TRP-03-358-17

0.000 sec 0.000 sec

0.130 sec 0.130 sec

0.260 sec 0.260 sec

0.390 sec 0.390 sec
0.520 sec 0.520 sec
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Simulation No. NCHRP-30-Shallow-G41S Simulation No. NCHRP-30-Shallow-MGS

Figure 19. NCHRP Report 350 Test No. 3-30, Shallow Quarter-Point Offset, Overhead View
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Figure 20. NCHRP Report 350 Test No. 3-30, Shallow Quarter-Point Offset, Downstream View
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6.1.1.2 Deep Quarter-Point Offset

In simulation nos. NCHRP-30-deep-G41S and NCHRP-30-deep-MGS, the 820C small
car impacted the end terminals installed on modified G4(1S) and MGS, respectively, at the deep
quarter-point offset. Sequential photographs are shown in Figure 21 (overhead view) and Figure
22 (downstream view). The longitudinal and lateral ORAs and OIVs are shown in Table 10. The
distance the impact head translated, or the feed length, and the buckle location are also shown in
Table 10.

The 820C model impacted the impact head installed on modified G4(1S). The impact
head translated downstream along 14.2 ft (4.3 m) of guardrail, impacting the BCT posts and one
of the CRT posts. The first three posts fractured near the groundline. The car yawed toward the
non-traffic side of the system, and the impact head stopped translating downstream 340 ms after
impact. The guardrail buckled at post no. 5, but rail buckling should be used cautiously as the rail
does not have typical compressive loads as a result of not modeling the energy-absorbing
mechanism in the impact head. No significant occupant compartment deformation occurred.

The 820C model impacted the impact head installed on MGS. The impact head translated
downstream along 13.3 ft (4.1 m) of guardrail, impacting the BCT posts and one of the CRT
posts. The first four posts fractured near the groundline. The car yawed toward the non-traffic
side of the system, and the impact head stopped translating downstream 300 ms after impact. The
guardrail buckled at post no. 5, but rail buckling should be used cautiously as the rail does not
have typical compressive loads as a result of not modeling the energy-absorbing mechanism in
the impact head. No significant occupant compartment deformation occurred.

Table 10. NCHRP Report 350 Test No. 3-30, Deep Quarter-Point Offset

Simulation No. NCHRP-30-deep-G41S NCHRP-30-deep-MGS
Test Number NCHRP 350 3-30 (Deep) NCHRP 350 3-30 (Deep)
System G41S MGS
Longitudinal OIV, ft/s (m/s) -29.9 (-9.1) -29.9 (-9.1)
Lateral OIV, ft/s (m/s) -2.3(-0.7) -3.0 (-0.9)
Longitudinal ORA, g’s -10.2 -9.8
Lateral ORA, g’s -7.3 -8.6
Maximum Roll Angle, deg 1.7 2.4
Maximum Pitch Angle, deg 2.8 2.3
Maximum Yaw Angle, deg -133.8 -122.9
Guardrail Feed Length, ft (m) 14.2 (4.3) 13.3(4.1)
Buckle Location Post no. 5 Post no. 5
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Figure 21. NCHRP Report 350 Test No. 3-30, Deep Quarter-Point Offset, Overhead View
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Figure 22. NCHRP Report 350 Test No. 3-30, Deep Quarter-Point Offset, Downstream View
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6.1.2 NCHRP Report 350 Test No. 3-31

NCHRP Report 350 test no. 3-31 involves a 2000P pickup truck impacting at 62 mph
(99.8 km/h) and at O degrees with the centerline of the system aligned with the centerline of the
vehicle, as shown in Figure 23. In simulation nos. NCHRP-31-G41S and NCHRP-31-MGS, the
2000P pickup truck impacted the end terminals installed on modified G4(1S) and MGS,
respectively. Sequential photographs are shown in Figure 24 (overhead view) and Figure 25
(downstream view). The longitudinal and lateral ORAs and OIVs are shown in Table 11. The
distance the impact head translated, or the feed length, and the buckle location are also shown in
Table 11. Using conservation of momentum utilized during the development of the crash
reconstruction procedure for end terminals established by Coon, the average end terminal force
was calculated based on the mass of the vehicle and guardrail feed length, also shown in Table
11.

The 2000P model impacted the impact head installed on modified G4(1S). The impact
head translated downstream along 34.1 ft (10.4 m) of guardrail, impacting the BCT posts and
five of the CRT posts. The first seven posts fractured near the groundline. The truck yawed
slightly toward the traffic side of the system, and the impact head stopped translating
downstream 660 ms after impact. The post-to-rail bolt at post no. 7 snagged as it tried to release
from the W-beam guardrail, which resulted in a significant longitudinal load imparted to the W-
beam guardrail, a buckle at post no. 7, and the vehicle stopping. Due to this longitudinal load and
buckle, the downstream BCT anchorage posts fractured and every post-to-rail bolt released from
the W-beam guardrail. This phenomenon was not realistic. No significant occupant compartment
deformation occurred.

The 2000P model impacted the impact head installed on MGS. The impact head
translated downstream along 36.4 ft (11 m) of guardrail, impacting the BCT posts and five of the
CRT posts. The first six posts fractured near the groundline. The truck yawed slightly toward the
traffic side of the system, and the impact head stopped translating downstream 900 ms after
impact. The guardrail did not buckle. No significant occupant compartment deformation
occurred.

Figure 23. NCHRP Report 350, Test No. 3-31 Impact
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Table 11. NCHRP Report 350 Test No. 3-31

Simulation No. NCHRP-31-G41S NCHRP-31 -MGS
Test Number NCHRP 350 3-31 NCHRP 350 3-31
System G41S MGS
Longitudinal OIV, ft/s (m/s) -21.0 (-6.4) -20.0 (-6.1)
Lateral OIV, ft/s (m/s) -1.0 (-0.3) -1.3(-0.4)
Longitudinal ORA, g’s -16.0 -13.9
Lateral ORA, g’s 5.0 -7.3
Maximum Roll Angle, deg -1.1 -1.3
Maximum Pitch Angle, deg 1.6 1.8
Maximum Yaw Angle, deg 16.6 13.4
Guardrail Feed Length, ft (m) 34.1 (10.4) 36.4 (11.1)
Buckle Location None None
Average Terminal Force, kips (kKN) 16.1 (71.8) 15.3 (68.2)

6.1.3 NCHRP Report 350 Test No. 3-32

NCHRP Report 350 test no. 3-32 involves an 820C small car impacting at 62 mph (99.8
km/h) and at 15 degrees with the centerline of the system aligned with the centerline of the
vehicle, as shown in Figure 26. In simulation nos. NCHRP-32-G41S and NCHRP-32-MGS, the
820C small car impacted the end terminals installed on modified G4(1S) and MGS, respectively.
Sequential photographs are shown in Figure 27 (overhead view) and Figure 28 (downstream
view). The longitudinal and lateral ORAs and OIVs are shown in Table 12. The distance the
impact head translated, or the feed length, and the buckle location are also shown in Table 12.

The 820C model impacted the impact head installed on modified G4(1S). The impact
head translated downstream along 8.7 ft (2.7 m) of guardrail, impacting the BCT posts and one
of the CRT posts. The first two posts fractured near the groundline. The rail gated, which
allowed the vehicle to traverse behind the system, and the impact head stopped translating
downstream 185 ms after impact. The impact head remained engaged with the front of the
vehicle for longer than what has occurred in full-scale crash testing, which may partially be
attributed to the impact head and vehicle nodes becoming entangled. When the impact head
model disengaged from the front bumper and hood, the impact head twisted and translated
upward. The impact head typically releases to the side of the vehicle in full-scale crash testing,
and not upward as observed in the model. The guardrail buckled at post no. 3, but rail buckling
should be used cautiously as the rail does not have typical compressive loads as a result of not
modeling the energy-absorbing mechanism in the impact head. No significant occupant
compartment deformation occurred.
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Figure 24. NCHRP Report 350 Test No. 3-31, Overhead View

41



0.000 sec

0.180 sec

0.360 sec

0.540 sec

0.720 sec

0.900 sec
Simulation No. NCHRP-31-G41S

July 10, 2017
MwRSF Report No. TRP-03-358-17

(mos;c

ﬂ 2

0.180 sec

" .
0.360 sec

o

0.540 sec
[ |

0.720 sec
b

ﬁ .

0.900 sec
Simulation No. NCHRP-31-MGS

Figure 25. NCHRP Report 350 Test No. 3-31, Downstream View
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The 820C model impacted the impact head installed on MGS. The impact head translated
downstream along 8.7 ft (2.7 m) of guardrail, impacting the BCT posts and one of the CRT
posts. The first two posts fractured near the groundline. The rail gated, which allowed the vehicle
to traverse behind the system, and the impact head stopped translating downstream 195 ms after
impact. The impact head remained engaged with the front of the vehicle for longer than what has
occurred in full-scale crash testing, which may partially be attributed to the impact head and
vehicle nodes becoming entangled. When the impact head model disengaged from the front
bumper and hood, the impact head twisted and translated upward. The impact head typically
releases to the side of the vehicle in full-scale crash testing, and not upward as observed 7in the
model. The guardrail buckled at post no. 3, but rail buckling should be used cautiously as the rail
does not have typical compressive loads as a result of not modeling the energy-absorbing
mechanism in the impact head. No significant occupant compartment deformation occurred.

Figure 26. NCHRP Report 350 Test No. 3-32 Impact

Table 12. NCHRP Report 350 Test No. 3-32

Simulation No. NCHRP-32-G41S NCHRP-32 -MGS
Test Number NCHRP 350 3-32 NCHRP 350 3-32
System G41S MGS
Longitudinal OIV, ft/s (m/s) -32.5(-9.9) -32.2 (-9.8)
Lateral OIV, ft/s (m/s) 2.0 (0.6) 2.3(0.7)
Longitudinal ORA, g’s -13.0 -8.9
Lateral ORA, g’s 9.2 5.1
Maximum Roll Angle, deg 2.5 1.3
Maximum Pitch Angle, deg 2.4 2.0
Maximum Yaw Angle, deg 12.3 14.7
Guardrail Feed Length, ft (m) 8.7 (2.6) 8.7 (2.6)
Buckle Location Post no. 3 Post no. 3
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Figure 27. NCHRP Report 350 Test No. 3-32, Overhead View
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Figure 28. NCHRP Report 350 Test No. 3-32, Downstream View
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6.1.4 NCHRP Report 350 Test No. 3-33

NCHRP Report 350 test no. 3-33 involves a 2000P pickup truck impacting at 62 mph
(99.8 km/h) and at 15 degrees with the centerline of the system aligned with the centerline of the
vehicle, as shown in Figure 29. In simulation nos. NCHRP-33-G41S and NCHRP-33-MGS, the
2000P pickup truck impacted the end terminals installed on modified G4(1S) and MGS,
respectively. Sequential photographs are shown in Figure 30 (overhead view) and Figure 31
(downstream view). The longitudinal and lateral ORAs and OIVs are shown in Table 13. The
distance the impact head translated, or the feed length, and the buckle location are also shown in
Table 13.

The 2000P model impacted the impact head installed on modified G4(1S). The impact
head translated downstream along 9.7 ft (3.0 m) of guardrail, impacting the BCT posts and one
of the CRT posts. The first three posts fractured near the groundline. The rail gated, which
allowed the vehicle to traverse behind the system, and the impact head stopped translating
downstream 160 ms after impact. The guardrail buckled at post no. 3, but rail buckling should be
used cautiously as the rail does not have typical compressive loads as a result of not modeling
the energy-absorbing mechanism in the impact head. The impact head attached to the front of the
truck due to nodes entangling. However, this phenomenon is not expected to occur during an
actual impact event. No significant occupant compartment deformation occurred.

The 2000P model impacted the impact head installed on MGS. The impact head
translated downstream along 9.0 ft (2.7 m) of guardrail, impacting the BCT posts and one of the
CRT posts. The first three posts fractured near the groundline. The rail gated, which allowed the
vehicle to traverse behind the system, and the impact head stopped translating downstream 160
ms after impact. The guardrail buckled 13 in. (330 mm) downstream from post no. 3, but rail
buckling should be used cautiously as the rail does not have typical compressive loads as a result
of not modeling the energy-absorbing mechanism in the impact head. No significant occupant
compartment deformation occurred.

Figure 29. NCHRP Report 350 Test No. 3-33 Impact
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Table 13. NCHRP Report 350 Test No. 3-33

Simulation No. NCHRP-33-G41S NCHRP-33 -MGS
Test Number NCHRP 350 3-33 NCHRP 350 3-33
System G41S MGS
Longitudinal OIV, ft/s (m/s) -21.7 (-6.6) -21.3 (-6.5)
Lateral OIV, ft/s (m/s) 1.0 (0.3) 2.6 (0.8)
Longitudinal ORA, g’s -8.5 -7.9
Lateral ORA, g’s 11.0 9.2
Maximum Roll Angle, deg 2.7 -3.9
Maximum Pitch Angle, deg -2.4 -2.7
Maximum Yaw Angle, deg 38.6 94
Guardrail Feed Length, ft (m) 9.7 (3.0) 9.0 (2.7)
Buckle Location Post no. 3 13 in. DS from Post no. 3
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Figure 30. NCHRP Report 350 Test No. 3-33, Overhead View
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Figure 31. NCHRP Report 350 Test No. 3-33, Downstream View
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6.1.5 MASH 2009 Test No. 3-30

MASH 2009 test no. 3-30 involves an 1100C small car impacting at 62 mph (99.8 km/h)
and at O degrees with the centerline of the system aligned with the quarter point offset of the
vehicle’s bumper. Typically, the system is tested at the shallow quarter point offset, as shown in
Figure 32. Since the performance of the deep quarter-point offset, shown in Figure 33, is largely
unknown, impacts with both quarter point offsets were simulated.

Figure 32. MASH 2009 Test No. 3-30, Shallow Quarter-Point Offset Impact

Figure 33. MASH 2009 Test No. 3-30, Deep Quarter-Point Offset Impact

6.1.5.1 Shallow Quarter-Point Offset

In simulation nos. MASH-30-shallow-G41S and MASH-30-shallow-MGS, the 1100C
small car impacted the end terminals installed on modified G4(1S) and MGS, respectively, at the
shallow quarter-point offset. Sequential photographs are shown in Figure 34 (overhead view) and
Figure 35 (downstream view). The longitudinal and lateral ORAs and OI1Vs, distance the impact
head translated, or the feed length, and the buckle location are shown in Table 14.

The 1100C model impacted the impact head installed on modified G4(1S). The impact
head translated downstream along 14.8 ft (4.5 m) of guardrail, impacting the BCT posts and two
of the CRT posts. The first three posts fractured near the groundline. The car yawed toward the
traffic side of the system, and the impact head stopped translating downstream 359 ms after
impact. The guardrail began to buckle at post no. 4, but rail buckling should be used cautiously
as the rail does not have typical compressive loads as a result of not modeling the energy-
absorbing mechanism in the impact head. The impact head attached to the front of the car model
due to nodes entangling. However, this phenomenon is not expected to occur during an actual
impact event. No significant occupant compartment deformation occurred.
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The 1100C model impacted the impact head installed on MGS. The impact head
translated downstream along 17.6 ft (5.4 m) of guardrail, impacting the BCT posts and two of the
CRT posts. The first four posts fractured near the groundline. The car yawed toward the traffic
side of the system, and the impact head stopped translating downstream 428 ms after impact. The
guardrail began to buckle at post no. 5, but rail buckling should be used cautiously as the rail
does not have typical compressive loads as a result of not modeling the energy-absorbing
mechanism in the impact head. The impact head attached to the front of the car model due to
nodes entangling. However, this phenomenon is not expected to occur during an actual impact
event. No significant occupant compartment deformation occurred.

Table 14. MASH 2009 Test No. 3-30, Shallow Quarter-Point Offset

Simulation No. MASH-30-shallow-G41S MASH-30-shallow-MGS
Test Number MASH 2009 3-30 (Shallow) | MASH 2009 3-30 (Shallow)
System G41S MGS
Longitudinal OIV, ft/s (m/s) -28.2 (-8.6) -25.6 (-7.8)
Lateral OIV, ft/s (m/s) 0.7 (0.2) 0.0 (0.0)
Longitudinal ORA, g’s -19.7 -12.9
Lateral ORA, g’s 14.4 9.5
Maximum Roll Angle, deg 2.8 2.4
Maximum Pitch Angle, deg 3.9 34
Maximum Yaw Angle, deg 113.9 113.6
Guardrail Feed Length, ft (m) 14.8 (4.5) 17.6 (5.4)
Buckle Location Post no. 4 Post no. 5
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Figure 34. MASH 2009 Test No. 3-30, Shallow Quarter-Point Offset, Overhead View
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Figure 35. MASH 2009 Test No. 3-30, Shallow Quarter-Point Offset, Downstream View
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6.1.5.2 Deep Quarter-Point Offset

In simulation nos. MASH-30-deep-G41S and MASH-30-deep-MGS, the 1100C small car
impacted the end terminals installed on modified G4(1S) and MGS, respectively, at the deep
quarter-point offset. Sequential photographs are shown in Figure 36 (overhead view) and Figure
37 (downstream view). The longitudinal and lateral ORAs and OIVs are shown in Table 15. The
distance the impact head translated, or the feed length, and the buckle location are also shown in
Table 15.

The 1100C model impacted the impact head installed on modified G4(1S). The impact
head translated downstream along 16.8 ft (5.1 m) of guardrail, impacting the BCT posts and one
of the CRT posts. The first four posts fractured near the groundline. The car yawed toward the
non-traffic side of the system, and the impact head stopped translating downstream 370 ms after
impact. The guardrail buckled at post no. 5, but rail buckling should be used cautiously as the rail
does not have typical compressive loads as a result of not modeling the energy-absorbing
mechanism in the impact head. No significant occupant compartment deformation occurred.

The 1100C model impacted the impact head installed on MGS. The impact head
translated downstream along 16.8 ft (5.1 m) of guardrail, impacting the BCT posts and one of the
CRT posts. The first four posts fractured near the groundline. The car yawed toward the non-
traffic side of the system, and the impact head stopped translating downstream 380 ms after
impact. The guardrail buckled at post no. 5, but rail buckling should be used cautiously as the rail
does not have typical compressive loads as a result of not modeling the energy-absorbing
mechanism in the impact head. No significant occupant compartment deformation occurred.

Table 15. MASH 2009 Test No. 3-30, Deep Quarter-Point Offset

Simulation No. MASH-30-deep-G41S MASH-30-deep-MGS
Test Number MASH 2009 3-30 (Deep) | MASH 2009 3-30 (Deep)
System G41S MGS
Longitudinal OIV, ft/s (m/s) -27.9 (-8.5) -27.6 (-8.4)
Lateral OIV, ft/s (m/s) -1.0 (-0.3) -0.3(-0.1)
Longitudinal ORA, g’s -8.3 -11.3
Lateral ORA, g’s -9.3 -7.8
Maximum Roll Angle, deg -3.9 -35
Maximum Pitch Angle, deg 3.6 4.3
Maximum Yaw Angle, deg -132.2 -124.5
Guardrail Feed Length, ft (m) 16.8 (5.1) 16.8 (5.1)
Buckle Location Post no. 5 Post no. 5
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Figure 36. MASH 2009 Test No. 3-30, Deep Quarter-Point Offset, Overhead View
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Figure 37. MASH 2009 Test No. 3-30, Deep Quarter-Point Offset, Downstream View
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6.1.6 MASH 2009 Test No. 3-31

MASH 2009 test no. 3-31 involves a 2270P pickup truck impacting at 62 mph (99.8
km/h) and at O degrees with the centerline of the system aligned with the centerline of the
vehicle, as shown in Figure 38. In simulation nos. MASH-31-G41S and MASH-31-MGS, the
2270P pickup truck impacted the end terminals installed on modified G4(1S) and MGS,
respectively. Sequential photographs are shown in Figure 39 (overhead view) and Figure 40
(downstream view). The longitudinal and lateral ORAs and OIVs are shown in Table 16. The
distance the impact head translated, or the feed length, and the buckle location are also shown in
Table 16. Using conservation of momentum utilized during the development of the crash
reconstruction procedure for end terminals established by Coon, the average end terminal force
was calculated based on the mass of the vehicle and guardrail feed length, also shown in Table
16.

The 2270P model impacted the impact head installed on modified G4(1S). The impact
head translated downstream along 44.6 ft (13.6 m) of guardrail, impacting the BCT posts and six
of the CRT posts. The first seven posts fractured near the groundline. The truck remained aligned
with the guardrail throughout the impact event, and the impact head stopped translating
downstream 1070 ms after impact. The guardrail did not buckle. No significant occupant
compartment deformation occurred.

The 2270P model impacted the impact head installed on MGS. The impact head
translated downstream along 44.4 ft (13.5 m) of guardrail, impacting the BCT posts and six of
the CRT posts. The first seven posts fractured near the groundline. The truck remained aligned
with the guardrail throughout the impact event, and the impact head stopped translating
downstream 1090 ms after impact. The guardrail did not buckle. No significant occupant
compartment deformation occurred.

Figure 38. MASH 2009 Test No. 3-31 Impact
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Table 16. MASH 2009 Test No. 3-31

Simulation No. MASH-31-G41S MASH-31-MGS
Test Number MASH 2009 3-31 MASH 2009 3-31
System G41S MGS
Longitudinal OIV, ft/s (m/s) -18.7 (-5.7) -18.4 (-5.6)
Lateral OIV, ft/s (m/s) -0.3(-0.1) -0.3(-0.1)
Longitudinal ORA, g’s -14.1 -11.4
Lateral ORA, g’s 3.8 3.7
Maximum Roll Angle, deg 2.2 4.0
Maximum Pitch Angle, deg 1.5 2.0
Maximum Yaw Angle, deg 1.0 1.7
Guardrail Feed Length, ft (m) 44.6 (13.6) 44.4 (13.5)
Buckle Location None None
Average Terminal Force, kips (kN) 13.8 (61.4) 13.9 (61.7)
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Figure 39. MASH 2009 Test No. 3-31, Overhead View
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Figure 40. MASH 2009 Test No. 3-31, Downstream View
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6.1.7 MASH 2009 Test No. 3-32

MASH 2009 test no. 3-32 involves an 1100C small car impacting at 62 mph (99.8 km/h)
and at an angle between 5 and 15 degrees with the centerline of the system aligned with the
centerline of the vehicle. Although MASH 2009 recommends that gating redirective terminals
are tested closer to the 5-degree value, both the 5-degree and 15-degree impact angles were
simulated, as shown in Figures 41and 42, respectively.

Figure 42. MASH 2009 Test No. 3-32 at 15-Degree Impact

6.1.7.1 5-Degree Impact Angle

In simulation nos. MASH-32-5deg-G41S and MASH-32-5deg-MGS, the 1100C small
car impacted the end terminals installed on modified G4(1S) and MGS, respectively, at an angle
of 5 degrees. Sequential photographs are shown in Figure 44 (overhead view) and Figure 45
(downstream view). The longitudinal and lateral ORAs and OIVs are shown in Table 17. The
distance the impact head translated, or the feed length, and the buckle location are also shown in
Table 17.

The 1100C model impacted the impact head installed on modified G4(1S). The impact
head translated downstream along 20.5 ft (6.2 m) of guardrail, impacting the BCT posts and two
of the CRT posts. The first four posts fractured near the groundline. The car yawed slightly
toward the non-traffic side of the system, and the impact head stopped translating downstream
530 ms after impact. The guardrail did not buckle, but rail buckling should be used cautiously as
the rail does not have typical compressive loads as a result of not modeling the energy-absorbing
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mechanism in the impact head. The longitudinal ORA during the impact with the modified
G4(1S) model was -22.4 g’s and occurred at 278 ms after impact, at the same time the chute
impacted post no. 4. The post-to-rail bolt experienced significant snagging as the rail tried to
release from the post, which created a high longitudinal acceleration, as shown in Figure 43. This
high longitudinal acceleration corresponded to a 4.5 mph (2 m/s) decrease in the longitudinal
velocity over a 10 ms time frame. Typically, the rail releases from the post much more easily, so
the longitudinal ORA value may be artificially high due to problems associated with modeling
rail release. The rail release snagging was not seen in the impact with the MGS. No significant
occupant compartment deformation occurred.

The 1100C model impacted the impact head installed on MGS. The impact head
translated downstream along 20.7 ft (6.3 m) of guardrail, impacting the BCT posts and two of the
CRT posts. The first four posts fractured near the groundline. The car yawed slightly toward the
non-traffic side of the system, and the impact head stopped translating downstream 541 ms after
impact. The guardrail did not buckle, but rail buckling should be used cautiously as the rail does
not have typical compressive loads as a result of not modeling the energy-absorbing mechanism
in the impact head. No significant occupant compartment deformation occurred.

Table 17. MASH 2009 Test No. 3-32 at 5 Degrees

Simulation No. MASH-32-5deg-G41S MASH-32-5deg-MGS
Test Number MASH 2009 3-32 (5 deg) MASH 2009 3-32 (5 deg)
System G41S MGS
Longitudinal OIV, ft/s (m/s) -25.9 (-7.9) -25.9 (-7.9)
Lateral OIV, ft/s (m/s) -0.7 (-0.2) -0.3(-0.1)
Longitudinal ORA, g’s -22.4 -14.2
Lateral ORA, g’s 3.8 -3.4
Maximum Roll Angle, deg -1.6 1.4
Maximum Pitch Angle, deg 3.7 3.8
Maximum Yaw Angle, deg -20.1 -26.4
Guardrail Feed Length, ft (m) 20.5 (6.2) 20.7 (6.3)
Buckle Location None None
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Figure 43. Post-to-Rail Bolt Snag
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Figure 44. MASH 2009 Test No. 3-32 at 5 Degrees, Overhead View
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Figure 45. MASH 2009 Test No. 3-32 at 5 Degrees, Downstream View
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6.1.7.2 15-Degree Impact Angle

In simulation nos. MASH-32-15deg-G41S and MASH-32-15deg-MGS, the 1100C small
car impacted the end terminals installed on modified G4(1S) and MGS, respectively, at an angle
of 15 degrees. Sequential photographs are shown in Figure 46 (overhead view) and Figure 47
(downstream view). The longitudinal and lateral ORAs and OIVs are shown in Table 18. The
distance the impact head translated, or the feed length, and the buckle location are also shown in
Table 18.

The 1100C model impacted the impact head installed on modified G4(1S). The impact
head translated downstream along 9.0 ft (2.7 m) of guardrail, impacting the BCT posts and one
of the CRT posts. The first three posts fractured near the groundline. The rail gated, which
allowed the vehicle to traverse behind the system, and the impact head stopped translating
downstream 170 ms after impact. The guardrail buckled at post no. 3, but rail buckling should be
used cautiously as the rail does not have typical compressive loads as a result of not modeling
the energy-absorbing mechanism in the impact head. The impact head nodes shagged on the
front and hood of the car due to nodes entangling, which caused the car to yaw. However, this
phenomenon is not expected to occur during an actual impact event. No significant occupant
compartment deformation occurred.

The 1100C model impacted the impact head installed on MGS. The impact head
translated downstream along 9.1 ft (2.8 m) of guardrail, impacting the BCT posts and one of the
CRT posts. The first three posts fractured near the groundline. The rail gated, which allowed the
vehicle to traverse behind the system, and the impact head stopped translating downstream 180
ms after impact. The guardrail buckled at post no. 3, but rail buckling should be used cautiously
as the rail does not have typical compressive loads as a result of not modeling the energy-
absorbing mechanism in the impact head. The impact head nodes attached to the front and hood
of the car due to nodes entangling, which caused the car to yaw. However, this phenomenon is
not expected to occur during an actual impact event. No significant occupant compartment
deformation occurred.

Table 18. MASH 2009 Test No. 3-32 at 15 Degrees

Simulation No. MASH-32-15deg-G41S MASH-32-15deg-MGS
Test Number MASH 2009 3-32 (15 deg) | MASH 2009 3-32 (15 deg)
System G41S MGS
Longitudinal O1V, ft/s (m/s) -26.9 (-8.2) -26.6 (-8.1)
Lateral OIV, ft/s (m/s) 1.6 (0.5) 2.0 (0.6)
Longitudinal ORA, g’s -14.2 -10.0
Lateral ORA, g’s 9.5 5.1
Maximum Roll Angle, deg 6.5 -4.9
Maximum Pitch Angle, deg 4.8 -6.2
Maximum Yaw Angle, deg -18.5 -29.3
Guardrail Feed Length, ft (m) 9.0 (2.7) 9.1(2.8)
Buckle Location Post no. 3 Post no. 3
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Figure 46. MASH 2009 Test No. 3-32 at 15 Degrees, Overhead View
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Figure 47. MASH 2009 Test No. 3-32 at 15 Degrees, Downstream View
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6.1.8 MASH 2009 Test No. 3-33

MASH 2009 test no. 3-33 involves a 2270P pickup truck impacting at 62 mph (99.8
km/h) and at an angle between 5 and 15 degrees with the centerline of the system aligned with
the centerline of the vehicle. Although MASH 2009 recommends that gating redirective
terminals are tested closer to the 5-degree value, both the 5-degree and 15-degree impact angles
were simulated, as shown in Figures 48 and 49, respectively.

Figure 49. MASH 2009 Test No. 3-33 at 15 Degrees Impact

6.1.8.1 5-Degree Impact Angle

In simulation nos. MASH-33-5deg-G41S and MASH-33-5deg-MGS, the 2270P pickup
truck impacted the end terminals installed on modified G4(1S) and MGS, respectively, at an
angle of 5 degrees. Sequential photographs are shown in Figure 50 (overhead view) and Figure
51 (downstream view). The longitudinal and lateral ORAs and OIVs, distance the impact head
translated, or the feed length, and the buckle location are shown in Table 19.

The 2270P model impacted the impact head installed on modified G4(1S). The impact
head translated downstream along 27.8 ft (8.5 m) of guardrail, impacting the BCT posts and
three of the CRT posts. The first six posts fractured near the groundline. The truck yawed toward
the non-traffic side of the system, and the impact head stopped translating downstream 411 ms
after impact. The guardrail buckled at post no. 6, but rail buckling should be used cautiously as
the rail does not have typical compressive loads as a result of not modeling the energy-absorbing
mechanism in the impact head. No significant occupant compartment deformation occurred.
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The 2270P model impacted the impact head installed on MGS. The impact head
translated downstream along 25.8 ft (7.9 m) of guardrail, impacting the BCT posts and three of
the CRT posts. The first six posts fractured near the groundline. The truck yawed toward the
non-traffic side of the system, and the impact head stopped translating downstream 411 ms after
impact. The guardrail buckled 21 in. (533.4 mm) upstream of post no. 6, but rail buckling should
be used cautiously as the rail does not have typical compressive loads as a result of not modeling
the energy-absorbing mechanism in the impact head. No significant occupant compartment
deformation occurred.

Table 19. MASH 2009 Test No. 3-33 at 5 Degrees

Simulation No. MASH-33-5deg-G41S MASH-33-5deg-MGS
Test Number MASH 2009 3-33 (5 deg) MASH 2009 3-33 (5 deg)
System G41S MGS
Longitudinal OIV, ft/s (m/s) -20.0 (-6.1) -19.4 (-5.9)
Lateral OIV, ft/s (m/s) -2.6 (-0.8) -2.6 (-0.8)
Longitudinal ORA, g’s -7.8 -9.4
Lateral ORA, g’s -2.8 -3.1
Maximum Roll Angle, deg -2.0 3.2
Maximum Pitch Angle, deg 2.1 2.4
Maximum Yaw Angle, deg -48.5 -58.5
Guardrail Feed Length, ft (m) 27.8 (8.5) 25.8 (7.9)
Buckle Location Post no. 6 21 in. US of Post no. 6
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Figure 50. MASH 2009 Test No. 3-33 at 5 degrees, Overhead View
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Figure 51. MASH 2009 Test No. 3-33 at 5 degrees, Downstream View
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6.1.8.2 15-Degree Impact Angle

In simulation nos. MASH-33-15deg-G41S and MASH-33-15deg-MGS, the 2270P pickup
truck impacted the end terminals installed on modified G4(1S) and MGS, respectively, at an
angle of 15 degrees. Sequential photographs are shown in Figure 52 (overhead view) and Figure
53 (downstream view). The longitudinal and lateral ORAs and OIVs are shown in Table 20. A
positive longitudinal ORA value occurred in the impact with the modified G4(1S). This value
may have been caused by the impact head snagging on the side of the vehicle after it had gated
behind the system, which happened at the same time as the positive ORA and is believed to be
unrealistic. The distance the impact head translated, or the feed length, and the buckle location
are also shown in Table 20.

The 2270P model impacted the impact head installed on modified G4(1S). The impact
head translated downstream along 4.8 ft (1.5 m) of guardrail, impacting the BCT posts. The first
three posts fractured near the groundline. The rail gated, which allowed the vehicle to traverse
behind the system, and the impact head stopped translating downstream 80 ms after impact. The
guardrail buckled 26 in. (660.4 mm) downstream of post no. 2, but rail buckling should be used
cautiously as the rail does not have typical compressive loads as a result of not modeling the
energy-absorbing mechanism in the impact head. No significant occupant compartment
deformation occurred.

The 2270P model impacted the impact head installed on MGS. The impact head
translated downstream along 4.7 ft (1.5 m) of guardrail, impacting the BCT posts. The first three
posts fractured near the groundline. The rail gated, which allowed the vehicle to traverse behind
the system, and the impact head stopped translating downstream 89 ms after impact. The
guardrail buckled 25 in. (635 mm) downstream of post no. 2, but rail buckling should be used
cautiously as the rail does not have typical compressive loads as a result of not modeling the
energy-absorbing mechanism in the impact head. No significant occupant compartment
deformation occurred.

Table 20. MASH 2009 Test No. 3-33 at 15 Degrees

Simulation No. MASH-33-15deg-G41S MASH-33-15deg-MGS
Test Number MASH 2009 3-33 (15deg) | MASH 2009 3-33 (15 deg)
System G41S MGS
Longitudinal OIV, ft/s (m/s) -21.3 (-6.5) -20.7 (-6.3)
Lateral OIV, ft/s (m/s) 1.0 (0.3) 1.6 (0.5)
Longitudinal ORA, g’s 4.8 -6.9
Lateral ORA, g’s 3.9 3.8
Maximum Roll Angle, deg -1.3 1.6
Maximum Pitch Angle, deg 1.1 1.7
Maximum Yaw Angle, deg -1.4 -0.8
Guardrail Feed Length, ft (m) 4.8 (1.5) 4.7 (1.4)
Buckle Location 26 in. DS of Post no. 2 25 in. DS of Post no. 2
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Figure 52. MASH 2009 Test No. 3-33 at 15 degrees, Overhead View
74



July 10, 2017
MwRSF Report No. TRP-03-358-17

ﬂ

=

0.000 sec 0.000 sec
0.070 sec 0.070 sec
0.140 sec 0.140 sec
0.210 sec 0.210 sec
.P P-

0.280 sec 0.280 sec
0.350 sec 0.350 sec

Simulation No. MASH-33-15deg-G41S Simulation No. MASH-33-15deg-MGS

Figure 53. MASH 2009 Test No. 3-33 at 15 degrees, Downstream View
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7 COMPARISON OF THE END TERMINAL MODEL

At the time of this report, compression end terminals, only some NCHRP Report 350
crash test results were available. The exact terminal configuration varied in the crash tests,
especially post material and type. The general system and vehicle behavior, guardrail feed
lengths, and occupant risk measures were compared between available successful full-scale crash
tests and the simulations conducted in Chapter 6. The simulations did not account for variance in
impact conditions that occurred in the crash tests. The sign convention on OIV and ORA values
also varied between crash tests and simulations. Thus, only the magnitude of these values was
compared. The longitudinal and lateral OIVs and ORAs determined in the simulations likely do
not provide a representative comparison to the crash tests. The discrepancies occurred due to the
fact that the actual energy-absorbing mechanism for each end terminal was not modeled, and
several simplifications occurred in the vehicle and rail model that may not accurately represent
these values. However, they were included for comparison here and will be more useful when
comparing simulations with and without curbs.

7.1 NCHRP Report 350 Test No. 3-30

7.1.1 27%-in. (706-mm) Tall W-Beam End Terminal Impacts

Several full-scale crash tests have been conducted according to NCHRP Report 350 test
no. 3-30 on approximately 27%-in. (706-mm) tall end terminal systems installed on W-beam
guardrail systems such as G4(1S) and G4(2W). Results from these tests and the corresponding
simulations are shown in Table 21. Sequential photographs from the simulations and select tests
are shown in Figures 54 through 56. The longitudinal OIVs and ORAs were typically higher in
the simulations than the crash tests, which may be attributed to some variations between the
model and actual systems. For instance, the mass of the model impact head is greater than some
of the as-tested end terminals. Several of the crash tests also utilized proprietary steel post
breakaway posts, which may breakaway more easily and consistently than wood post model.
Additionally, the impact head contact with the front of the vehicle created some entangled nodes
and contact interference, which likely elevated forces. The feed lengths of the simulations were
representative of the crash tests.

7.1.2 31-in. (787-mm) Tall W-Beam End Terminal Impacts

Several full-scale crash tests have been conducted according to NCHRP Report 350 test
no. 3-30 on approximately 31-in. (787-mm) tall end terminal systems installed on W-beam
guardrail systems like MGS. Results from these tests and the corresponding simulation are
shown in Table 22. Sequential photographs from the simulations and select tests are shown in
Figures 57 and 58. . The longitudinal OIVs and ORAs were typically higher in the simulations
than the crash tests, which may be attributed to some variations between the model and actual
systems. For instance, the mass of the model impact head is greater than some of the as-tested
end terminals. Several of the crash tests also utilized proprietary steel post breakaway posts,
which may breakaway more easily and consistently than wood post model. Additionally, the
impact head contact with the front of the vehicle created some entangled nodes and contact
interference, which likely elevated forces. The high longitudinal ORA in simulation no. NCHRP
3-30 shallow-qtr-pt occurred when a post-to-rail bolt snagged as it tried to release. As discussed
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previously, rail release when impacted end-on was not calibrated due to not modeling steel
material failure, including tearing. The feed lengths of the simulations were representative of the

crash tests.

Table 21. NCHRP Report 350 Test No. 3-30, 27% in. (706 mm) Tall, Results Comparison

End Feed Long. | Lat.
. . OlV
Terminal |  Test No. ileof Length ft '}‘t’/”g C;'V 'f‘t;"t O; ORA | ORA
System : (m) s (m/s) s (m/s) o's o’s
Simulation | NCHRP 3-30
G4(1S) shallow-qtr-pt | 12.5(3.8) | 36.1(11.0) 3.9(1.2) 171 | 5.7
Simulation | NCHRP 3-30
G4(1S) deep-qtr-pt - 142 (4.3) | 29.9(9.1) 2.3(0.7) 10.2 7.3
ET-Plus ET27-30 27 | 16 (4.9* | 24.6 (7.5) 1.31(.4) 14 6.8
ET-Plus 220547-4 24 16 (4.9) 26.9 (8.2) 2.63(.8) 11 4.8
ET-2000 6001-1 25 NA 30.6 (9.3) NA 17.3 | NA
FLEAT FLEAT-1 31 | 11.8(36) | 22.0(6.7) | 7.56(23) | 84 | 8.9
FLEAT FLT2P-3 34 | 20.3(6.2) | 25.3(7.7) 0.33(0.1) | 133 | 5.2
SKT SBD-4 35 | 141(43) | 21.1(6.4) 11.8 (3.6) 5.6 3.9
SKT SP-1 32 | 13(4.0* | 27.6(84) | 11.5@35) | 121 | 108
BEST BEST-8 23 6 (1.8) 33.2(10.1) 9.2 (2.8) 16.7 | 4.9
NA = not available
*Values were estimated from sequential and post-test photographs
Table 22. NCHRP Report 350 Test No. 3-30, 31 in. (787 mm) Tall, Results Comparison
End Feed Long.
Terminal Test No. E%f' Length Lf?/r;g(lnsg/ fL;St (212; ORA Oli_/it. o
System : ft (m) g’s g
Simulation | NCHRP 3-30
MGS shallow-qtr-pt | 13.3(4.1) | 31.2(9.5) | 2.0(0.6) 225 7.6
Simulation | NCHRP 3-30
MGS deep-qtr-pt - [133(4.1) | 29.9(9.1) | 3.0(0.9 9.8 8.6
ET-Plus ET31-30 28 | 13(4.0) | 26.9(8.2) | 1.31(0.4) | 118 8.7
ET-Plus 220601-2 29 | 17.8(5.4) | 27.3(8.3) | 0.99 (0.3) 14 4.3
FLEAT FLEAT-8 32 | 16(4.9) | 25.6(7.8) | 0.99(0.3) | 12.2 6.6
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Simulation No. NCHRP-30-shallow-G41S ET-Plus - Test No. ET27-30

Figure 54. NCHRP Report 350 Test No. 3-30, 27% in. (706 mm) Tall
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Figure 55. NCHRP Report 350 Test No. 3-30, 27% in. (706 mm) Tall
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Figure 56. NCHRP Report 350 Test No. 3-30, 27% in. (706 mm) Tall
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Figure 57. NCHRP Report 350 Test No. 3-30, 31 in. (787 mm) Tall
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Figure 58. NCHRP Report 350 Test No. 3-30, 31 in. (787 mm) Tall
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7.2 NCHRP Report 350 Test No. 3-31

7.2.1 27%-in. (706-mm) Tall W-Beam End Terminal Impacts

Several full-scale crash tests have been conducted according to NCHRP Report 350 test
no. 3-31 on approximately 27%-in. (706-mm) tall end terminal systems installed on W-beam
guardrail systems like G4(1S) and G4(2W). Results from these tests and the corresponding
simulation are shown in Table 23. Sequential photographs from the simulation and select tests
are shown in Figures 59 through 61. The longitudinal ORA was typically higher in the
simulation than the crash tests. The feed length in the simulation was representative of the crash
tests. The average end terminal force was calculated to be 16.1 kips (71.8 kN) in the simulation,
which was near the center of the targeted range.

Table 23. NCHRP Report 350 Test No. 3-31, 27% in. (706 mm) Tall, Results Comparison

End Feed Long. Lat.
Terminal | TestNo. | ReF | Lengthft | LONG- OV | Lat OV | o) opa
No. ft/s (m/s) (m/s) , ,
System (m) g’s g’s
Simulation | NCHRP
G4(1S) 3.1 - | 34.1(104) | 21.0(6.4) 1.0 (0.3) 160 | 5.0

ET-Plus | ET27-31 | 27 | 37.4(11.4) | 23.3(7.1) 0.99 (0.3) 9.2 5.0
ET-2000 | 400001-

30 | 38.1(11.6) | 20.4(6.2) 0.33 (0.1) 6.9 2.8

Plus LET1
ET-2000 43’?'(’31' 42 | 246(75) | 20061 | 43(13) 55 | 3.1

ET-2000 | 220510-5 | 25 | 24.9(7.6) | 26.6(8.1) 3.3 (1.0) 130 | 65
ET-2000 | 520201-1 | 26 | 24.9(7.6) | 25.0(7.6) 1.6 (0.5) 119 | 27
FLEAT | FLEAT-2 | 31 | 5(L5) 20.4 (6.2) 5.6 (1.7) 104 | 42
FLEAT | FLEAT-3 | 31 | 28(85) | 20.4(6.2) 0.66 (0.2) 7.0 6.7
SKT SBD-3 | 35 | 525(16) | 19.4(5.9) 4.9 (1.5) 7.6 5.4
BEST | BEST-9 | 23 | 29.2(8.9) | 22.7(6.9) 3.3 (1.0) 133 | 28
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Simulation No. NCHRP-31-G41S ET-Plus - Test No. ET27-31

Figure 59. NCHRP Report 350 Test No. 3-31, 27% in. (706 mm) Tall
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Figure 60. NCHRP Report 350 Test No. 3-31, 27% in. (706 mm) Tall
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Figure 61. NCHRP Report 350 Test No. 3-31, 27% in. (706 mm) Tall
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7.2.2 31-in. (787-mm) Tall W-Beam End Terminal Impacts

Two full-scale crash tests have been conducted according to NCHRP Report 350 test no.
3-31 on approximately 31-in. (787-mm) tall end terminal systems installed on W-beam guardrail
systems like MGS. Results from these tests and the corresponding simulation are shown in Table
24. Sequential photographs from the simulation and select tests are shown in Figures 62 and 63.
The longitudinal OIVs and ORAs were typically higher in the simulations than the crash tests.
The feed length in the simulation was lower than the two crash tests. It was expected that the
feed lengths may increase slightly with an increase in rail height as the c.g. height of the truck is
more closely aligned with the c.g. height of end terminal. It was difficult to calibrate the
representative end terminal simulation with only two crash tests for comparison. However, the
feed length was representative of the 27%-in. (706-mm) tall guardrail with more comparison data
points, and the average end terminal force was calculated to be 15.3 kips (68.2 kN) in the 31-in.
(787-mm) tall guardrail simulation, which was near the center of the targeted range.

Table 24. NCHRP Report 350 Test No. 3-31, 31 in. (787 mm) Tall, Results Comparison

End Feed Long. Lat.
Terminal Test No. Ref. Length ft Long. OIV |- Lat. OIV ORA | ORA
No. ft/s (m/s) | ft/s (m/s) , ,
System (m) g’s g’s
S'm,\/‘ljggon NCHRP3-31| - | 36.4(11.1) | 200(6.1) | 1.3(04) | 139 | 7.3
ET-Plus ET31-31 28 | 50.9(15.5) | 19.4(5.9) | 0.66 (0.2) | 8.0 7.0
SKT SMG-1 32 | 57.5(17.5) | 18.4(5.6) | 0.99(0.3) | 8.7 5.7
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Simulation No. NCHRP-30-MGS ET-Plus - Test No. ET31-31

Figure 62. NCHRP Report 350 Test No. 3-31, 31 in. (787 mm) Tall
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Figure 63. NCHRP Report 350 Test No. 3-31, 31 in. (787 mm) Tall
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7.3 NCHRP Report 350 Test No. 3-32

7.3.1 27%-in. (706-mm)Tall W-Beam End Terminal Impacts

Several full-scale crash tests have been conducted according to NCHRP Report 350 test
no. 3-32 on approximately 27%-in. (706-mm) tall end terminal systems installed on W-beam
guardrail systems like G4(1S) and G4(2W). Results from these tests and the corresponding
simulation are shown in Table 25. Sequential photographs from the simulation and select tests
are shown in Figures 64 through 66. The impact head remained engaged with the front of the
vehicle in the simulation for longer than what has occurred in full-scale crash testing, which may
partially be attributed to the impact head and vehicle nodes becoming entangled. When the
impact head model disengaged from the front bumper and hood, the impact head twisted and
translated upward. The impact head typically releases to the side of the vehicle in full-scale crash
testing, and not upward as observed in the model. The ORAs were typically higher, and the
lateral OIVs were lower in the simulation than the crash tests. The guardrail with the 15-degree
impact angle in the crash tests almost always buckled between post nos. 1 and 3 and varied
within this range, and this buckling corresponded to the feed lengths. However, the feed length in
the simulation was representative of the crash tests even with the variance.

Table 25. NCHRP Report 350 Test No. 3-32, 27% in. (706 mm) Tall, Results Comparison

End Feed Long. Lat.
Terminal | TestNo. | ReF| Lengthft | LON9: OV | LaLOIV oo orA
No. ft/s (m/s) ft/s (m/s) , ,
System (m) g’s g’s
Simulation
Gats) |NCHRP332| - | 87(27) | 325(09) | 20(06) | 130 | 92
ET-Plus | ET27-32 | 27 | 3(0.9) | 279(85 | 49(15 | 41 | 33
ET-2000 | 220510-3 | 25 | 7.9(24) | 296(9.0) | 7.9(24) | 74 | 59
ET-2000 4‘;???21' 42 | 86(26) | 26982 | 53(16) | 56 | 43
SKT SBD-5 | 35 | 135(41) | 243(74) | 49(15 | 96 | 31
BEST BEST-4 | 23 | 42(13) | 329(10) | 39(12) | 12 | 47
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Figure 64. NCHRP Report 350 Test No. 3-32, 27% in. (706 mm) Tall
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Figure 65. NCHRP Report 350 Test No. 3-32, 27% in. (706 mm) Tall
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Figure 66. NCHRP Report 350 Test No. 3-32, 27% in. (706 mm) Tall
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7.3.2 31-in. (787-mm) Tall W-Beam End Terminal Impacts

One full-scale crash test has been conducted according to NCHRP Report 350 test no. 3-
32 on approximately 31-in. (787-mm) tall end terminal systems installed on W-beam guardrail
systems like MGS. Results from the test and the corresponding simulation are shown in Table
26. Sequential photographs from the simulation and the test are shown in Figure 67. The impact
head remained engaged with the front of the vehicle in the simulation for longer than what has
occurred in full-scale crash testing, which may partially be attributed to the impact head and
vehicle nodes becoming entangled. When the impact head model disengaged from the front
bumper and hood, the impact head twisted and translated upward. The impact head typically
releases to the side of the vehicle in full-scale crash testing, and not upward as observed in the
model. The longitudinal OIV was higher and the lateral OIV was lower in the simulation as
compared to the crash test. The feed length was representative of the crash test. However, it was
difficult to calibrate the representative end terminal using only one crash test with this
configuration and impact conditions.

Table 26. NCHRP Report 350 Test No. 3-32, 31 in. (787 mm) Tall, Results Comparison

End Feed
Terminal | Test No. RNeof. Length LfE[)/r;g(mC;;;/ th?St(zI/; Long.’SRA Lat. ,C;RA
System © | ft(m) & &
Simulation | NCHRP 8.7
MGS 3.3 - 2.7) 32.2(9.8) | 2.3(0.7) 8.9 5.1
ET-Plus | ET31-32 | 28 (g'g) 26.0(7.9) | 4.3(1.3) 6.4 6.3
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Figure 67. NCHRP Report 350, Test No. 3-32, 31 in. (787 mm) Tall
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7.4 NCHRP Report 350 Test No. 3-33

7.4.1 27%-in. (706-mm) Tall W-Beam End Terminal Impacts

Several full-scale crash tests have been conducted according to NCHRP Report 350 test
no. 3-33 on approximately 27%-in. (706-mm) tall end terminal systems installed on W-beam
guardrail systems like G4(1S) and G4(2W). Results from these tests and the corresponding
simulation are shown in Table 27. Sequential photographs from the simulation and select tests
are shown in Figures 68 and 69. The longitudinal OIV was higher and the lateral OIV was
smaller in the simulation than the crash tests. The guardrail with the 15-degree impact angle in
the crash tests almost always buckled between post nos. 1 and 3 and varied within this range, and
this buckling corresponded to the feed lengths. However, the feed length in the simulation was
representative of the crash tests even with the variance.

Table 27. NCHRP Report 350 Test No. 3-33, 27% in. (706 mm) Tall, Results Comparison

End Feed Lat. Long. Lat.
Terminal Test No. Ref. Length ft Long. OIV OIVft/ls | ORA | ORA
No. ft/s (m/s) , ,
System (m) (m/s) g’s g’s
Simulation

G4(1) NCHRP 3-33 - 9.7 (3.0) 21.7(6.6) | 1.0(0.3) | 85 11.0
ET-Plus ET27-33 27 3(0.9) 148 (45) |5.0(15)| 7.6 4.6
ET-2000 220510-4 25 135(4.1) | 181(55) |53(16)| 4.0 3.1
SKT SBD-6 35 135(4.1) | 168(5.1) | 59(1.8) | 139 13.3
BEST BEST-10 23 7(2.1) 204 (6.2) | 76(2.3) | 175 10.0

7.4.2 31-in. (787-mm) Tall W-Beam End Terminal Impacts

One full-scale crash test has been conducted according to NCHRP Report 350 test no. 3-
33 on approximately 31-in. (787-mm) tall end terminal systems installed on W-beam guardrail
systems like MGS. Results from the test and the corresponding simulation are shown in Table
28. Sequential photographs from the simulation and the test are shown in Figure 70. The
longitudinal OIV was higher and the lateral OIV was lower in the simulation than the crash test.
The feed length was representative of the crash test. However, it was difficult to calibrate the
representative end terminal with only one crash test using this configuration.

Table 28. NCHRP Report 350 Test No. 3-33, 31 in. (787 mm) Tall, Results Comparison

End Feed Long. Lat.
Terminal Test No. il%fl Length ft Lf?/r;g(n?/;;/ ll:t/a; (g% ORA | ORA
System ' (m) g’s g’s
S'ml\/‘l‘ggon NCHRP 3-33 | - 9(2.7) | 21.3(65) | 26(08) | 7.9 9.2
ET-Plus | ET31-33 | 28 | 95(2.9) | 154(47) | 66(20) | 9.0 6.7
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Simulation No. NCHRP-33-G41S ET-Plus - Test No. ET27-33

Figure 68. NCHRP Report 350 Test No. 3-33, 27% in. (706 mm) Tall
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Figure 69. NCHRP Report 350 Test No. 3-33, 27% in. (706 mm) Tall
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Figure 70. NCHRP Report 350 Test No. 3-33, 31 in. (787 mm) Tall
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7.5 Discussion

In the NCHRP Report 350 test no. 3-31 crash tests, the average rail feed lengths with 31-
in. (787-mm) tall guardrail were significantly greater than observed with the 27%-in. (706-mm)
tall guardrail. The average terminal force for NCHRP Report 350 test no. 3-31 simulations was
calculated to be 16.1 kips (71.8 kN) for 27%-in. (706-mm) tall guardrail and 15.3 kips (68.2 kN)
for 31-in. (787-mm) tall guardrail, which was near the middle of the desired range of 10.5 to 22.5
Kips (46.7 to 100.1 kN).

The overall vehicle and system behavior and guardrail feed length were compared and
calibrated to match NCHRP Report 350 test nos. 3-30, 3-31, 3-32, and 3-33 crash tests. The rail
feed lengths were similar to the crash tests in almost every simulation. The rail buckle locations
were also very similar for NCHRP Report 350 test nos. 3-32 and 3-33. The vehicle roll, pitch,
and yaw were similar for all simulations and crash tests, except MASH 2009 test no. 3-30, which
demonstrated inaccurate rail buckling that affected yaw. The lateral and longitudinal OIV and
ORA in all but two simulations were below the limits established in NCHRP Report 350 or
MASH 2009. NCHRP Report 350 test no. 3-30 with 31-in. (787-mm) tall guardrail and MASH
2009 test no. 3-32 at a 5-degree impact angle with 27%-in. (706-mm) tall guardrail exceeded the
longitudinal ORA value of 20 g’s. However, the high acceleration occurred when a post-to-rail
bolt snagged as it tried to release. As discussed previously, rail release when impacted end-on
was not calibrated due to not modeling steel material failure, including tearing. In addition, all of
the simulations tended to overpredict occupant risk measures when compared to crash tests.
Since none of the specific end terminals were modeled, the occupant risk values were not
expected to compare with crash tests and were calculated to compare trends between simulations.
Due to the fact that a specific end terminal was not modeled and simplifications were
incorporated within the model, limited conclusions can be made regarding the performance of
the terminal beyond the initial impact head contact and rail feed.

Of note, very few crash tests with a 31 in. (787-mm) tall guardrail height were available.
Overall, the comparisons were reasonably close. However, due to the limited results, the model
cannot likely encompass the performance of all end terminal systems that would be seen across
multiple end terminal crash tests.
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8 SIMULATIONS WITH CURBS

Simulations with curbs were conducted with the MGS model according to MASH 2009
impact conditions. Several curb configurations were selected based on the survey results and
sponsor direction including:

1) curb heights of 2 in., 4 in., and 6 in. (51 mm, 102 mm, and 152 mm));,

2) wedge and vertical curb shapes; and

3) curb toe lateral offset O in., 6 in., 6 ft (0 mm, 152 mm, 1,829 mm) away from front face
of guardrail.

The curb shapes that were evaluated are shown in Figure 71. The top edge of the curbs were
rounded to prevent contact problems with the vehicle tires.

/
6-in. Tall Vertical 6-in. Tall Sloped
4-in. Tall Vertical 4-in. Tall Sloped
2-in. Tall Vertical 2-in. Tall Sloped

Figure 71. Curb Shapes

For each curb configuration, up to seven simulations were evaluated according to MASH
2009 TL-3 impact conditions:

1) 1100C small car (Yaris) impacting end at O deg at shallow quarter point offset (MASH
2009 test no. 3-30)
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2) 1100C small car (Yaris) impacting end at O deg at deep quarter point offset (MASH 2009
test no. 3-30)

3) 2270P pickup truck (Silverado) impacting end at 0 deg (MASH 2009 test no. 3-31)

4) 1100C small car (Yaris) impacting end at 5 deg (MASH 2009 test no. 3-32)

5) 1100C small car (Yaris) impacting end at 15 deg (MASH 2009 test no. 3-32)

6) 2270P pickup truck (Silverado) impacting end at 5 deg (MASH 2009 test no. 3-33)

7) 2270P pickup truck (Silverado) impacting end at 15 deg (MASH 2009 test no. 3-33)

MASH 2009 test no. 3-31 was only simulated with 6-in. (152-mm) tall curbs as the curb had a
minimal effect, and shorter curbs were likely to have an insignificant effect on the vehicle and
terminal performance.

When curbs are installed adjacent to longitudinal barriers at small lateral offsets, the
guardrail height is generally relative to the roadway surface, or the toe of the curb. When curbs
are installed with large lateral offsets in front of longitudinal barriers, the guardrail height is
generally installed relative to the groundline at the base of the posts, or usually the crown of the
curb. However, the definition of small and large lateral offsets is subjective and can vary
between State DOTS.

Manufacturers typically provide an end terminal system with the breakaway features
located at the groundline (i.e., 31 in. (787 mm) below the top of the guardrail). However, if the
curb is installed near the face of the guardrail, and there is soil fill behind the curb, the guardrail
height would be 31 in. (787 mm) above the roadway surface (i.e., the top of the guardrail would
be 25 in. (635 mm) above the groundline and 31 in. (787 mm) above the roadway if a 6-in. (152-
mm) tall curb is utilized). This height discrepancy would interfere with the breakaway features of
the end terminal system unless the end terminal rail transitioned to a greater height or the
breakaway features were adjusted. Additional post embedment also creates a stiffer guardrail
system when impacted along the length of the system. If no soil fill is placed in the area behind
the curb, then the roadway surface and the groundline around the posts would be at the same
level. The sponsor suggested that the curb would typically be installed with soil fill, the end
terminals would be installed with the standard breakaway features located at the groundline, and
guardrail height for an installation with a 6-in. (152-mm) tall curb would be 37 in. (940 mm)
above the roadway, as shown in Figure 72. Thus, this configuration was modeled in the curb
simulations.

When the toe of the curb is aligned with the face of the guardrail or offset 6 in. (152 mm),
it can be very difficult or impossible to install the anchor posts, which typically have no offset
blocks, without inferring with the curb. Many State DOTs noted that they flare tangent terminals
at a 1:25 or 1:50 flare to allow room to install the anchor posts. However, in the model, the
tangent terminals remained tangent to the roadway and interference occurred between the curb
and anchor posts. This inference was not problematic in the model as no contact was defined
between the posts and curb.

The curb and ground were meshed with fully-constrained rigid shell elements. A mesh
was utilized on the curb radii, and a larger mesh was utilized elsewhere. A typical curb mesh is
shown in Figure 73.
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31"

Figure 72. Typical End Terminal Installation Adjacent to 6-in. (152-mm) Tall Curb

8.1 Results

Specific simulation parameters were evaluated, including vehicle interaction with the
impact head, occupant risk measures, vehicle stability, and guardrail feed length. The occupant
risk measures included longitudinal and lateral OIVs and ORAs that were calculated using
acceleration data with a minimum 10,000 Hz frequency from the local c.g. node of the vehicle
and then processed as defined in MASH 2009. Roll, pitch, and yaw Euler angles were extracted
from the local c.g. node of the vehicle and processed as defined in MASH 2009. Vehicle and
impact head interaction was measured as the height of initial bumper contact on the impact head
relative to the baseline simulation as well as visually monitoring the contact.

The sloped and vertical 6-in. (152-mm) tall curbs were initially simulated with each of
the impact conditions. In the MASH 2009 test no. 3-31 simulations, the curb minimally affected
occupant risk measures, vehicle stability, feed lengths, and overall end terminal performance.
Thus, it was believed that 2-in. (51-mm) and 4-in. (102-mm) tall curbs would also minimally
affect the end terminal performance, and these simulations were not conducted.
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Figure 73. Typical Curb Mesh Model

8.1.1 Occupant Risk Measures

The lateral and longitudinal OIVs varied minimally and were far below MASH 2009
limits in all of the simulations. Longitudinal and lateral ORAs are shown in Figures 74 through
80 for MASH 2009 test nos. 3-30 through 3-33. The presence of curbs at a 0-in. or 6-in. (152-
mm) lateral offset did not affect MASH 2009 test no. 3-31. In these cases, the left side of the
pickup truck was on top of the curb, the right side of the pickup truck was on the roadway, and
the bumper impact height on the impact head varied minimally from the baseline simulation of
the 31-in. (787-mm) tall terminals. In the simulations of MASH 2009 test no. 3-30 with a deep
quarter-point offset, occupant risk was minimally affected by the presence of curbs for the same
reason as MASH 2009 test no. 3-31. However, MASH 2009 test no. 3-30 with a shallow quarter-
point offset on a 6-in. (152-mm) tall vertical curb at a 6-in. (152-mm) lateral offset had a the
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longitudinal ORA of 20 g’s, which was more than 50 percent greater than the baseline simulation
and near the MASH 2009 limit. Thus, the tall vertical curb significantly affected occupant risk
measures.

In MASH 2009 test no. 3-32 with a 5-degree impact angle, high longitudinal ORAs
occurred due to significant post-to-rail bolt snag as the rail tried to release away from post nos. 3
and 4. This behavior occurred in all MASH 2009 test no. 3-32 5-degree simulations as the car
pushed upward on the impact head and guardrail due to the presence of sloped and vertical curbs.
In the 4-in. (102-mm) tall sloped curb simulation, the rail buckled shortly after impact.
Sequential photographs of the MASH 2009 test no. 3-32 5-degree impact with no curb and 2-in.
(51-mm) and 4-in. (102-mm) tall sloped curb simulations are shown in Figures 88 and 89. The
maximum roll and pitch angles also increased, and the feed lengths decreased with curbs. While
the post-to-rail release was not calibrated as mentioned previously, the slight uplift on the impact
head and guardrail that was accentuated by the curb is likely to occur. However, it is unknown if
the altered head trajectory would affect rail release without full-scale crash testing.

Longitudinal ORAs typically increased with the presence of curbs in MASH 2009 test no.
3-32 at a 15-degree impact angle. However, some of these values seemed unrealistically high as
the impact head mesh sometimes became entangled in the bumper and engine hood of the Yaris,
which caused a spike in the acceleration trace. These components do not typically interlock with
the vehicle in full-scale crash tests. The longitudinal and lateral ORAs in MASH 2009 test no. 3-
33 at 5- and 15-degree impact angles varied by less than 3 g’s from the baseline and were well
below MASH 2009 limits.

None of the simulations showed an inherent behavior that would cause the system to fail
MASH 2009 criteria, unless post-to-rail bolt release became hindered, especially during shallow-
angle impacts. However, this behavior could not be fully evaluated with simulation.

MASH 3-30 shallow ORAs

15.0
10.0
5.0

0.0
No Curb 2"'sloped 2"{sloped 2" 2" 4" sloped 4" sloped 4" 4" 6"[sloped 6"[sloped 6" 6"
0'loffset 6'1offset vertical vertical 0'foffset 6''affset vertical vertical 0'faffset 6'faffset vertical vertical
5.0 0l offset 6'1affset 0l offset 6'1affset 0'toffset 6'offset

-10.0

Occupant Ridedown Acceleration (g's)

-15.0
-20.0

-25.0

Longitudinal ORA Lateral ORA

Figure 74. End Terminal with Curb Simulation ORAs, MASH 2009 Test No. 3-30 with Shallow
Ya-Point Offset
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Figure 75. End Terminal with Curb Simulation ORAs, MASH 2009 Test No. 3-30 with Deep ¥a-

Point Offset
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Figure 76. End Terminal with Curb Simulation ORAs, MASH 2009 Test No. 3-31
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MASH 3-32 5-deg ORAs
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Figure 77. End Terminal with Curb Simulation ORAs, MASH 2009 Test No. 3-32 at 5-deg
Impact Angle

MASH 3-32 15-deg ORAs
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Figure 78. End Terminal with Curb Simulation ORAs, MASH 2009 Test No. 3-32 at 15-deg
Impact Angle
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MASH 3-33 5-deg ORAs
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Figure 79. End Terminal with Curb Simulation ORAs, MASH 2009 Test No. 3-33 at 5-deg
Impact Angle
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Figure 80. End Terminal with Curb Simulation ORAs, MASH 2009 Test No. 3-33 at 15-deg
Impact Angle
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8.2 Vehicle Stability

The roll, pitch, and yaw angles from the simulations are shown in Figures 81 through 87
for MASH 2009 test nos. 3-30 through 3-33. Since the vehicle yaws due to the quarter-point
impact location in MASH 2009 test no. 3-30 with a deep quarter-point offset, the 4-in. (102-mm)
and 6-in. (152-mm) tall vertical curbs noticeably affected vehicle yaw as the sidewall of the tires
snagged on the curbs while the vehicle model was not tracking, as shown in Figure 90. The
vertical curbs also affected the Yaris yaw motion in MASH 2009 test no. 3-32 at a 5-degree
impact angle.

In MASH 2009 test no. 3-32 with a 15-degree impact angle, the vehicle pitched and
yawed in the opposite direction with the curbs present. However, much of the yaw motion and
increased occupant risk values were believed to be due to the impact head nodes snagging on the
bumper and hood and not releasing from the vehicle, which would not be expected in full-scale
crash tests. While changing the contact definition improved this behavior, it was not remedied.

In MASH 2009 test no. 3-33 with both the 5- and 15-degree impact angles, the pitch
increased with increased curb heights. The roll and yaw angles varied throughout the curb
heights, and no trends could be identified. The roll and pitch angles in all of the simulated
MASH 2009 were low.

MASH 3-30 shallow Vehicle Stability
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Roll Pitch m Yaw

Figure 81. End Terminal with Curb Simulation Vehicle Stability, MASH 2009 Test No. 3-30
with Shallow Y4-Point Offset
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MASH 3-30 deep Vehicle Stability
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Figure 82. End Terminal with Curb Simulation Vehicle Stability, MASH 2009 Test No. 3-30
with Deep Y2-Point Offset
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Figure 83. End Terminal with Curb Simulation Vehicle Stability, MASH 2009 Test No. 3-31
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MASH 3-32 5-deg Vehicle Stability
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Figure 84. End Terminal with Curb Simulation Vehicle Stability, MASH 2009 Test No. 3-32 at
5-deg Impact Angle
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Figure 85. End Terminal with Curb Simulation Vehicle Stability, MASH 2009 Test No. 3-32 at
15-deg Impact Angle
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Figure 86. End Terminal with Curb Simulation Vehicle Stability, MASH 2009 Test No. 3-33 at
5-deg Impact Angle
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Figure 87. End Terminal with Curb Simulation Vehicle Stability, MASH 2009 Test No. 3-33 at
15-deg Impact Angle
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Figure 88. MASH 2009 Test No. 3-32 with Curbs, 5 Degrees, 0” Offset, Overhead View
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Figure 89. MASH 2009 Test No. 3-32 with Curbs, 5 Degrees, 0” Offset, Downstream View
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Figure 90. MASH 2009 Test No. 3-30 with Curbs, Deep Quarter-Point, 0” Offset
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8.3 Feed Lengths and Vehicle Interaction

The feed lengths from the simulations are shown in Figures 91 and 97 for MASH 2009
test nos. 3-30 through 3-33. The feed lengths did not vary significantly, except in MASH 2009
test no. 3-32 at 5-degree impact angle and MASH 2009 test no. 3-33 at a 15-degree impact angle.
As mentioned previously, in all MASH 2009 test no. 3-32 5-degree simulations, the car pushed
upward on the impact head and guardrail due to the presence of sloped and vertical curbs, which
caused the rail to buckle prematurely in some scenarios and reduce the overall feed length. In
MASH 2009 test no. 3-33 with 15-degree impacts, the rail buckled just after post no. 2 or at post
no. 3, which corresponds to feed lengths of approximately 4.5 ft (1.4 m) and 9 ft (2.7 m). In
historical NCHRP Report 350 and MASH 2009 test no. 3-33 crash tests, the rail typically
buckled at both of these locations.

Since curbs adjacent to guardrail systems have previously caused problems for vehicle
capture due to vehicle override, underride, or penetration, the height at which the vehicle
impacted the impact head was monitored. The change in vertical bumper height (AZ) at impact
relative to the baseline configuration with no curb was measured in each simulation, as shown in
Table 29. The maximum increase in impact height was 4.7 in. (119.4 mm) over the baseline and
occurred in simulated MASH 2009 test no. 3-32 at a 15-degree impact angle with a 6-in. (152-
mm) tall sloped curb at a 6-in. (152-mm) lateral offset away from the front face of the guardrail.
Most of the impact heights increased by less than 2 in. (50 mm). All of the MASH 2009 test no.
3-30 simulated impacts with a curb had a lower impact height than the baseline, but only by a
maximum of 0.19 in. (4.8 mm). Overall, the change in impact height on the impact head was
minimal and could not be specifically linked to a degradation in terminal performance. Since
only 0-in. and 6-in. (152-mm) lateral curb offsets were evaluated, the bumper of the vehicle
models often interacted with the impact head shortly after the front tires contacted the curb in
angled impacts. Thus, the bumper height at impact did not varying greatly. However, at larger
curb offsets, the height of the bumper upon impact may vary more significantly.

MAGSH 3-30 shallow
Feed Lengths
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Figure 91. End Terminal with Curb Simulation Feed Length, MASH 2009 Test No. 3-30 with
Shallow %-Point Offset
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MASH 3-30 deep
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Figure 92. End Terminal with Curb Simulation Feed Length, MASH 2009 Test No. 3-30 with
Deep Y2-Point Offset
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Figure 93. End Terminal with Curb Simulation Feed Length, MASH 2009 Test No. 3-31
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MASH 3-32 5-deg
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Figure 94. End Terminal with Curb Simulation Feed Length, MASH 2009 Test No. 3-32 at 5-deg
Impact Angle
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Figure 95. End Terminal with Curb Simulation Feed Length, MASH 2009 Test No. 3-32 at 15-
deg Impact Angle
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MASH 3-33 5-deg
Feed Lengths
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Figure 96. End Terminal with Curb Simulation Feed Length, MASH 2009 Test No. 3-33 at 5-deg
Impact Angle

10.0

9.

o

8.

o

7.

o

6.

o

5.

o

Feed Length (ft)

4.

o

3.

o

2.

o

1.

o

0.0

MASH 3-33 15-deg
Feed Lengths

No Curb 2" sloped 2" sloped 2" 2" 4" sloped 4" sloped 4" 4" 6" sloped 6" sloped 6"
0" offset 6" offset vertical vertlcal 0" offset 6" offset vertical vertical 0" offset 6" offset vertical vertlcal
0" offset 6" offset 0" offset 6" offset 0" offset 6" offset

M Feed Length

Figure 97. End Terminal with Curb Simulation Feed Length, MASH 2009 Test No. 3-33 at 15-
deg Impact Angle
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Curb Height (in.) Curb Shape Curb Offset (in.) Test No. Angle AZ Bumper at Impact (mm) AZ Bumper at Impact (in.)
2 sloped 0 MASH 3-33 5deg 4.7 0.2
2 sloped 0 IMASH 3-33 15deg 17.5 0.7
2 sloped 0 MASH 3-32 5deg 14.5 0.6
2 sloped 0 MASH 3-32 15deg 7.4 0.3
2 sloped 0 MASH 3-30 0-deep -2.4 -0.1
2 sloped 0 MASH 3-30 [ O-shallow -4.6 -0.2
2 vertical 0 MASH 3-33 5deg 0.6 0.0
2 vertical 0 MASH 3-33 15deg 16.3 0.6
2 vertical 0 MASH 3-32 5deg 11.2 0.4
2 vertical 0 MASH 3-32 15deg 10.5 0.4
2 vertical 0 MASH 3-30 0-deep -2.4 -0.1
2 vertical 0 MASH 3-30 [ O-shallow -4.6 -0.2
4 sloped 0 MASH 3-33 5deg 40.2 1.6
4 sloped 0 MASH 3-33 15deg 10.4 0.4
4 sloped 0 MASH 3-32 5deg 44.3 1.7
4 sloped 0 MASH 3-32 15deg 46.4 1.8
4 sloped 0 MASH 3-30 0-deep -1.9 -0.1
4 sloped 0 MASH 3-30 [ O-shallow -4.7 -0.2
4 vertical 0 MASH 3-33 5deg 13.0 0.5
4 vertical 0 MASH 3-33 15 deg 10.9 0.4
4 vertical 0 MASH 3-32 5deg 33.9 13
4 vertical 0 MASH 3-32 15 deg 56.9 2.2
4 vertical 0 MASH 3-30 0-deep -2.0 -0.1
4 vertical 0 MASH 3-30 | O-shallow -4.8 -0.2
6 sloped 0 MASH 3-33 5deg 70.9 2.8
6 sloped 0 MASH 3-33 15deg 9.3 0.4
6 sloped 0 MASH 3-32 5deg 94.0 3.7
6 sloped 0 MASH 3-32 15deg 75.1 3.0
6 sloped 0 MASH 3-30 0O-deep -1.7 -0.1
6 sloped 0 MASH 3-30 [ O-shallow -4.5 -0.2
6 vertical 0 MASH 3-33 5deg 43.8 1.7
6 vertical 0 MASH 3-33 15deg 18.5 0.7
6 vertical 0 MASH 3-32 5deg 55.0 2.2
6 vertical 0 MASH 3-32 15deg 91.8 3.6
6 vertical 0 MASH 3-30 0-deep -1.8 -0.1
6 vertical 0 MASH 3-30 [ O-shallow -4.6 -0.2
2 sloped 6 MASH 3-33 5deg 3.0 0.1
2 sloped 6 MASH 3-33 15deg 20.9 0.8
2 sloped 6 MASH 3-32 5deg 9.8 0.4
2 sloped 6 MASH 3-32 15 deg 11.9 0.5
2 sloped 6 MASH 3-30 0-deep -2.4 -0.1
2 sloped 6 MASH 3-30 [ O-shallow -4.3 -0.2
2 vertical 6 MASH 3-33 5deg 2.6 0.1
2 vertical 6 MASH 3-33 15 deg 21.6 0.9
2 vertical 6 MASH 3-32 Sdeg 8.1 0.3
2 vertical 6 MASH 3-32 15 deg 12.9 0.5
2 vertical 6 MASH 3-30 0-deep -2.4 -0.1
2 vertical 6 MASH 3-30 | O-shallow -4.1 -0.2
4 sloped 6 MASH 3-33 5deg 35.0 1.4
4 sloped 6 IMASH 3-33 15deg 20.6 0.8
4 sloped 6 MASH 3-32 5deg 31.6 1.2
4 sloped 6 MASH 3-32 15deg 60.1 2.4
4 sloped 6 MASH 3-30 0O-deep -1.9 -0.1
4 sloped 6 MASH 3-30 [ O-shallow -4.9 -0.2
4 vertical 6 MASH 3-33 5deg 17.1 0.7
4 vertical 6 MASH 3-33 15deg 28.5 1.1
4 vertical 6 MASH 3-32 5deg 15.5 0.6
4 vertical 6 MASH 3-32 15deg 66.3 2.6
4 vertical 6 MASH 3-30 0-deep -2.0 -0.1
4 vertical 6 MASH 3-30 [ O-shallow -5.1 -0.2
6 sloped 6 MASH 3-33 5deg 70.9 2.8
6 sloped 6 MASH 3-33 15deg 22.3 0.9
6 sloped 6 MASH 3-32 5deg 62.3 2.5
6 sloped 6 MASH 3-32 15deg 119.4 4.7
6 sloped 6 MASH 3-30 0-deep -1.7 -0.1
6 sloped 6 MASH 3-30 [ O-shallow -4.6 -0.2
6 vertical 6 MASH 3-33 5deg 41.3 1.6
6 vertical 6 MASH 3-33 15 deg 38.1 1.5
6 vertical 6 MASH 3-32 5deg 16.7 0.7
6 vertical 6 MASH 3-32 15 deg 101.3 4.0
6 vertical 6 MASH 3-30 0-deep -1.8 -0.1
6 vertical 6 MASH 3-30 | O-shallow -4.6 -0.2
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8.4 0-in. and 6-in. (152-mm) Lateral Offset Curbs-Discussion

Due to the small lateral curb offsets, the vehicle interaction with the impact head was
minimally affected. However, larger lateral curb offsets may have a greater effect on vehicle
trajectory and interaction with the impact head. The presence of curbs affected the small car
impacts the most. The 4-in. (102-mm) and 6-in. (152-mm) tall vertical curbs affected vehicle
yaw in the small car impacts as the tires had a more difficult time traversing the curb, especially
when the tires were non-tracking. The sloped curbs minimally affected vehicle yaw. The vehicle
and terminal performance was more similar to the baseline simulations with 2-in. (51-mm) tall
curbs as compared to 4-in. (102-mm) and 6-in. (152-mm) tall curbs.

None of the simulations showed an inherent behavior that would cause the system to fail
MASH 2009 criteria, unless post-to-rail bolt release became hindered, especially during shallow-
angle impacts. However, this behavior could not be fully evaluated with simulation.

8.5 6-ft (1.8-m) Wide Curb Sidewalk Adjacent to End Terminal

Three curb configurations (2-in., 4-in. and 6-in. (51-mm, 102-mm, 152-mm) tall sloped)
were simulated at a 6-ft (1.8-m) lateral offset away from the front face of the guardrail, which
represented a sidewalk adjacent to the roadway. MASH 2009 test nos. 3-30 and 3-31 were not
simulated with curbs as the system was expected to behave similarly to the baseline simulations,
because the whole vehicle would have been on top of the curb and only would have interacted
with the curb late in the event. MASH 2009 test nos. 3-32 and -33 at 5- and 15-degree impact
angles were simulated. The Yaris and Silverado suspension and steering models were believed to
be reacting unrealistically as the tires turned significantly almost immediately after impacting the
curbs, especially at a 5-degree impact angle. Downstream sequential photographs of simulated
MASH 2009 test no. 3-32 with a 5-degree impact angle are shown in Figure 98. The car model
did not impact the end terminal with the 2-in. (102-mm) and 4-in. (152-mm) tall sloped curbs.
With the 6-in. (152-mm) tall sloped curb, the car model impacted the end terminal, but the
centerline of the vehicle was not aligned with the centerline of the impact head, which is
inconsistent with the MASH 2009-specified impact conditions.

The steering and suspension performance of small cars and pickup trucks were briefly
evaluated using CarSim simulated impacts into 2-in., 4-in., and 6-in. (51-mm, 102-mm, and 152-
mm) tall sloped curbs at a 5-degree impact angle. A previously-calibrated midsize passenger car
model and the default small passenger car and pickup truck models were utilized. In all vehicle
models, the wheel steer angle varied less than one degree when impacting the curb. The small car
and pickup truck models’ trajectories varied by a maximum of 1 ft (0.3 m) laterally from their
intended course in the simulation with the 6-in. (152-mm) tall curb. The variance in vehicle
trajectory was less than 1 ft (0.3 m) laterally for the shorter curbs. Thus, it was expected that the
LS-DYNA vehicle models would impact the end terminals much closer to the centerline of the
vehicles if the steering and suspension models were properly calibrated.

Due to the unexpected performance of the vehicle with the shallow-angle curb impacts,
the full results of the simulations were not processed. The limitations of the vehicle model
suspension and steering with curb impacts should be improved for future studies.
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Figure 98. MASH 2009 Test No. 3-32 with Curbs, 5 Degrees, 6-ft Offset, Downstream View
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9 END TERMINAL PERFORMANCE - TANGENT VS. FLARED SYSTEMS

Since many State DOTSs flared their tangent energy-absorbing end terminals at a 1:25 or
1:50 flare rate, the end terminal model was modified to have a 1:25 flare rate with a 2-ft (0.6-m)
lateral offset. The seven MASH 2009 TL-3 impact conditions were simulated again without a
curb:

1) 1100C small car (Yaris) impacting end at 0 deg at shallow quarter point offset (MASH
2009 test no. 3-30)

2) 1100C small car (Yaris) impacting end at O deg at deep quarter point offset (MASH 2009
test no. 3-30)

3) 2270P pickup truck (Silverado) impacting end at 0 deg (MASH 2009 test no. 3-31)

4) 1100C small car (Yaris) impacting end at 5 deg (MASH 2009 test no. 3-32)

5) 1100C small car (Yaris) impacting end at 15 deg (MASH 20009 test no. 3-32)

6) 2270P pickup truck (Silverado) impacting end at 5 deg (MASH 2009 test no. 3-33)

7) 2270P pickup truck (Silverado) impacting end at 15 deg (MASH 2009 test no. 3-33)

Sequential photographs for the flared and tangent end terminal impact simulations are
shown in Figures 99 through 112. The feed lengths, roll, pitch, yaw, and longitudinal and lateral
ORA for each simulated impact with flared and tangent terminals are shown in Figures 113
through 118. Longitudinal and lateral OIVs varied by a maximum of 2.0 ft/s (0.6 m/s), which
was considered non-significant.

There were minimal changes in barrier performance between the tangent and flared
configurations. The most notable difference was the feed length was significantly less in MASH
2009 test no. 3-33 with a 5-degree impact angle when the end terminal was flared as opposed to
tangent. The flared system buckled and gated more quickly than the tangent system, which led to
decreased feed lengths, as shown in Figures 109 and 110. Since the effective impact angle of the
flared system was 7.3 degrees, the system began to behave more similarly to systems impacted at
15 degrees. There was no indication that this would negatively affect the system performance. As
mentioned previously, the vehicle yaw in the 5- and 15-degree impacts may be inaccurate as
contact between the impact head and vehicle can cause the components to become entangled,
which typically does not happen in full-scale crash tests.
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Figure 99. MASH 2009 Test No. 3-30, Shallow Quarter-Point Offset, Overhead View
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Figure 100. MASH 2009 Test No. 3-30, Shallow Quarter-Point Offset, Downstream View
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Figure 101. MASH 2009 Test No. 3-30, Deep Quarter-Point Offset, Overhead View
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Figure 102. MASH 2009 Test No. 3-30, Deep Quarter-Point Offset, Downstream View
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Figure 103. MASH 2009 Test No. 3-31, Overhead View
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Figure 104. MASH 2009 Test No. 3-31, Downstream View
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Figure 105. MASH 2009 Test No. 3-32 at 5 Degrees, Overhead View
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Figure 106. MASH 2009 Test No. 3-32 at 5 Degrees, Downstream View
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Figure 107. MASH 2009 Test No. 3-32 at 15 Degrees, Overhead View
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Figure 108. MASH 2009 Test No. 3-32 at 15 Degrees, Downstream View
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Figure 109. MASH 2009 Test No. 3-33 at 5 degrees, Overhead View
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Figure 110. MASH 2009 Test No. 3-33 at 5 degrees, Downstream View
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Figure 111. MASH 2009 Test No. 3-33 at 15 degrees, Overhead View
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Figure 112. MASH 2009 Test No. 3-33 at 15 degrees, Downstream View
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Figure 113. Tangent vs. Flared End Terminal Simulations, Feed Lengths
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Figure 114. Tangent vs. Flared End Terminal Simulations, Vehicle Roll
138



July 10, 2017
MWwRSF Report No. TRP-03-358-17

Tangent vs. Flared
Pitch

MASH 3-30  MASH3-30 MASH 3-31  MASH 3-32

H

N

2 MASH 3-33 MASH 3-33

Pitch (Degrees)
o

-2 shallow deep Sdeg S5deg 15deg
-4
-6
-8
M Tangent M Flared
Figure 115. Tangent vs. Flared End Terminal Simulations, Vehicle Pitch
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Figure 116. Tangent vs. Flared End Terminal Simulations, Vehicle Yaw
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Figure 117. Tangent vs. Flared End Terminal Simulations, Longitudinal ORA
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Figure 118. Tangent vs. Flared End Terminal Simulations, Lateral ORA
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10 FLARED END TERMINAL SIMULATIONS WITH CURBS

Three sloped curb configurations (2 in., 4 in., and 6 in. (51 mm, 102 mm, and 152 mm)
tall) were simulated at a O-in. lateral offset from the face of the tangent guardrail. MASH 2009
test nos. 3-30 and 3-31 were not simulated with curbs as the system was expected to behave
similarly to the flared baseline simulations, because the vehicle would have been on top of the
curb and would not have interacted with the curb until late in the event. During the simulations
with curbs laterally offset O in. and 6 in. (152 mm) from the front face of the guardrail, the
change in impact height of the vehicle models in MASH 2009 test nos. 3-30 and 3-31 did not
affect terminal performance. However, MASH 2009 test nos. 3-32 and 3-33 at 5- and 15-degree
impact angles were simulated as the curbs may have affected vehicle and terminal performance
under these impact conditions.

The Yaris and Silverado suspension and steering models were believed to be inaccurate
as the tires turned significantly almost immediately after impacting the curbs, especially at a 5-
degree impact angle. Because the curb was close to the end terminal, the heading angle of the
vehicle upon impact was still close to targeted impact conditions for the 15-degree impact
angles. However, some of the results at the 5-degree impact angles may not provide good
comparisons as the centerline of the impact head was not at the centerline of the vehicle. The
limitations with the vehicle model suspension and steering with curb impacts needs to be
improved for future studies.

Sequential photographs comparing the flared end terminal impact simulations with and
without curbs are shown in Figures 119 through 122. The feed lengths, roll, pitch, yaw,
longitudinal and lateral ORA, and longitudinal and lateral OIV for each impact with flared and
tangent terminals are shown in Figures 123 through 128.

The lateral and longitudinal OIVs varied minimally in all of the simulations. The impact
head nodes snagged on the Yaris hood and bumper, especially MASH 2009 test no. 3-32 5- and
15-degree impacts, which caused the vehicle to yaw and decelerate quickly. The feed lengths
remained the same or decreased with the presence of curbs, except in the simulation of MASH
2009 test no. 3-33 at 15 degrees. Vehicle and terminal performance were not degraded
significantly by the presence of a flared, tangent terminal with sloped curbs. Since the end
terminal system was flared at a 2.3-degree angle, with a 5-degree impact angle, the effective
vehicle angle of impact relative to the end terminal was 7.3 degrees. MASH 2009 test nos. 3-32
and 3-33 are to be conducted at a critical impact angle between 5 and 15 degrees. At a 5-degree
impact angle, the system does not gate as easily as at a 15-degree impact angle, and the vehicle
typically extrudes more guardrail through the end terminal. As the impact angle increased from 5
to 15 degrees, the system behavior changed more toward gating, which is likely why the feed
length decreased for MASH 2009 test nos. 3-32 and 3-33 at a 5-degree impact angle with flared
end terminals.
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Figure 119. MASH 2009, Test No. 3-32 at 5 Degrees, Overhead View
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Figure 120. MASH 2009, Test No. 3-32 at 5 Degrees, Overhead View
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Figure 121. MASH 2009, Test No. 3-33 at 5 degrees, Overhead View
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Figure 122. MASH 2009, Test No. 3-33 at 5 degrees, Overhead View
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Figure 123. Flared End Terminal Simulations with Curbs, Feed Length
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Figure 124. Flared End Terminal Simulations with Curbs, Vehicle Roll
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Figure 125. Flared End Terminal Simulations with Curbs, Vehicle Pitch
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Figure 126. Flared End Terminal Simulations with Curbs, Vehicle Yaw
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Figure 127. Flared End Terminal Simulations with Curbs, Longitudinal ORA
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11 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Curb placement in advance of guardrail end terminals was investigated to determine if
curbs significantly degraded terminal performance on high-speed roadways. In lieu of
conducting several full-scale crash tests to evaluate end terminal systems with curbs, a computer
simulation effort was conducted and the results were evaluated with MASH 2009 evaluation
criteria. Only MASH 2009 test nos. 3-30 through 3-33 were evaluated, which involved impacts
on the end of the end terminal instead of along the length of the terminal. Since several State
DOTs install more than one type of end terminal system, a generic, tangent guardrail end
terminal system that was representative of several compression-based systems (ET-2000, BEST,
SKT, FLEAT, and ET-Plus) was evaluated.

The 175-ft (53.3-m) long MGS LS-DYNA finite element analysis model previously
developed and validated at MWRSF was modified to incorporate the representative end terminal.
Two variations of a 29-post, 175-ft (53.3-m) long model were created:

1) 27%-in. (706-mm) tall guardrail with posts with 8-in. (203-mm) deep blockouts
representative of modified G4(1S) with the representative end terminal and

2) 31-in. (787-mm) tall guardrail with posts with 12-in. (305-mm) deep blockouts
representative of MGS with the representative end terminal

The energy absorbing mechanism was not modeled for the generic end terminal system
due to the variability between systems. Therefore, an average longitudinal force of 11.2 kips (50
kN), which was representative of the average forces produced by common energy-absorbing
terminals, was applied on the impact head at the approximate location the rail would exit the
impact head. Due to this modeling technique, very little compressive force was applied to the
rail. Thus, buckling that often occurs in the rail (especially in NCHRP Report 350 or MASH
2009 test no. 3-30), was likely inaccurate. In addition, since the rail did not bend, deform, or exit
the side of the impact head, the rail was sequentially deleted so that it did not penetrate the
vehicle.

Several simulations were conducted on the tangent energy-absorbing end terminal
attached to modified G4(1S) and MGS guardrail models with and without curbs with impacts on
the end of the terminal (NCHRP Report 350 and MASH 2009 test nos. 3-30, 3-31, 3-32, and 3-
33). The twelve baseline simulations were compared to several full-scale crash tests on
compression-based terminals to ensure the end terminal model was representative of actual
systems. While the performance of proprietary end terminals varies between systems, the end
terminal model was representative of most of the full-scale crash test results.

The model was then evaluated with 108 simulations with various curb configurations. All
simulations were conducted with the curb extending in advance of and along the entire length of
the end terminal. The tangent end terminal model was evaluated with MASH 2009 test nos. 3-30,
3-31, 3-32, and 3-33 impact conditions with several curb configurations, including 2-in., 4-in.,
and 6-in. (51-mm, 102-mm, and 152-mm) tall wedge and vertical-shaped curbs with the toe
laterally offset 0 in., 6 in. (152-mm) , and 6 ft (1.8 m) away from the front face of the guardrail.

The tangent end terminal model was also flared at a 1:25 flare rate with a 2-ft (0.6-m)
lateral offset and evaluated with and without curbs. Seven baseline simulations without curbs,
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and twelve simulations with curbs were evaluated. The evaluated curb configurations were 2-in.,
4-in., and 6-in. (51-mm, 102-mm, and 152-mm) tall wedge-shaped curbs with the toe laterally
offset 0 in. away from the front face of the tangent guardrail.

Several conclusions were drawn. First, due to the small curb offsets, the vehicle
interaction with the impact head was minimally affected by the curbs. However, larger lateral
curb offsets may have more of an effect on the vehicle trajectory and interaction with the impact
head. Second, the presence of curbs affected the small car impacts the most. The 4-in. (102-mm)
and 6-in. (152-mm) tall vertical curbs affected vehicle yaw in the small car impacts, and the tires
had a more difficult time traversing the curb, especially when the tires were non-tracking. The
sloped curbs minimally affected vehicle yaw. Third, the flare affected the performance of the
vehicle and end terminal the most in MASH 2009 test nos. 3-32 and 3-33 angled impacts.
Finally, the vehicle and terminal performance was most similar to the baseline simulations with
2-in. (51-mm) tall curbs than 4-in. (102-mm) and 6-in. (152-mm) tall curbs.

Due to computer simulation limitations, improvements are recommended for future
similar studies. First, model one specific end terminal, rather than a representative terminal, and
validate the mode. Second, calibrate post-to-rail bolt release and tearing that may occur as the
bolt releases under end-on terminal impacts. Third, conduct a curb traversal study at shallow
angles with the current MASH 2009 vehicles and calibrate the vehicle steering and suspension
models. Finally, improve the contact definition between the impact head and vehicle models.

It is recommended that full-scale crash testing be conducted on tangent and flared end
terminals in conjunction with 4-in. (102-mm) tall or shorter sloped curbs, especially with MASH
2009 test nos. 3-30 and 3-32, to further evaluate the effects of curbs on end terminal
performance. Additionally, further research may be required to evaluate impacts along the length
of the end terminal. As noted previously, the height of the guardrail was relative to the top of the
curb to keep breakaway features at the groundline, whereas previous testing on the length-of-
need of W-beam guardrail systems has been conducted with a rail height relative to the roadway
surface, or toe of the curb, at small lateral curb offsets. Therefore, further consideration should
be given to the rail height and/or the location of the breakaway features relative to the
groundline.
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