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1INTRODUCTION

1.1 Introduction

Approach guardrail transitions (AGTs) are commonly used to shield the ends of bridge
rails and concrete buttresseswell as provide a safe transition in lateral stiffness between semi
rigid approach guardrail and rigid bridge rail. However, AGTs are sensitive systeasing that
small changes to an otherwise crashworthy AGT (e.g., shagliofy endbuttressor rail height
alterations) can, and have, led to an inadequate design and failed crash tests. Recently, there have
been multiple advancements in the design of thrie beam AGdlsding the development of the
standardized transition buttrddd and the 34n. tall thrie beam AGT designed to accommodate
future overlay$2]. When used togethdhe effective height of the 34. tall AGT will be reduced
to the nominal thrie beam AGT height of 31 in. afteria.3hick overlay is applied to the roadway.

Unfortunately, these new AGT systems can only be implemented in new construction
applicationsvhere the concrete end buttress can be formed with the correct geometry (e.g., height,
end tapers, att ac h Mebmska Depattnient bfdrarspgotatNDOT)has t ¢ € )
many existingoridgesthat will be resurfaced with an overland most of these existing structures
will not have end buttressonfigurationscompatible with cashworthyAGTs. Concretebarrieis
as low as 29 in. have been showratiequatelyperform toTest Level 3 (TE3) standardef the
American Association of State Highway and Transportation Offiti&ldSHTOS6 sMjanual for
Assessing Safety Hardware (MASHI), so bridge rails with an original height of 32 in. or greater
will still satisfy current safety standards. However, AGTs with rail heights below 31 in. have
resulted in vehicle rollovers and inadequate sgbetyjormancd4]. Additionally, many of these
existing AGTs were designed satisfy the safety standards NMational Cooperative Highway
Research PrograniNCHRP Report 350[5] and may not satisfy MASH criteria, which
incorporates heavier passenger vehjcéetaller pickup truckand a higher impact angle for the
small cartest vehicle

Accordingly, NDOT Roadway Design has a policy updatefeplace existing AGTs
adjacent to bridges receiving an overlay with a MASH3Itrashworthy designfo minimize
repair costs, NDOT does not desire to replace or alter any bridge rails with adgquetteal
capacity and height. Bridge rails installed under NCHEIport230([6] or earlier standards are
likely too short for current standards and need to blaceg, but bridge rails installed to NCHRP
Report 350rL-4 standards should meet MASH T3 criteria and could remain in place. However,
this creates a problem of attaching newsir8ltall AGTs to existing concrete bridge rails and
buttresse (after an owday) that were not designed for such connections and the resulting system
may not be crashworthy to current safety standards. Therefore, the developoustetiective
retrofit optionsis desired for attaching 3ih. tall AGTs to existing NDOT bridgeail andbuttress
designdollowing a roadway overlay

1.2 Objective

The objective of this projeegtas to develop retrofit options féheattachment of 3in. tall
thrie beam AGT systems to existing ND@dncretebridge rails andend buttressef®llowing a
bridge and roadwagverlay up to 3 in. thickThe retrofitscouldinvolve the addition of connection
plates to attach tHl-in. thrie beam to thend buttresseshe addition of deflector plates to prevent
1
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vehicle snag, and overlapping the AGTimthe bridge railingto prevent contact with the end of
the buttress However, the existing concrebegidge railings and end buttressssre not to be
modified except for the installation of anchorage hardware. The new retrofit desligimsprove
the overall sadty of the barrier systems lyeating systems that satislASH TL-3 performance
criteria while preventing costly replacements of concrete structures.

1.3 Scope

The project began withreview of existing bridge railsnd end buttresses to identify issues
related to connection hardware alignment and crash safety performance. Retrofit options were then
developed to address these issues while adhering to established designldréesieetonnector
plateassemblywasdesigned to facilitate the attachment of the thrie beam terminal connector to
thebridge railings andbuttressesAdditionally, three retrofit design concepts, including concrete
fill, a steel assembly, and a cuviereevaluatedo mitigate concerns rekad to vehicle snagging.

The selected retrofit designvere evaluatedhrough a combination of structural analysis and
computer simulationwhich conformedo MASH TL-3 criteria Finally, the project concluded
with the formulation and summarization of réswlnd conclusions in a comprehensive summary
report.
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2 REVIEW OF NDOT STANDARD PLANS

2.1NDOT Approach Guardrail Transition

NDOT currently utilizes an AGT system comprising of nested thrie beam:t@atkivie
connection segment, \leam guardrail, W6x15 posts spaced at 37.5 ircemter, and W6x8.5
posts at various spacings. This AGT was giesd with an original top rail height of 34 in. so that
it would remain crashworthy after roadway overlays up to 3 in. thick. After an ovéniay,
symmetric Wto-thrie transition segment would be replaced with an asymmetrio-#ie
segment and the Weam would be raised 3 in. on the standard guardrail posts. These minor
changes created an effective height of 31 in. for the entire AGT aneéaipdflidwest Guardrail
SystemiMGSwi t hout having to remove/reinstaihl the
AGT both before and after an overlay are shown in Figlirdsough3. Since this AGT was
already designed for roadway overlays, it madaseto utilize this AGT configuration in the
development of AGT retrofits to existing buttresses after bridge overlays.

|
:

Mestad Thrie Beaom

&

Figurel. 34in. Tall AGT Initial Installation, No Overlay

Agymmetric MGS
W—tp—Thra Roised Roil

Nested Thrie Beom ————={=— Thrie Baom ———=

— A —B —G

Figure2. 34in. Tall AGT After a 3in. Roadway Overlay
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Figure3. System CrosSections both Before and After ar8 Roadway Overlay

NDOT 6 4n. ta&ll AGT was previously evaluated through crash testing, and the AGT
satisfied alMASH TL-3 safety performance criter{2]. The tes article evaluated according to
MASH was connected to a modified version of the standardized transition buttress (i.e., the height
of the buttress was increased by 3 in. to match the rail height increase). This buttress utilized a
dual taper design aloriig upstream edge to mitigate vehicle sriggThe lower chamfer measured
4.5 in. laterally by 18 in. longitudinally and was designed to limit wheel snag. Tlee cipgpmfer
measured 3 in. laterally by 4 in. longitudinally and was designed to mitigate vehicle bumper and
frame snag on the buttress while limiting the unsupported span length of the rail between the
buttress and adjacent guardrail pesB0Y%zin. The tansition point between the two chamfers was
located 17 in. above the roadway surfa&sketch of the modified standardized transition buttress
is shown inFigure4.

The shape of the standardized concrete buttress was thought to be critical to the
performance of the AGT during crash testing. Thus, the retrofits developed herein needed to
consider detailgke the taper of the buttress below the thrie beam and the unsupported span length
between the concrete buttress and the adjacent guardrail post.
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- \

Figure4. Geometry of the Modified Standardized Transition Buttrgks [

2.2 Review of NDOT Bridge Railings and End Buttresses

At the beginning of this study, researchers requested the standard plans for the existing
bridge railings and end buttressleat were to be considered as pathafAGT retrofit attachment
design. NDOT submitted ten different bridge railing/buttress configuratibmsse structures
differed in cross section shape, height, adjacent bridge rail, and adjacent gudadrksll
provides a summary of these existing railings/buttresses and allows for easier comparison between
buttresses. Note, the assigned buttress numbers were based oretlibeydvere submitted for
review. Thus, thebuttress numberdo notrepresent a priority or level a@hportance

Tablel. Characteristics of Existing NDOT Railings/Buttresses

Buttress| Buttress | Buttress | Adjacent Guardrail Bridoe Rail Description Plan

No. Shape Height Guardrail Height 9 P Date
. N R 29" Open Concrete Rail

1 Vertical 29 W-beam 270 11" x 11" Post, 12" x 14" Rail 1985
. " . " 29" Open Concrete Ralil

2 Vertical 32,5 Thrie Beam 32 11" x 11" Post, 16" x 14" Rail 1986
. N R 29" Open Concrete Rail

3 Vertical 29 W-beam 270 11" x 11" Post, 16" x 14" Rail 1987
. i . R 29" Open Concrete Rail

4 Vertical 32 Thrie Beam 310 24" x 11" Post, 16" x 14" Rail 1991
. " . R 29" Open Concrete Rail

5 Vertical 32 Thrie Beam 310 24" x 11" Post, 16" x 14" Rail 2019
. " . R 34" Open Concrete Rail

6 Vertical 34 Thrie Beam 310 30" x 10.5" Post, 23" x 14" Rai 2019
. . . . 36" Open Concrete Rail

7 Vertical 36 0| Thrie Beam 340 30" x 10.5" Post, &' x 14" Rail 2019

8 verticall. | 55u_ 420 | Thrie Beam 310 42" New Jersey 1990

New Jersey
9 New Jersey, 32" Thrie Beam 320 32" New Jersey N/A
10 Vertical 32" Thrie Beam 310 42" New Jersey 1997
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The following sections provide a brief description of each railing/buttress and an isometric
picture of models created for each buttress. The models avigieally created for use in the
computer simulation tasks of this project, but are used here as a 3D representation of the buttresses.
The original NDOT standard plans for each buttress are contaidggpendix A

2.2.1Buttress 1

Buttress 1 was an end post for an open concrete bridgdmailend poshad a vertical
front face andneasured 3 ft lon@9 in. tall, and 4 in. wide.The adjacent guardrail was originally
W-beam, and a%g-in. deep recess was placed in the upper corner of the end post where the W
beam terminal connector attached to the end post. The recess measured 16 in. long by 14% in. tall.
The W-beam wa mounted at a height of 27 in., até front of he guardrailwould be on the
same vertical plane as the face of the raill@D model of Buttress 1 is shown kiigure5.

Figure5. Isomeric Picture of Buttress 1

2.2.2Buttress 2

Buttress 2 was a standalone buttress placed adjacent to an open concrete bridge railing. The
buttress had a height of 32I i n. and tapered
over a distance of 40 in. €hotal length of the buttress was 7 ft in. An18-in. long cantilevered
segment extended from the upstream end of the buttress. The cantilevered segment was tapered
back from the face of the buttre®% in. over itdength. The width of the buttress sva2 in. at the
base and 10%z in. where the thrie beam terminal connector attached to the buttress. The downstream
end of the buttress contained a-Bi4thick by 16 in. tallguardrail connection blockout, which
brought the width of the buttress at its dstvaam end to 14 in. to match the width of the adjacent
bridge railing. When assembled, the front of3&en. tall thrie beam would be on the same vertical
plane as the connection blockout and the face of the ralliB@ model of Buttress 2 is shown in
Figure6.
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Figure6. Isometric Picture of Buttress 2

2.2.3Buttress 3

Buttress 3 was similar to Buttress 2, but stood only 29 in. tall and toéal &ngth of 6 ft.
Additionally, Buttress 3 was an end post of the bridge railing, not a-sland buttress. The
upstream end of the buttress contained aml1®ng cantilevered segment that tapered back 4%
in. Buttress 3 also had the same basehyid{p width, and connection blockout width as Buttress
2. However, Buttress 3 was originally connected td&#m guardrail with a mounting height of
27 in.A 3D model of Buttress 3 is shownkiigure?.

Figure7. Isometric Picture of Buttress 3
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2.2.4Buttress 4

Buttress 4 was wunique as it was a standal o
instead of a continual base. Buttress 4 had @heig32 in. and tapered down to 29 in. prior to the
second support post. The upstream end of the buttress contairiédiranong cantilevered
segment that tapered back 4v% imeTupstream portion of theuttresshad a width of12 in.
However, startingtahe height transition, the buttress width increased to 14 in. to match the width
of the bridge railA 3D model of Buttress 4 is shown kingure8.

Figure8. Isometric Picture of Buttress 4

2.2.5Buttress 5

Buttress 5 was a staradone buttress with a vertical face. The buttress was 32 in. tall and
14 in. wide. The upstream end of Buttress 5 was tapered back 4%z in. over a distance of 18 in. The
buttress was originally designed to be connected tm3thll thrie beanguardrail The end post
of the bridge rail was designed with the same cross section as Buttress 5, but transitioned to a 29
in. tall open concrete bridge railing prior to the secpost.A 3D model of Buttress 5 is shown in
Figure9.

Figure9. Isometric Picture of Buttress 5
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2.2.6Buttress 6

Buttress 6 was a 1. widestandalone buttress with a vertical face. The upstream end of
Buttress 6 was 32 in. tall but the height was increased to 34 in. over the first 18 in. of length.
Additionally, the upstream end of the buttresss tapered back 4% in. over a distance ofnl8 i
The top edge of Buttress 6 had-mnZ2tall by 4/-in. lateral chamfer. The buttress was originally
designed to be connected teiBltall thrie beam guardraid 3D model of Buttress 6 is shown in

Figurel0.

Figurel10. Isometric Picture of Buttress 6

2.2.7Buttress 7

Buttress 7 was 3@5-in. tall, standalone buttress with a vertical face. The buttress was 14
in. wide,and the front face was taged back 4% in. over 18 in. in length at the upstream end of
the barrier. Buttress 7 was or i-igtahAGIT.IAfferad e si gn
3-in. overlay, both the bridge railing and the AGT would remain crashworthy without the need for
any retrofits. Thus, Buttress 7 was removed from consideration for the remainder of thigstudy.

3D model of Buttress 7 is shownkiigure1l.

Figurell Isometric Picture of Buttress 7
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2.2.8Buttress 8

Buttress 8 was a 2 long, standalone buttress that transitioned from ai@2tall vertical
shape to a 4ih. tall New Jersey shape. An-I18 long cantilevered segment extended fritve
upstream end of the buttress and was tapered back 4%z in. Buttress 8 was originally designed to be
attached to 3in. tall thrie beam guardrail. The shape transitegan just downstream from the
location of the thridoeam terminal connectok 3D mockl of Buttress 8 is shown Figurel2.

Figurel2. Isometric Picture of Buttress 8

2.2.9Buttress 9

Buttress 9 was the end section of aird2all New Jersey shaped bridge rail. The upstream
18 in. of the barrier was flared back a8@degree angle. Buttress 9 was originally designed for
attachment to 3in. tall thrie beam guardraih 3D model of Butress 9 is shown iRigurel3.

Figurel3. Isometric Picture of Buttress 9

10
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2.2.10Buttress 10

Buttress 10 was similar to Buttress 8, but the shgmsition from vertical to New Jersey
occurred within the bridge rail, not within the staaddne buttress. Tis, Buttress 10 was 3.
tall and16in. wide An 18in. long cantilevered segment extended from the upstream end of the
buttress and was tapérback 4%z in. Buttress 10 was originally designed to be attachedito 31
tall thrie beam guardraiA 3D model of Buttress 10 is shownkigure14.

Figurel4. Isometric Picture of Buttress 10

11
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3 IDENTIFICATION OF ATTACHMENT ISSUES ANDCONCERNS

After 3D modelswere creatd for all ten existing buttress configuratioaghrie beam
terminal connectowas placed on the front face of the buttresses to identify attachment issues and
possible safety concernshe thrie beam terminal connectaras prescribed a height of 34 in.
relative to the original ground line. This height corresponds teia.3tiountirg height relative to
the new roadway surface after-in3overlay is applied. Issues were identified with the alignment
of the thrie beam in both vertical and longitudinal directions. Further, vehicle snag hazards were
identified for impacts in both theominal and reverse directions. These issues are discussed in the
following sections.

3.1 Vertical Bolt Hole Positions

Nearly all of the buttresses were not tall enough to utdtaedarcattachment hardware
(i.e., athrie beam terminal connectand attachma bolts). The desired 3#4. guardrail height
relative to the original ground resulted in the terminal connector extending above the top of the
buttresses. For the existing-82 tall buttresses, the terminal connector extended 2 in. above the
buttressesnd the top bolt hole for standarehble terminal connectors was located at the top
surface of the buttresses, as showRigurel15. New holes could not be drillet these locations
as the bolt would not have enough concrete cover. Additionally, the terminal connector was now
located above the position of the original lower bolt, which made using the existing bolts/holes
very difficult.

This vertical alignment isg&uwas worse for the 28. tall buttress, where the terminal
connector extended 5 in. above the buttresses. As shakigure 16, the top bolt hole was well
above thebuttresses and theecond highest bole hole was located at the top surface. Retrofit
designs were needed that could account for this vertical shift in bolt/hole locations.

Figurel5. Top Bolt Position with a 3ih. Tall Buttress
12
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Figurel6. Top Bolt Positionwith a29-in. Tall Buttress

3.2Increased Unsupported Span Length in Thrie Beam Guardrail

Unsupported span length for AGTs refers to the distance between the location in which the
buttress is laterally supporting the guardrail and the first transition post. Large unsupported span
lengths result in decreased system stiffness, increased deffecdiod increased snag on the
buttressThus, it was important to maintain the unsupported span length from-tested 34n.
tall AGT when attaching to the existing buttresses. THested unsupported span length was 30%4
in., which resulted in the gfream pair of attachment bolts being located 18% in. downstream from
where the guardrail is laterally supported by the buttress, as shduguinel17.
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Figurel?7. Unsupported Span Lenglitom the AsTested 34n. Tall AGT
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A review of the drawings for NDOTO6s exi sti
of the buttresseastilized bolt locations closer to the lateral support poiahtthe desired minimum
distance of 18% in. For most of the thrie beam attached buttresses, this distance was 15% in., or 3
in. less than desired, as illustratedrigure 18. For the remaining buttresses, this distance was
even shorter with a minimum of only 3% in. Therefore, the location of the terminal connectors on
each of the existing buttresses would need to shift downstream in order to maintain the unsupported
span length for the AGTand prevent the risk of increased vehicle snag on the concrete buttresses.
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Figurel18. Location of Existing Bolt Holes on Buttress 6

3.3Wheel Snagbelow the Thrie Beam

Five of NDOT GO s comfigurasonsi havg a dantiteveredesegsnent extending
from the upstream end of the buttresses. The cantilevered segment is tapered laterally to mitigate
vehicle snag on the buttress. However, the cantilevered portiprexists behind the guardrail
and sbps10 in.to 13 in. fromthe ground line. This leaves an opening for an impacting wheel to
extend under the thrie beam and impact the upstream faces of the buttresses, as Sigowne in
19.

Previous MASH testing has shown that wheels can and will extend underneath AGT rails
and contact the concrete buttress. As showRiguire 20, tire marks on the buttress from the
MASH test i ng-innAGT bbb rTséer extgéntling nearly 10 in. past the front face of
the buttress. TheY4in. x 18-in. tapered face of the standardized buttress greatly reduced the
magnitude of the wheel snag compared tthe perpendiculasurface circled ifrigure19.

Buttress 9 poses a unique wheel snag situation. Although the barrier is flared back, the toe
of the New Jrsey shape barrier still extends in front of the thrie beam. Subsequently, wheel
interaction with the toe of the barrier, as circledrigure 21, is likely. Mog AGTs attached to
New Jersey shaped barriers incorporate tapers to eliminate the barrier toe under the rail, as
illustrated inFigure22. Previous crash testing of a similar AGT buttress design could not be found,

14
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so the crashworthiness of this design is unkndvanis, additional retrofitsd mitigate wheel snag
may be necessary when attaching new AGTSs to these existing systdmsither exposed
perpendicular faces or exposed barrier toes beneath the thrie beam

Figurel9. Location of Potential Whe&nagbelow Thrie Beam

e SN

Figure20. WheelSnagon 34in. AGT during MASHCrash Tesng [2]

15
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Figure21l WheelSnagConcern for Buttress 9

Figure22. Typical Shape Transition to Mitigate Whe&tagon New Jersey Shaped Buttresses

3.4 Vehicle Snag on Buttresses

Four of the existing NDOT buttresses incorporated recesses or guardrail connection
blockouts just downstreaifinom the terminal connectors. This geometry was likddgigned to
keep the face of the guardrail flush with the face of the buttress and bridge rail. However, this
geometry also results in a vehicle snag hazard downsfreanthe terminal connector, as shown
in Figure23. Exposed edges of this size can easily result in excessive vehicle deceleratfions and
vehicle instabilities as a result of vehicle snag. Thus, retrofit designs were needed that addressed

these snag hazds.

16
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Figure23. Vehicle Snag atonnection Blockout oButtressRecess

3.5Reverse Direction Snag

As discussed in Sectidhl, attaching the AGT at height of 34 in. (31 in. relative to the
new roadway surface afteBan. overlay) resulted in the thrie beam terminal connector extending
above the tops of most of the buttresses. This could lead to vehicle snag on the guainiyail du
reverse direction impactas illustrated irFigure 24. Vehicle snag on guardrail components can
negatively affect barrier performance aedult in excessive delerations, occupant compartment
crush, or vehicle instabilities. Consequentbtrofit designs were needed that could mitigate this
snag issue for reverse direction impacts.

32-in. tall buttress 2%in. tall buttress

Figure24. Reverse Direction Snag Concerns

3.6 Buttress Priority and SelectionMethodology

As detailed in Chapte2, the existing NDOT transition buttresses had a wiaigety of
geometric characteristics. Subsequently, the issues and concerns that were identified for each
buttress differed greatlyl.able2 was created to summarittee issues associated with each buttress

17
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as well as indicate the complexity that attachment retrofits may require. First, the various issues

and concerns were listed in the left column. Issues that were constdsiedto overcome were
placed at the top of the column, while those thought tmdredifficult to address were placed at

the bottom. The individual buttresses were listed across the top of the remaining columns, and an
AX0 was pl ac ed buttress tohtained teelissug listechf@ that eow. The buttresses,
or columns, were then reorganized so show them by increasing retrofit complexity going left to
right. Finally, it was observed that the buttress could be charactémipefive groups baskon
their associated issues, as showitable2. Because of the shared characteristics and associated

retrofit issues, it was thought that one retrofit design markviar the buttresses in a particular

group. However, different retrofits may be needed for buttresses in differing groups.

Table2. Issues and Concerns by Buttress

Issues and Concerns

But tNoe.s s

5|6 10| 8

4

2

1

IncreasedJnsupported Span Length
(Weakened AGT Stiffness)

X[ XXX

X

X

X

Rail 2in. above Buttress
(Top Bolt/Hole above Buttress)
(Reverse Direction Snag)

Exposed UpstrearRacebelow Rail
(Wheel Snag)

Buttress Recess @onnectiorBlockout
(VehicleSnag

Rail 5 in. above Buttress

(Reverse Direction Snag)

(Top Two Bolts/Holes above Buttress)

Sloped Buttress Surface
(Extra Hardware Required)

Toe of NJ barrier in Front of Rail
(WheelSnag)

During the formulatiorof this research and design project, it was assumed that retrofit

AGT attachments would be developed for one or bwtiresses. The proposal and budget were

made to reflect this assumption. With ten buttresses submitted at the beginning of the project, it
was unlikely that the available funds could cover the development and evaluation of AGT
attachment retrofits faall the buttresses. Thus, thattressesiad to be prioritized.

Throughdiscussioswi t h t he
prioritize the buttresstarting withthe simpler AGT attachment retrofits and working toward the
more compktated retrofits going from left to right acros$able 2), beginning with Buttress.5
This approach allowed the research team to adé&essanybuttresses as posstbivith the
available funds. Note, solutions were developed for the first six bigsgsswvn inTable2 before
funding ran outRetrofit AGT attachments fdButtresgs 1, 3, and Yverenot developed as part

projectos

of this project due to budget and time limitations

18
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4 DESIGN CONCEPTS

4.1 Connector Plate Assembly for Rail Attachment

As discussedn Chapter2, NDOT 6 dn. t8ll4AGT was to be attached to existing
buttresses so that the guardrail would be at a nominal height of 31 in. 3fter thick overlay
was applied to théridge surface, and as described in Chaptelesign of the AGT attachment
hardware began with Buttress 5. In comparisdaheoriginal position of the thrie beaattachment
on Buttress 5, the new AGT rail height of 34 in. would be 3 in. higher. Also, in order to maintain
the astesed unsupported span length of 30% ior & minimum distance of 18% in. between the
upstream bolt holes in the terminal connector #redlocation of first contact with the buttress)
the AGT hadto be shifted 3 in. downstreanihe resulting guardrail position on Buttress 5 is
shown inFigure25.

Figure25. Rail Position on Buttress 5, Adjusted for Height and Unsupported Span Length

New bolt holes could not simply be drilledarButtress 5 corresponding to the location of
the holes in the terminal connector as the toe ln@s located on the top surface of the buttress.
Similarly, new holes could not simply be drilledarthe terminal connector at the locations of the
existing bolts as the upstream bolts were within the middle and lower guardrail corrugations and
the lowe bolt was below the terminal connectdhus,a connector plate assembly was created to
allow for the attachment of the thrie beam to the buttress using the existing bolts.

The connector plate assembly consisted of a standard thrie beam terminal connector, a
3/16-in. thick steel plateand two nuts. The plateas welded to thback of the terminal connector
and extended far enough below the terminal connector such thasémeldg reached the lower
bolt. The downstream edge of the plate was beveled,thadop corner of the steel plateas
tapered witha 2:1 slope tamitigate vehicle snag foreverse directiommpacts Five holes were
drilled in the plate at the locationstbe original boltsand wo holesweredrilled into the terminal
connector. Finally, the nuts were welded to the plate over the bolt holes inside the middle and
lower guardrail corrugations. This allowed the two upstream bolts to be installed fromkreff bac

19
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the buttress and threaded into the nuts. The other three bolts could be installed from the front as
they would normally beA model of the connector plate assembly concept is shoWwigure 26,
while Figure27 shows the connector plate assembly placed on Buttress 5.

Figure26. Connector Plat&ssembly

Figure27. AGT with Connector Plate Assemblyith Buttress 5
20
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Buttresses 6 and ll@avesimilar geometrieso Buttress 5. All thredhad the same bolt
pattern that required&in. vertical and &-in. longitudinal shiftfor the guardrailButtress 6 was
2 in. taller than Buttress, Which did not affecthe connector plate assembly. Buttress 10 had the
same height as Buttress 5, but incorporated a cantilevered tapered segment on its upstream end
instead of the continuodeight tapered end of Butsses 5 and &he cantilevered end of Buttress
10 increased the risk of wheel snag below the batl,thatissuewasdealt withseparatly from
the guardrail attachment the buttressThus,the connector plate assembly shawrFigures26
and27 would workto attach the thrie beam guardrail totBesse®, 6, and 10

Buttress 8contained a shape transition from a vertical face to a New Jersey shape. This

shape trasition begarR7 in. downstream from the tapered end segment, or 3éflowmstream

from the original bolt holesThe original connector plate assembly, shown in Figérextended

into the transition region and would not lay flat against the front face of Bu8r&sgtresses 2

and 4hadconcrete recesses oconnectiorblockouts that woul@lsoprevent the connector plate
assembly frmm extending past the beginning of these features. Coinaitjerthese blockout
features also started 3% in. downstream from the original attachment bolt locatiButresses

2 and 4 Therefore, it was decided to trim the downstream end of the conmpéate assembly

such that it remained on tfat, verticalface of Buttresses 8, 2, and Mote, this cut through both

the thrie beam terminal connector andhein. thick platg as shown irFigure28.

T~

-

DEE=BS

Figure28. Trimming of Original Assembly foButtreses8, 4, and 2

Similar to how the top corner of the connector plate assembly was originally tapered, both
downstream corners of the connector plate assembitg cut at 2:1 slopes to prevent reverse
direction snag. The bottom corner was also tapered because the bottom of the connector plate
assembly extended below tbennectiorblockouton the Buttresses 21d 4, as shown ifigure
29. Note, none of the cuts shown in Figu&and29to fit the connector plate assembly on various
buttresses affected its attachment to any of the previous buttresses. Thus, the final shape of the
connector plate should work for six of the buttresses, specifically Buttresses 2, 4, 5, 6, 8, and 10.
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Figure29. Connector Plate AssembGorners Cut at 2:1 Slopes for Buttresses 2 and 4

Recall, Buttresses 2 and 4 contained a guardrail connection blockout downstream from the
guardrail attachment bolts thptotrudedfrom the flat, vetical face of the buttresses. These
connection blockouts posed a significant vehicle snag risk that needed to be addressed. Thus, an
attachment spacer was placed behind the rail such that the downstream end of the connector plate
assembly was flush witté concrete connection block (i.e., the face of the buttresses downstream
from the attachment location)he attachment spacer block would be held in place by the five
AGT bolts that passithrough it, similar to guardrail blockout attachments to guarpcats.

Since the buttresses had different connection blockout deptlatabkement spacer would
be 3Y in. thick for Buttress 2 or 2 in. thick for ButtressTe attachment spacer was placed
directly behind the connector plate assembly and had the same shape (height and 2:1 sloped
corners) as the connection plate assembly. The attachment spacer extended upstream to the
beginning of the buttress taper in ordentaintain the unsupported span length for the thrie beam
AGT. Finally, the attachment spacer could be fabricated from, si@éler, or any other material
that wouldnotcompress under crash loads. The attachment sigasigownin Figure30.
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Figure30. Attachment Spacddesign for Recessed Buttress

The concrete connection blockout omtBess 2was not as tall as the connector plate
assembland attachment spacer,ithsstrated inFigure31. This createghotential for vehicle snag
during reversedirection mpacts Vehicle components snagging on the exposed ends of the
connector could result in excessive decelerations, occupant compartment crush, or vehicle
instabilities.Subsequentlytwo concepts were designed to provide a smooth transition and mitigate
vehicle snag in this regio.he first concept involved filling concrete in the void above the buttress
at the downstream end of the connector, as depictBdyure 32(a). In the second concept, the
connector block wamodifiedto extendts 2:1 slope down to the top of the concrete connection
blockout,as shown irFigure32(b).

Figure3l. Risk of Vehicle SnagluringReverseDirection Impact
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(b)

Figure32. Design Conceptior ReverseDirection Snag(a) Concrete Filj (b) Modified
Attachment Spacer

4.2 DesignConcept for Wheel Snag Prevention

As discussed in Sectidh3, an increaseg@otential for wheel snagriseswhen the tapered
end of the buttress antileveredandexposes the@pstream face of the buttress below the thrie
beam.Vehicle wheel snagging on the exposed ends could result in excessive decelerations and
vehicle instabilities. Therefore, retrofit design concepts were needed to mitigate wheel snag at the
buttress reces3hree design options were developed for the NDOT bridge railings and buttresses
with a cantilevered en(.e., Buttresgs2, 4, 8, and 10)The first option was to fill the void below
the cantilevered portion of the buttresgh concreteas shown irFigure 33 for Buttress 8 The
concrete fill would maintain thé%zin. x 18-in. taper of the cantilevered segment and matched
previously testeASH crastworthy AGTs [L-2].
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Figure33. RetrofitOption 1, Concrete Fill

The second option consisted afsteel assembly designed to be installed below the
cantileveredsegmenbf the buttress. The steel assembly was fabricated using thick plates
and held the sam®/-in. x 18-in. taper. Two gussetgsere placed behind the front plateprovide
strength against deformatioas illustrated ifrigure34. The steel assembly can be boltetbdhe
front side of théuttress using a single anchas shown irfrigure35.

Figure34. Option 2, Steel AssemblyBackside View
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Figure35. Option 2,Steel Assemblylaced orButtress 8

The thrd retrofit option included a-6h. tall curb placed below the thrie beam to mitigate
vehicle snagging on the cantilevered portion of the buttress, as shdugune 36. A 6-in. tall
curb has been successfully implemented imtoltiple MASH crashworthy AGT$0 help reduce
wheel snad7-8]. Theface of thecurbshould beplaced flush with théace of thebuttress(i.e.,
flush with the back of the guardrafccording to previousecanmendationsthe curbshouldbe
terminated prior to the Wb-thrie transition segment to prevent wheel snag.

Figure36. Option 3,Addition of 6-in. Tall Curb
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5LS-DYNA MODEL DEVELOPMENT

The retrofit concepts werevaluated using L®YNA computer simulatioio examine
crashworthinessassist in desigmodifications and provide application suggestions.

5.1 AGT Model

An LS-DYNA finite element analysismodel of the NDOT 34n. tall AGT was previously
developed and valited at MWRSH9]. This modelwas modified to incorporata 3in. thick
overlay and attached to the varidugtresanodels The models were developed using DSNA
Version 10.1[10]. The AGT model consisted of several components, including the upstream
system anchorage, soil model, guardrail postdeaim guardrailthrie-beam guardrail, concrete
buttress, and overlayhe model AGTattached to Buitess 5 isshown inFigure37.

18 17 1615141312 11 10 9 & 7 [ . ! 3 2 |

Figure37. AGT Guardrail Installation

5.1.1Upstream Anchorage

The upstreamanchorage consisted of two timber breakaway cable terminal (BCT) posts
embedded in solid Druck&trager soil elements, a groundline strut spanning post nos. 1 and 2, a
cable anchor brackeitttached to the backside of thetWam rail, a cable anchor spanning from
the cable anchor bracket through the groundline hole in post no. 1, and an anchor bearing plate.
The timber BCT posts were modeled with type 2 (fully integrated S/R) solid elemesitsay
*MAT_PLASTIC_KINEMATIC material formulation.The upstream anchorage assembly is
shown inFigure38.

BCT Posts

Anchor Bearing
Plate

Cable Anchor

Solid Drucker-Prager | . _ - _l_:{l'acket

Soil Elements

----":‘:i—___

Eahle Anchor

Groundline Strut

Figure38. Upstream AGT Anchorage
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5.1.2Steel Guardrail Posts and Timber Blockouts

Steel guardrail postos. 3 througll5were modeled as W®&& posts with a yield strength
of 47 ksi.Post nos. 16 through 18 were modeled as W6x15 steelwidists yield strength of 52
ksi. The posts were simulated using fully integrated shell element (Type 16) with the material
model of*MAT_PIECEWISE_LINEAR_PLASTICITY.The spacingetween postis shown in
Figure39.

FhoAm 1S mim b post |

}.P\JI.' i %4 ‘

|
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18 17 l6l5i41312 11 10 9

T ¥
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Figure39. AGT Post Spacing

For post nos. ghrough9, 12-in. x &in. x 14%zin. timber blockouts were modeled between
the Wtbeam guardrail anthe poss. Timberblockouts with dimensions of 12 in. x 6 in. x 19 in.
were used between the thbeam guardraihnd post nos. 10 througt.IThe imber Hockouts
were modeled using fully integrated solid elements witlAT_ELASTIC material modelThe
posts, blockouts,ral guardrail were connected using bolted connectibing bolts and nuts were
modeled using fully integrated solid elements with a *MAT_RIGID material propBrsgrete
nonlinear spring elements connected the guardrail bolts and nuts and providedipithieadlted
connection.

5.1.3Soil Model

The soil for post nos. 3 through 18 was simulated using a rigid soil tube around the base of
each post with a pair of soil springs attached to the top of the soihttheelateral and longitudinal
directions as show in Figure40. The soil tubes were pinned at the center of gravity to allow
rotation. The interaction between the soil and posts was simulatedtbsisgil spring for the
improvement of computational efficiencyhe soil springs were assignedoading curve that
replicatedpostsoil resistanceluring dynamic loading. hamicbogietess on steeM/6x8.5 and
W6x16 mstsembedded in MASHompliant soilwere usedto quantify the soiresistanceand
calibrate the soil spring loading curve.
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— Cuardrail Post

/ Lateral Soil Springs

e Longitudinal Seil
Springs

+———  Rigid S0il Tube

Figure40. Guardrail Post with Soil Tube and Soil Springs

5.1.4Guardrail

The upstreanportionof the AGT consisted ofL2-gauge Wheam guardrail viih a top rall
height of 3l in. relative to the original ground line (31 in. relative to the top of the overldg.
system transitioned from Weam tal2-gaugethrie-beam guardrail with a 2§auge asymmetrical
W-to-thrie transition section, which maintaih the top rail height. A-& 3-in. long single section
of 12-gauge thricbeam was attached to the downstream end of the asymmettostie
transition section. A & 6-in. long section of nestedi2-gaugethrie-beam guardraiband a
connector plate asmbly compgised thedownstream end of the AGand was anchored to the
concrete buttressAll guardrail sections were modeled withlly integrated(type 16 shell
elements and given a *MAT_PIECEWISE_LINEAR_PLASTICITY material formulation with no
failure defined.

The connector plate assembly consisted of a thrie beam terminal connectstesigkate
with dimensions oR3%in. x 14%in. x 316 in. The thie beam terminal connector was cut as
described in the previous chapter to fit on the various buttresses. The two components were welded
along all edgesThe steel plate was modeled usingjyf integrated(type 16 shell elemenanda
*MAT_PIECEWISE_LINEAR PLASTICITY material formulationThe yield strength of the
steel plate was 50 ksihe connector plate assembipdelis shown inFigure41.
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Figure4l Connector Rite AssemblyModel

To address the attachment issues identifiiedButtresges2 and 4 an attachment spacer
was designed to fithevoid betweerthe AGT connector anthe buttress. Thattachment spacer
was27 in.long, 23.5 inwide, and 3.5 inthick. Theattachment spacaras modeled usingpnstant
stresssolid element and a *MATRIGID materialmodel The attachment sger is shown in
Figure42.

Figure42. Attachment Spaceaviodel

5.2 Concrete Buttress

The concrete buttressweremodeled usingolid elemergwith a*MAT_RIGID material
model. The modeleduttresgswerefully constrained from displacements and rotations in the X,
y, and z directions, and therefore did not experience movement during simulstakisg the
buttress models rigidbas a worstase scenario for vehicle sndpdek of theconcrete buttresses
are shown in Sectior2.2 Due to budget limitations, only Buttresses 5, 6, 8, 10, and 2 were
evaluated within theimulated craskess. Due o the similarities between Buttress 2 and Buttress
4, it was assumed conclusions from Buttress 2 simulations would also apply to Buttress 4.
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The buttresses and thifieeamterminal connectowere connected using modeled bolted
connections. The bolts were deled using fully integrated solid elements with a
*MAT_PIECEWISE_LINEAR_PLASTICITY material formulationThe preload to bolts was
determined through fid testing and applied usiftNITIAL_STRESS_SECTION at a cross section
near the center of each bdlhe nuts and washers were simulated uiitly integrated solid elements
and were given a *MAT_RIGID materiatodel Thebolted connections are shownFigure43.

(b)
Figure43. End Terminal Bolted Connectiofa) Traffic-Side Facg(b) Back Face

5.3 Overlay

The 3in. tall overlay and ground were modeled using fully constrained rigid shell
elements. As suggested by the sponsor, the overlays were aligned with the face of the guardrail
posts and th&ont face of the buttres&igure44 illustrates the installation of thei8. tall overlay
for all buttresses.
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3 in
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Figure44. 3-in. Tall OverlayModel

5.4 Options for Wheel Snag Prevention

Three options werevaluated fotreatment obuttresgswith a taperedantileversegment
to mitigatevehicle snag during crashincluding concrete fill below cantileveresggmenta steel
assembly, anthe addition of6-in. curh The concrete filand the curbwveremodeled using solid
elemens with a*MAT_RIGID material property The modeled concrete fill and curb were fully
constrained against displacements and rotations in the X, y, and z directions, ensuring no movement
during the vehicle impact.

The steel assembiyasfabricated from %4n. thick steel plates with a yield strength of 50
ksi. The steel assemblwas modeled usindully integrated(type 16 shell elemerg and a
*MAT_PIECEWISE_LINEAR_PLASTICITY material formulatianThe steel assemblwas
bolted on the traffic side of the buttress through a single arehow the cantilevered potion of
the buttress In the single anchor, the bolt, nut, and washer were modeled fuinmtegrated
solid element with &AMAT_RIGID material property The modeled retrofit options are shown in
Figure45.
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(b)

(©)
Figure45. Options foWheel Snag(a) Concrete Fill(b) Steel Assembly; (c) Curb

5.5 Options for ReverseDirection Snagi Buttress 2

Two options were developeshd evaluatetb mitigate reverse directiorehiclesnag above
therail on Buttress 2.The first option was to filthe void with concrete downstream from the
attachment spaceais shown irrigure46(a). The concrete fill was modeled using fully integrated
solid element with a *MATRIGID material propertyln the second option, tfetachment spacer
was modifiedto extendits 2:1 sloped top corner @o until it met the top of the connection
blockout as shown ifrigure46(b).
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Figure46. Options forReverse Direction Snagn Buttress 2(a) Concrete Fill; (bModified
Attachment Spacer

5.6 Vehicle Models

A vehicle model of a 2018 Ram pickup truck was used for the simulatiBtASH Test
3-21. The Ram vehicle model was originatlgveloped by the Center for Collision Safety and
Analysis Team at George Masbmiversity[11] andwas modified by MWRSF personnel for use
in roadside safety applicatianhe 2018 Dodge Ram vehicle model is showRigure47.
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Figure47. 2018 Dodge Ram Finite Element Model

A 2010Toyota Yaris vehicle modevasused in thesimulationof MASH Test 320. The
Yaris vehicle model wasriginally created byhe NationalCrash Analysis Centg¢d2] and later
modified by MWRSF personnel for use in roadside safety applicafitresToyota Yaris vehicle
model had a test inertimass of 2,425 Ib and an additional mass of 351 Ib, which included the
mass of two fronseated occupants, for a total mass of 2,778 He.2010Toyota Yaris vehicle
model is shown ifrigure48.

Figure48. 2010Toyota Yaris Finite Element Model

5.7 Model Validation

The LS-DYNA model of the AGT wasvalidated against the two full scale crashgest
conduct ed ocim talNNGD s 130s. 34AGTL and 34AGT2[2], which corresponded
to MASH Tests 21 and 320, respectivelyThetotal system length of hLSDYNA model was
6.25 ft shorter than the length of the physical test installation, which was due to a shorter length of
MGS being placed upstream of tR€T. Thus,18 guardrail posts were included in the DSNA
model, while the physical installatiohad 19 postshe shorteMGSlength hadegligibleeffects
on the safety performance of the AQTshould be noted that the overlay was not considiered
thevalidation studiess it was not present during the crash tests

In this project, the AGT modelas validated by comparing several key paramdtens
the simulations tdhe full-scale crashiest results, including occupant impact velocities (OIVs),
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occupant ridedown accelerations (ORAS), angular displacenamdsjynamic deflections. The
comparisos of simulated and tested results for test BdRAGT-1 and 34AGT2 are listed in
Tables3 and4. The simulated results mated wellwith the data from test n@4AGT-1, which
used the 227 pickup truck,thoughthe simulationoverpredictedongitudinal OIV and lateral
ORA. Fortestno.34AGT-2, which utilized the 1100C small cahe simulated and tested results
wereless alignedwith thesimulationoverestimang longitudinal OIV, longitulinal ORA, pitch,
and dynamic deflectro However,both vehicles showerkasonabldehavior in the simulation
and the overestimations were considerelde aconservative analysis

The focus of this project was on the safety performanteedGT retrofit attached tahe
existing concrete buttreascording tdMASH Test3-21with thepickup truck in whichsimulation
compared well with test n@4AGT-1. Simulations of MASH Test-20 with the small car were
focused orevaluatingpossible wheelrsag under the raiwhich the small car modeteplicated
reasonalyl well.

Table3. Comparison oMASH Test 321 Results

Evaluation Criteria Test N0.34AGT-1 Simulation MALSirI;]|it28016
Longitudinal -20.2 -27.2 +40
OV (ft/s)
Lateral 25.9 25.4 +40
Longitudinal -10.8 -10.2 +20.49
ORA(g's)
Lateral 8.9 11.9 +20.49
Roll 12.0 8.3 +75
MaximumAngula
Displacement Pitch 4.4 51 75
(deg)
Yaw 38.9 39.7 N/A
Maximum Dynamic Deflectioiin.) 7.8 7.7 N/A

N/A = not applicable
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Table4. Comparison oMASH Test 320 Results

Evaluation Criteria Test N0.34AGT-2 Simulation MALSirI:itZSOlG
Longitudinal -6.9 -10.1 +40
OV (ft/s)
Lateral 10.0 9.7 +40
Longitudinal -10.8 -19.9 +20.49
ORA(g'9)
Lateral 14.7 11.3 +20.49
Roll -10.0 6.9 175
MaximumAngula
Displacement Pitch -5.5 17.6 +75
(deg)
Yaw 94.9 61.0 N/A
Maximum Dynamic Deflectiotin.) 2.7 5.2 N/A

N/A = not applicable
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6 LS-DYNA SIMULATION RESULTS

6.1 AGT Model Variations and Evaluation Metrics

The validated AGTnodelwas modified to incorporatine concrete buttressesibmitted
by the sponsor along with3ain. tall vertical overlay. Five concrete buttressesombination with
the AGT were evaluatedaccording to MASH TL3 criteria. The analysiprimarily focused on
MASH TL-3 impacts on concrete buttresses using a 2270P pickup truck due to its greater
propensity for vehicle snag on the upstream face of the concrete buttress compared to the 1100C
vehicle. However, simulations of small vehicle inofsawere conducteain Buttress 8 to evaluate
the interaction between the smedir wheel and the thregptionsfor wheel snag preventioithe
critical impact point foMASH Test 321 onthe AGTwith the pickup truckvas identified a89
in. upstream fromhte concrete buttre$2] and is depicteth Figure49.

39 10
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Figure49. Ram Pickup Truck Impact Point

Previous MASH testing on AGTs has often resulted in the disengagement of the front
wheel from the pickup truckn this study, the effects of front wheel disengagement were analyzed
by conduting somesimulations with the front wheel remaining attached to the vehicle and others
with the front wheel disengaging from the vehicle. Thus, the wheel disengagement behavior was
bracketedand the critical cases for the AGTpact could be identifiedro model the suspension
failure and detachment of the right front wheel, the upper control arm, lower control arm, and
steering arm joints, as shownkigure50, were separated at a specified tjmich was based on
when stresses in the suspension components reached a critical failure state
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upper control arm joint

steering arm joint

lower control arm joint

Figure50. Ram VehicleModel RightFront Suspension Joints

Within the connector plate assembly, two nuts were designed to be welthed/ig-in.
thick steel plate undeeath the guardrail corrugatiorolts at these locations were be inserted
from the baclside of the concrete buttreasd threaded into the nuiBhe remaining three bolts
could be inserted from the front of the buttress. However, there may be existing buttresses in which
the anchor bolts were cast into the buttress and thus cannot be removed and inserted from the back
of the buttressFor this sitiation, the welded nuts below the guardrail corrugations could be
excludedand thecastin anchor studsvould beextended through théie-in. plate to provide shear
strength for thgyuardrail attachmenThis connection loads the bolts primarily in shedh very
little tension. Thus, the three nuts on the front of the connector plate assembly were thought to be
enough to hold the anchorage together. Batlut and3-nut attachment variations were analyzed
herein and are shown Figure51.
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5-Nut Anchorage

3-Nut Anchorage

Figure51. Design Options foBolted Connection

Computer simulations &re conducted to evaluate the safety performancéhefAGT
retrofit designs with variations t) the buttress(2) the wheel snag prevention opti¢8) the
number ofnuts used to anchor the AGT, afd] thefront wheel disengagemeriach simulation
was labeled with a reference number along with codesdiatified each ofthese variablesThe
codes consisted of B# for buttress number, CP for retrofit options foelwshag prevention,
3N/5N fordesign with 3 nuts or 5 nuts, and WA/WD for Ram pickup truck with +iigihtt wheel
remainingattactedor disengaimg during the impact eventBour optionsvere analyzed tprevent
the wheel snag under vehicle impacts: (1)r&treseregd no modificationfor vehicle wheel snag
prevention (2) CP+CFrepresentedcconcrete fill below cantileveredegmentof buttress; (3)
CP+SA represertia steel assembly installdmlow the cantilevered segment of the buttrass
(4) CP+CBrepresergda 6-in. curb placed belowthe AGT. An example of simulation reference
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is defined as B&EP+SA3N-WD, whichcorresponds to a simulation of Buttr@®trofittedwith
a steel assemblya 3-nut anchorage, andvith right-front wheel disengagememuring the
simulated crash test

Performance criteria were evaluated to examsireec h A G T abititptad safelydcentain
and redirect the impacting vehicle, including vehicle stabdityl occupant risk criterialhe
vehicle stability was evaluated thrduthe roll, pitch, and yaw of the vehicle during the impact
event.MASH criteriarecommendshat maximum roll and pitch values be less th@h degrees
The occupant risk criteria were investigated through occupant impact vé@bityand occupant
ridedown acceleratiofORA) in both longitudinal and lateral directions, which were calculated at
the center of gravity of the vehicle mode per MASH recommendatianBost and guardrail
deflections were also measured for each simulatiaquémtify the system deflection and assess
the barrier damagé@.he deflections of post nos. 17 and 18 were used in this study and measured
by tracking the displacement of a node at the top of pash The guardrail deflections were
measured from the noddisplacement on the upper corrugation.

The propensity for vehicle wheel snag on the upstream fattee obncrete buttress was
evaluated using the lateral overlap for the impacting tire across the upstream face of the buttress.
The lateral tire overlap & measured from the traffic face of the buttress tevtieel node that
extended the farthest laterally across the upstream face of the buttress, as $hgunet2. The
measurement was obtained at the final plot state prior to the tire contacting the concrete buttress.
It should be noted that the Ram tire model is developed with efdastic shell elements that
model the tire tread and sidewadisd with plastically deformable beam elements that model steel
belts and body plies of the tire. Thus, the deformed shapes of the modeled tire are not realistic
However theycan provide a general trend of the tire overlap changes with respleebtdtress.

Tire 7
Overlap |

Figure52. Tire-Buttress Overlap Measurement
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6.2 Buttress 5Simulation Results

The simulation matrixor the evaluation athe retrofit AGT connection witButtress 5 is
shown inTable5. Since Buttress 5 did not have a cantilevered segment on its upstream end, none
of the wheel snag prevention options were necessary, andhentsont wheel behavior and the
number of anchorage nuts were varied.

Table5. Simulations a Retrofit AGT with Buttress 5

Impact Conditions heel
. . MASH Test Whee
Simulation No. Test No. | Vehicle Speed | Angle Behavior Nuts
(mph) | (deg)
B5-CP-5N-WA 3-21 2270P 62 25 Remained 5
Attached
B5-CP-5N-WD 3-21 2270P 62 25 Disengaged 5
B5-CP-3N-WA 3-21 2270P 62 25 Remained 3
Attached
B5-CP-3N-WD 3-21 2270P 62 25 Disengaged 3

6.2.1Vehicle Behavior

Sequential images dfie four simulationsare shownn Figures53 through56, wheret = 0
ms corresponds to the beginning of the impact everthe simulations, the Ram pickup truck
model impacted the AGT 89 in. upstream frBuottress fat a speed of 62 mph and an angle of 25
degreesThe vehicle was contained and smoothly redirecteti®AGT installations. The vehicle
remained stable throughout the impact events with maximum roll and pitch angular displacements
within the MASH limit. The simulation resultsf the vehicled behaviorwerecompared with the
results of test no. 34AGT [2] andtest no. AGTB-2 [1]. Comparison results indicated thhe
simulakd vehicle behavior matched reasonably well with the tested results

In the simulationsgamage to the vehicle was moderate, whiamajority of damage on
the rightfront corner and right side of the vehicle where the impact occurhediight side of the
front bumper was crushed inward and ba@&cupant compartment deformations webserved
to the rightside front panel and the toe pan where the tire was pushed backward and toward the
occupant compartment. Howevehese deformatia were similar to those observed in the
physical crash tests amdne of the MASH deformation limits were violated.

All maximum angular displacements of the vehicle were below MASH limagdistedn
Table 6. Based on the simulation results, simulation r&s-CP-5N-WD and B5CP-3N-WD,
which allowed wheel disengagemehgd higher maximum roll and pith anglesthan the other
two simulationsWheel disagagemendliminishedvehiclestabilityand allowed the vehicle to roll
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more For simulation nos. BEP-3N-WD and B5CP-5N-WD, the maximum angular
displacements were similar to those obtained ftesh no. AGTB2. Note, test n034AGT-1 was
conducted on an AGT with a 3d. mounting height, which limited roll toward the system.

There was minimal difference between the simulations th@AGT anchored wittb nuts
compared to those anchored with only 3 nuts. As expected, thbradiat bolts were loaded
primarily in shear, so the reducedmberof nuts did not negatively affect the system performance.
Both 5nut and 3nut anchorage configurationzovided sufficient strength for the AGT to
smoothly capture and redirect the vehicle.

Table6. Vehicle Angular Displacements ResyBsttress 5

SimulationTestNo.
= = = —
Angular - - - - ! N\ MASH
Displacement 5 5 & & ('5 = Limits
ol ol a a < o
Q Q Q Q > <
Lp] Lp] Lo Lo
o0 o0 o0 o0
Roll (deg.) 23.0 30.6 20.2 30.2 12.0 21.3 175
Pitch (deg.) 5.5 7.2 5.8 6.2 4.4 6.3 +75
Yaw (deg.) 48.3 42.1 48.6 42.5 38.9 39.6 N/A
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t=0ms _ t=0ms

t=100 ms t=100 ms
t =200 ms t =200 ms
t=300 ms t =300 ms
t =500 ms t =500 ms

Figure53. Sequential ImageS§imulation No B5-CP-5N-WA
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