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1 INTRODUCTION
1.1 Background

To prevent errant motorists traversing bridge structures from letivérgadway bridge
rails are installecdilong the edgesf the bridge deck. Concrete bridge rail® typicallyclosed
parapetswith a vertical,singlesloped or safetyshaped faces well asopenpost and beam
systemsalso known as open concrete raflpen concrete rails typically consist of rectangular
postsasshown inFigurel [1], or tapered trapezoidal posasshown inFigure2 [2], with verticat
faced rails on top/When impacting posatndbeam systems, vehicle components, such as wheels
and bumpers, have the potential to extend beneath the rail and contact a post, potentially resulting
in snagging. Significant snagging can result in excessive occupant compartnoemtadieh or
occupant deceleratio@pen concrete rails can also be designed with a lower curb, as shown in
Figure 2, which may mitigate the potential for vehicle components to extend under thg].rail [
Systems without curbs allow for easier snow removal and water drainage directly away from the
bridge deck Some taller bridge rails may incorporate an offset region at the top of the rail to
decrease the potential for an oc Eigura[8t 6s head

Figurel. Rectangular Open Concrete Raostq 1]
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Figure2. TaperedrrapezoidalOpen Concrete Rail Poststh a Lower Curl{2]
1
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Figure3. Concrete Barrier with Head Ejecti@etbackRegion [3]

Two variations of the Kansas Corral Rai§shown in Figureg and5, have been tested
underNCHRP Report 23@ndthe American Association of State Highway and Transportation
Officials (AASHTO) Guide Specifications for Bridge Railings (GSBR) Performance Level 2 (PL
2) conditions4-5]. In 1987, the Southwest Research Insti{®®RI) successfully conducted crash
test nos. MKSL and MKS2 on the 27in. tall Kansas Corral Rail shownkigure4 underNCHRP
Report 23@onditionsusingtest designation no. 10 with a 4,604500S car and test designation
no. 12 with a 1,971b 1800Sca [6]. Both crash tests were successful, and both vehicles were
redirected without causing significant damage to the bridge rail. In 1991, MwWRSF conducted crash
test no. KSCRL on the 3Zn. tall Kansas Corral Rail shown Figures5 and6 under AASHTO
GSBR PL:2 conditions with a 18,040 Ib singlmit truck (SUT) [7]. The rail successfully
contained th&UT but sustained considerable damage, as shown in FigaredS.

The Kansas Corral Raibr a variation of itis currently used in Kansas, Nebraskawva,
Virginia, and South Dakota hese variants includ27-in. and 32in. tall configurationsboth of
which mayincorporate an. tall curh asshown inFigures9 and10.

2
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Figure6. 32-in. Tall Kansas Corral RaiPretest 7]

Figure7. 32-in. Tall Kansas Corral Rail Damagjé]
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Figure8. 32-in. Tall Kansas Corral Rail Damagjé]
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1.2 Problem Statement

TheManual for Assessing Safety Hardw#k&ASH) [8] is the current guideline for crash
testing roadside safety hardwaaedincludes many changdiom the priorguidancen NCHRP
Report 35(09]. Required test matrices are specified for each category of roatésra® which
includes test vehicle, impact speed, impact angle, and critical impactipwrsfety performance
evaluation criteria used to evaluate each test carefigtructural adequacy, occupant risk, and
vehicle trajectoryMASH includes updated test vehicles and impact conditions for longitudinal
barriers Historically, rigid concrete bridge rails satisfying Test Level 4 -@)Lcriteriaunder
NCHRP Report 35@vere32 in. tall. However, with the adoption of MASH and an increase in both
mass and impact speed for 8T, MASH TL-4 tests on 32n. tall safetyshaped barriers have
resultedin SUTs rolling over the barrief10-11]. As such, bridge rails taller than 32 in. are now
required to meet the MASH T4 criteria. Additionallyvehiclemass has increased &mallcars,
pickup trucks, and SUT$mpact anglénas increasetbr the small cgrand impact speed for the
SUT has increase@he MASH TL-4 test matrixs shown inTable1l.

Tablel. MASH TL-4 Test Matrix for Longitudinal BarriersS|

Test No. Vghiclq Vehicle Mass Speed Impact Angle
Designation Ib mph deg
4-10 1100C 2420 62 25
4-11 2270P 5,000 62 25
4-12 10000S 22,000 56 15

6
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Currently, no open concrete bridge rasisnilar to the Kansas Corral Rallave been
developed and cradbstel under MASH TL-4 impactconditions Open concrete rails that have
been tested under ABH conditions includethe Texas Department of TransportatiorxDOT)
T224, aMASH TL-5 open concrete radevelopedand testedby the Texas A&M Transportation
Institute (TTI) which included a-fh. tall curb[2]; the California Department of Transportation
(Caltran3 Type 85,a MASH TL-4 open concreteail developed andested by Caltrans which
included a 12n. tall curb[12]; andthe TXDOT T223, MASH TL-3 open concrete raieveloped
andtested by TTI113].

Additionally, many existing open concrete bridge rails would not meet the minimum height
requirements for a MASH T4 barrier with future roadway overlayacreasing a concrete bridge
rail 6s height may | S&WTd, but ibcanbaksd I¢ad to ancinereaseain heade n t
slap incidets for occupants in passenger vehicles. Past research regarding the geometry of rigid
concrete barriers has also indicated that certain barrier shapes, such as safety shapes, increase the
propensity for vehicle climbnstability, and rollovef10-11]. Thus, an optimized geometric shape
that considers vehicle stability and pavement overlays is desired for nelwbfidge rails.If
desired occupant head ejectionay be considered.

1.3 Objective

The objective of this research effastasto develop a optimizedMASH TL-4 open
concretebridge railutilizing the geometry of theriginal Kansas Corral Radls the starting point
for the designThe railing wasdesigned for strength, vehicle stabilitgduced snagging risknd
to minimize installation costs while accommodatumgtoa 3-in. thick future pavement overlay.
Theload transfer into the deckasdesigned to minimizéhe potential fordamage to the bridge
deck. Detailswere developed for both interior anehd regions of the bridge ralh a future
research effortfull-scale crash testing livbe conducted to evaluate thew bridgerail shape,
strength, load transfer to the deck, and the zone of intrusion (ZOI) for the new bridge rail

1.4 Scope

Development of th&L-4 open concrete raflomprisedseveralasks Task1 consisted of
reviewing previouslgrashtested open concrete rails and spest and beamails. Thegeometric
details and crash test resuits each railwerereviewedto establish safe bridge rail dimensions.
Bridge rail dimensions, such as the vertical opening and post setback, were selected to maximize
aesthetics while mitigating the potential f@hicle snagn the bridge rajpposts Sponsor input on
current and desired rail characteristics guitheddesign procesRail characteristicecluded deck
thickness, overhang width, reinforcement sized, width, post length, post spacing, vertical
opening, and post setbadkask?2 consisted of structural analysis of the current Kansas Corral
Rail, design okeverabridge rail configurationsanddesign of the bridge deck overhagveral
bridge rail and overhangonfiguratiors were proposed to the sponsors, and fieeidback was
used to select the final raiind deck configurationsTask 3 consisted of providing
recommendations for future fedlcale crash tesp.
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2 LITERATURE REVIEW
2.1 Overview

A literature review was conducted to gather information on the performancpeaf
concrete bridge raijsurrent and historical design critereand design impact loadSystems that
are similar toopen concrete bridge rails were also studied, inclustegl post and beam bridge
rails, concrete end buttresses, and other longitudinal barriers that incorporate rails supported by
posts.Open concrete bridge rails, stgmist and bearbridge rails, and other relevant systems
testedunderAASHTO GSBR NCHRP Report 23(NCHRP Report 3500r MASH criteriawere
reviewed[4, 5, 8, 9]. Although the objective of the project was to design a MASH4Tapen
concrete bridge rail, other systemih discrete posts supporting an elevated rail have a structure
similar toopen concrete rails in which vehicle elements could extend under a rail and snag on the
posts, which was critical to the new rail desi@eview of current and historical design criteria
was necessary to predict how systemaluated under previous testing standardsld perform
underthecurrentMASH testingstandardsSystems tested tdCHRPReport 35Gnd MASH TL-3
through TL:5 conditions were included in this review. The impact conditions for MASH test
designation nos.-30, 410, and 510 with the small caand MASH test designation nos13,
4-11, and 511 with the pickup truclare the same at MASH T8 through TL-:5. NCHRPReport
350 and MASH impact conditions are similar, but test vehicle weightall car impact angle,
and SUT impact spedthve all increased in MASH.

2.2 Vertical Openings and Post Setbacks

The tendency for vehicte étructural components to extebhdneaththe rails of post and
beam systemereates a riskf vehicles étructural components snagging on posts, which can lead
to excessive vehicle crush, vehicle instability, and elevated occupant ridedown accelerations
(ORAs) and occupant impact velocities (OIVs). Numerous studies and dstsigdardsvere
reviewed to determinte influence of/ertical opening and post setbackwaniclesnagging and
theamount of snagginthatis detrimental tdest results.

AASHTO Load and Resistance Factor Desig(LRFD) Bridge Design Specification
discusses thgnag potential for various bridge desi§ibd]. The data wreobtained from previous
NCHRP Report 23@rash testandwereused to determinne geometric parametetsatposel a
threat of snagging. Snag potential grapiith post setback distaneersusvertical clear opening
and post setback distangersusto theratio of rail contact width to height were developed,
showing which combinations have low and high poteftialehicle snaggingRecommendations
were provided onvhethera configuration would be acceptapés shown in Figure$l and12.

As vertical openings increase, post setbasiksuldalso increase to mitigate the potential for
snaggingas shown irFigure1l. Post setback criteriaan also beletermined by comparing the

post setback distancenrsusthe ratio of rail contact width to heiglas shown irFigure12. The

ratio of rail contact width to height is defined as the summation of the surface area of the front face
of the bridge rail divided by the overall height of the system.
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In NCHRP Project 207, the research teamvaluatedhe equivalency betweeNCHRP
Report 35and MASH test levels, as the chasffem NCHRP Report 35@0 MASH resuledin
increased impact severitq]. Increased impact severitpuld correspontb an increased risk of
vehicle snaggingas higher impact velocities and higher speeds may cause vehicles to extend
farther underneath rail elemenise research effort studied closed concrete parapets, metal bridge
rails, open concrete bridge rails, combination concrete and metal bridge rails, combination traffic
and pedestrian rails, wood rails, noisalls, and retrofit railsCrash testonducted on open
concrete bridge railwere plotted on thenag potential grapghas shown in Figures3and14. The
one failed testvas conductednder MASH TI-3 criteriaonthe TXDOT T202 aZ27-in. tall open
concretebridgerail, and the failuravasnot due to snaggin@s the vehicle rolled over due to
insufficient rail heigh{16]. Due to thdack of tests, further testing was recommended in order to
updatethe geometric relationshiphat are currently shown the AASHTOLRFD Bridge Design
Specifications

16

High Potential
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5 10

é_ ® 350 TL-3

= 8
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E Low Potential BMASH TL-5
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Figure1l3. NCHRP Report 35and MASH Small Car Snag Potentiai Open Concrete Bridge
Rails[15]
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2.3 Head Ejection

During impact events with verticéhce barrierst he occupant dés head 1
occupant compart ment through the window, kKkno
contacts an adjacent barrier, serious occupant harm could occur. Thus, a head ejection envelope
was recommended3]. The occupant head ejection envelope was developed by MwRSF
researchers in 2007 by studying hgeed video of small car and pickup truck crash tests, as
shown inFigurel5. The envelope was drawn relative to the front face of the barrier and determines
how far the top of the barrier must be set ba
This setback distance is based on the overall barrier height. Due tmthetgeof open concrete
bridge rails, passenger vehicle impacts with bridge rails can also result in occupant head ejection,
and the setback region can reduce the risk of occupantstegadModern vehicle sideurtain
airbags, which were not accounted ifothe original study, may also reduce thenberof head
ejectiongthat could occur in a crash impact event, but the changes have not been quantified yet.

11



November30, 2023
MwRSF Report NoTRP-03-406a-23

~ 44"t 114 mmt—y
10" 254 mm
15" 381 mm
12" 305 mm
—5%" 140 mm
—___ 2 | 51 mm
—5;%"- 133 mm
8" i 203 mm}- g
Traffic Side Traffic Side
1" 279 mm—|
345" 876 mm
Barrier Side Barrier Side
Roadway Surface

Figurel5. Head Ejection Envelop8]

2.41mpact Loads

Various design impact loads have been utilized to design open concrete ,baddes
historical design impact loads were reviewed to determine what loads the new open concrete bridge
rail hadto be designed to resist. Design loads for traffic railings are publise8SRHTO LRFD
Bridge Design Specificationas shown inTable 2 [14]. TL-4 conditions specify pickup truck
transverse and longitudinal design loads to be 54 kips and 18 kips respectively, applied at a height
of 24 in, and a vertical load of 18 kips applied over 18 ft. Transverse and longitudinal design loads
for the SUT were 54 kips and 18 kips respectively, applied at a height of 32 in., and a vertical load
of 18 kips applied over 18 ft. These impact loads were dpgdlfrom theNCHRP Report 350
crash testing effort and have not been updated to reflect MASH impact conditions.

12
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Table2. AASHTO LRFIBridge Design Specificatiori3esignForces for Traffic Railingsl{]

) . ) Railing Test Levels
Design Forces and Designati
TL-1 TL-2 TL-3 TL-4 TL-5 TL-6
F Transverse (kips) 13.5 27 54 54 124 175
FL Longitudinal (kips) 4.5 9 18 18 41 58
R Vertical (kips) 4.5 4.5 4.5 18 80 80
Ltand L (ft) 4 4 4 3.5 8 8
Lv (ft) 18 18 18 18 40 40
He (min) (in.) 18 20 24 32 42 56
Minimum H Height of rail (in.)] 27 27 27 32 42 90
Where:

"O = Transverse force applied perpendicular to the barrier

"O = Longitudinal force applied by friction alorigpeb ar r i er 6 s di recti on
"O = Vertical force applied downward on the top of baerier

0 = Length oftransversalistributed design load

0 = Length oflongitudinaldistributed design load

0 = Length of vertical distributed design load

‘O = Effective height of vehicle rollover force

'O = Minimum height of rail

In NCHRP Project22-20(2), recommended guidelines were developed for designing
MASH TL-3 through TL5 roadside barrier foundation systems placethenhanically stabilized
earth (MSE) retaining walld[']. Through this effort, finite element analyses withDSNA were
conducted to estimate MASH T4 impact loads of a 10000S vehicle on barriers at different
heights. As barrier height increases, transverse and longitudinal forces increase and verscal force
decrease due to the reduced amount of vehicle roll, as sholabie3. Recommended design
loads based on -BYNA results are shown iffable4, which are divided into two categories:
TL-4-1 for barriers 36 in. and shorter and-#2 for barriers taller than 36.iTL-4-1 impact
conditions correspond to #0p transverse and 2@p longitudinal loads applied at an effective
height of 25 in. distributed over 4 ft, and aldp vertical load distributed over 18 ft. 74-2 impact
conditions correspond to 80p transvese and 2%kip longitudinal loads applied at an effective
height of 30 in. distributed over 5 ft, and aldB vertical load distributed over 18 ft.

13
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Table3. Summary oResultant Impact Loads f&dASH TL-4 SUT [17]

. ' . Barrier Height
Design Forces and Designatio
36in. 39in. 42in. 90in.
F Transverse (kips) 67.2 72.3 79.1 93.3
FL Longitudinal (kips) 21.6 23.6 26.8 27.5
F Vertical (kips) 37.8 32.7 22 N/A
Leand L (ft) 4 5 5 14
He(in.) 25.1 28.7 30.2 45.5

N/A = Not Applicable

Table4. Recommended Design Impact Loads for MASHA Traffic Barriers 17]

Design Forces and Designations TL-4-1 TL-4-2
Rail Height, H (in.) 36 >36
Ft Transverse (kips) 70 80
FL Longitudinal (kips) 22 27
Fv Vertical (kips) 38 33
L. and L (ft) 4 5
Lv (ft) 18 18
He(in.) 25 30

2.5MASH TL -4 Barrier Heights

The minimum barrier height for each test level has varied based upon the impact
conditionsUnderNCHRP Report 358onditions, fullscale crash tests demonstrated that-an32
tall barrier could successfully redirect an SUT impacting addTdonditions. However, in 2006,
MwRSF conducted an unsuccessful crash test under MASH conditions ein.a&Rbarrierin
which the SUT rokd over the barrierJ0]. Additionally, TTI conducted another unsuccessful
crash test of an SUT impacting a82 tall barrier, also resulting in rollovet]]. Thus, selection
of a new minimum required bridge rail height was required for design of the new open concrete
bridge rail.In 2011, TTI conducted a fuficale crash test on a-86 tall barrier which successfully
redirected the MASH SUTLR]. In 2018, MWRSF conducted another ftdcale crash test on a-36
in. tall barrier which successfully redirected the MASH SUB-20], thus 36 in. has been
established as the minimum height necessary to comtalnT.

14
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2.6 Open Concrete Bridge Rails

Data from fultscale crash tests open concrete bridge railsene reviewedo determine
whether testing was successfwhether the vehicle snagged on the bar@ed if the system
geometrycontributedto an unsuccessfutrashtest Relevantsystemgeometry depicted in in
Figures16 and 17, includedoverall system heighbverall system width, vertical openingurb
height, post setback, pdstper, post length, and gap lengiie collected data is summarized
Table5. Relevant system geometry was defined basetsonfluence on snag potential and was
collected to guide future recommendations for the new open concrete bridge rail. Open concrete
bridge rails were selectddr studybased a their geometric similarity to the Kansas Corral Rall
and theability to determine the potential for vehicle snaggifige systems are described in the
subsequent sections of this report

Overall Width

/Rail

Overall Height

Post
T\ Vertical Opening
el Curb Height
l
Post Setback

Figure16. OpenConcrete Bridge Rail General Dimensidli®ss Section

\Post Taper (Length: Width)

Figurel7. Open Concrete Bridge Rail General Dimensiglevation
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Table5. Open Concrete Bridge Rail Design Details

Test Overall Overall Vertical Curb Post Post Post Gap
System Name Test Criteria Height Width Opening Height Setback Length Length
Level . . . . . Taper | . .
in. (mm) in. (mm) in. (mm) in. (mm) | in. (mm) in. (mm) | in. (mm)
42 16% 12 9 0 . 60 120
TXDOT T224 | MASH -5 (1,067) (419) (305) (229) ©) 21 1 1524y | (3,048)
NDOR Aesthetic
.| NCHRP Report 42 14 12 2 . 30 72
Open C[gg]crew Rai 350 51 (1,067) (356) (305) N/A Gy | 3| @2 | (1.829)
NE Open Concrete 29 14 13 2 24 60
Rail [22] AASHTO GSBR | PL-2 (737) (356) (330) N/A s | VA 610 | (1,524
NE Open Concrete
; NCHRP Report 29 14 13 2 24 60
Rail on Inverted Te€ TL-4 N/A N/A
Bridge Deck [] 350 (737) (356) (330) (51) (610) (1,524)
NCHRP Report 30 13%- 13 4% 60 60
TXDOT T203 b3 350 TL-3 (762) (343) (330) N/A a1 | VA | as249) | @524
NDOR Aesthetic
36%% 19 10e 4 24 72
Precast Open MASH TL-4 N/A N/A
Concrete Rail24] (927) (483) (270) (102) (610) (1,829)
NCHRP Report 32 19 13 4 48 72
TXDOT 7223 pY 350 -3 (813) (483) (330) N/A ao2) | VA | @219 | @829
42 22 12 12 8 18 102
CA Type 8512 MASH =41 (1,067) (559) (305) @o5) | o3 | VA | wsn | @501
. NCHRP Report 27 14 13 2 36 84
KS Corral Rail p] 230 TL-4 (686) (356) (330) N/A sy | VA @1 | @134)
. 32 14 13 2 36 84
KS Corral Rail f] AASHTO GSBR PL-2 (813) (356) (330) N/A (51) N/A (914) (2,134)

N/A T Not Applicable
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2.6.1TxDOT T224 Bridge Rail

The TxDOT T224 bridge railvas a MASH TL-5 open concrete bridge rail system
developed and tested by TTI in 202%. [The overall height of the bridge rail was 42 emdthe
systemconsisted of a 2in. tall by 16%in. wide rail supported by 1. tall posts atop a-b. tall
curb as shown in igures18 and19. The overall width of the system was 16% in. The post faces
were flush with the face of the rail andrb andwere tapered at a 2:1 rate to prodasetback of
7 in. at the upstream and downstream edges of the. ddstgosts were 8 in. wide by 60 in. long
and were separated by a 1i20long gap. The TXxDOT T224 bridge rail was successfully tested
with 1100Cand2270Pvehiclesin test n0os4900252-2 and490052-3, respectivelyas well as a
79,300lb 36000V tractor traile in test n0.4900252-1, all of whichmet all safetyevaluation
criteria according to MASH T45.

Throughreviewing videos and photograpliswas determined thdhe tire of the 1100C
vehicle extended between the rail and curb, contattedapered portion ad post, and was
estimated to extend laterally approximately 3%4riom the face of the pasas shown irFigure
20. The tire of the 2270Rehicleextended between the rail and curb, contattiegost, and was
estimated to extend laterally approximately 7iom the face of the pgsts shown irFigure21.
However, both passenger vehicle tests were successfotding to MASH TL5 criteria

Figurel8. TxDOT T224SystemPhotograph?]
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Figure19. TxDOT T224 Bridge RaiDrawing[2]

Figure20. Lateral Extent of 1100@ehicle Tire Marksonthe T224 Bridge Rail 2]
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Figure2l. Lateral Extent of 2270P Vehiclere MarksontheT224 Bridge Rail 2]

2.6.2N D O R 06 s5 Agsthetic Open Concrete Bdge Rail

The Nebraska Department of Road¢JOR) Aesthetic Open Concrete Bridge raiés a
NCHRP Report 350°L-5 open concrete bridge rail system developad testedby MWRSFin
2005[21]. Theoverallheight of the bridge raWas 42 in. with a 1-. vertical openingas shown
in Figures22 and23. The rail was30 in. tall by14 in. wide with a 4%in. tall by 7%in. wide
setbackregion at the top to account for potential head ejection. The front face of the rail
incorporatedwo longitudinal asperities protruding/Ain.from the front face of theail. Post faces
were seback? in.from the face of the radndwere 10% in. widdéy 30 in. longand separated by
a72-in. longgap.TheNDOR TL-5 Aesthetic OperConcrete Bridge Raivas successfully tested
underNCHRP Report 350°L-5 conditions with a 78,97t tractor traile in test no. ACBRL.
Videos and photograplere reviewegandas seen ifrigure24, contact marksverenotapparent
on theupstreanpost faces
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Figure22. NDOR TL-5 Aesthetic RaiBystemPhotograph21]
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Figure23. NDOR TL-5 Aesthetic RaiDrawing[21]
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Figure24. NDOR TL-5 Aesthetic Rail Damage]]

2.6.3Nebraska Open Concrete Rail

The Nebraska Open Concrete Regs anAASHTO GSBRPL-2 open concrete bridge rail
developedind testethy MWRSFin 1996[22]. The overall height of the bridge rail was 29%iith
a 13in. vertical openingand a 14in. wide by 16in. tall rail, as shown in Figure25and26. Posts
werellin. wideby 24in. longandwereseparated bg60-in. gapin the interior region. End posts
at the expansion gap location were 11 in. wide by 36 in. Bagt faces were skack 2 in. from
the face of the rail.

Four successful crash tests weoaductedunder AASHTOGSBRPL-2 conditions Test
nos. NEOCR3 and NEOCR4 wereconductedvith 18,000lb SUTsand test nos. NEOCR and
NEOCR6 were conducted with,3%-lb and5,39-Ib pickup trucls, respectively Although the
SUT impactedthe barriemear the expansion gap resudtin rail damage, the performance was
considered satisfactory according to AASHTGSBR performance criteriaA review of
photographsf test no. NEOCF showed thathe tire of the5,3991b pickup truckextended
beneathhe rail, contacted a post, amas estimated to extend laterallyn. from the face of the
rail, as shown in Figur27. A review of photograph®f test no. NEOCF®S found thatthe tire of
the5,3941b pickup truck extendeldeneatthe rail, contacted a post, awds estimated to extend
laterally3 in.from the face of the raihs shown in Figur28. However, allpassengevehicle tests
were successfudccording to AASHTO GSBR RR criteria
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Figure25. Nebraska Open Concrete RayistemPhotograph22]
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Figure26. Nebraska Open Concrete Railawing[22]
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Figure28. Lateral Extent of the 5,39%b Pickup Truck on the Nebraska Open Concrete [Rd]l
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2.6.4Nebraska Open Concrete Rail on an Inverted Tee Bridge Deck

The Nebraska Open Concrete Rail on an Inverted(MgeBridge deck was the same as
the original Nebraska Open ConcrBi&l butwas installed on a simulated inverted tee bridge deck
and tested undeCHRP Report 35Gtandardg1]. No expansion gapwere included in this
system, ashown in Figure29 and30. Test no. NIF1, conductedvith a4,40GIb 2000Ppickup
truck, was successfully conductedN€HRP Report 350L -3 standardsA reviewof photographs
showed thathe tire of the 2000P vehicle extendeeheaththe rail, contacted a post, ames
estimated to extendterallyapproximately % in.from the face of the rgihs shown ifrigure31.
However, he passenger vehicle test was successitdrding ttNCHRP Report 35@riteria

Figure29. Nebraska Open Concrete Rail on an IT Bridge DctemPhotographl]
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Figure31. Lateral Extent of the 2000P Vehicle on the Nebraska Open Concrete Rail on an IT
Bridge Deck1]
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2.6.5TxDOT T202 andT203 (T202 MOD)

The TxDOT T203wasa NCHRP Report 350°L-3 open concrete bridge rail developed
and tested by Tl [23]. The bridge rail was tested at overall heights of 27 in. and 30 in., with the
addition of a 3in. tall steel rail mounte@dn top, as shown in Figure32 through34. In both
configurations, the concrete rais13% in. wide by 14 intall. Posts werd.3 in. tall by7%z in.
wide by60 in. longand were separated By6Gin. long gap.Post faces were sback 4%z infrom
the face of the railThe TxDOT T203 was based off the TxDOT T202 bridge rail, which was
identical to the TxDOT T203 bridge rail, with the exception that its post faces were set back 1%
in. from the face of the rail. The TxDOT T2@&s successfully crash tested und&@HRP Report
230 conditions[16], and unsuccessfully crash tested und€EHRP Report 35@onditions[26].
NCHRP Report 35Qest designation no.-BO was unsuccessful due to excessive occupant
compartment deformationvhich was believed to have occurred due to vehicle interaction with
the postsThus, post setback was increased to 4% in., resulting in a successful crash test under test
designation no.-31. Pictures of the crash tests conducted on the TxDOT T202 bridge rail did not
clearly display lateral extent or vehicle interaction with posts.

Two crash tests with 4,400lb 2000Ppickup truckvehicle were conductedne onthe
27-in. tall varidgion and one on the 3. tall varidion. Test no. 441382, conducted on th2a7-
in. tall variaion, resulted in the pickup rolling over due to insufficient rail height and was a failed
test according ttNCHRP Report 35@riteria. Analysis of photographs determindtete was no
contact between theheel of the vehicle and pos&s shown irFigure35. The absence of contact
with the posts was likely due to the insufficient rail heigitest no. 441382, theaddition ofa
3-in. steelrail resulted in a successftiash test of the 2000P vehielecording taNCHRP Report
350criteria By reviewing photographs, it was determined the tire of the vehicle ext&idealy
approximately 6% inand contactethe upstream and front faces of the pastshown irrigure
36.

Figure32 T203 Bridge Rail 24n. ConfigurationSystemPhotographZ3]
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Figure33. T203 Bridge Rail 36n. ConfigurationSystemPhotographZ3]
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Figure36. Lateral Extent of the 2000P Vehicle on thei®0Tall T203 Barrier 23]
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2.6.6Aesthetic Precast Concrete Bridge Rail

An aesthetidVASH TL-4 precast concrete bridge raids developedy MWRSFin 2012
[24]. Multiple concepts werelevelopedbased off provisions for open and closed rail options,
constructability, weight limitations, segméangth, design impact loadsonnection of the barrier
segments, and connection to the bridge detie fence option shown iRigure 37 was the
preferred optionasthe raitto-rail and posto deckjointswere believed to decrease impact loading
and damage tthe bridge deckThe fence option wa36%2 in.tall, consisted of two rail elements
vertically spaced at 5% irandwassupported by 24n. long by 1%in. wide posts separated by a
72-in. gap. Post faces were $etck 4in. from the face of the rail

Figure37. Precast Fence Concepd]

2.6.7TxDOT T223

The TxDOT T223bridge railwas aNCHRP Report 350L-3 open concrete bridge rall
developed and tested by Tifl 2009[25]. The overall height of the bridge rail was 32 in. with a
13-in. tall vertical opening, as shown igures38 and39. The system consisted of a-ii® tall
by 15%in. wide railatop48-in. long by 9%in. wide posts. Posts were separated by-a7dng
gap, and post faces were batk 4in. from the front face of the rail. The TxDOT T223 was not
full-scale crash tested, but five dynamic bogie tests were conduesedting in rail and deck
crackingat various impact locationélthough no fuliscale crash tests were conducted, the system
geometry was similar to the new MASH “A_open concrete bridge rail, and its geometry,
reinforcement details, and weight were included in canspns of similar bridge rails.
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2.6.8California Type 85

The California Type 85 Bridge Rail was a MASH-#lopen concrete bridge rail developed
and tested by Caltrans 2#019[12]. The overall height of the bridge rail was 42 in. with airi2
tall curh 12-in. tall vertical openingand 6in. tall steel rail atop the concrete rail elemeats
shown inFigure40. The system consisted of a-ii® tall by 15in. wide rail atop15-in. wide by
18-in. long posts separated lay102-in. long gap. Three fulkcale crash tests were conducted on
the bridge rail with 1100C, 2270P, and 10000S vehiél#srash tests were successfagcording
to MASH TL-4 criterig but the lateral extent was unable to be determifredn the provided
photographs
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_4\\ =O
:0) 1 /_3|| i
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Figure40. California Type 85 Bridge Railp]

2.6.9Kansas Corral Rail

The Kansas Corral Rail was an open concrete bridge rail tested under NCRHPN®eport
230 by SwRI'in 1987[6], and undeAASHTO PL-2 conditionsby MwWRSFin 1991[7]. The
overall height of the bridge rail was 32 in. with aifi3tall vertical opening, as shown kigure
41. The system consisted of a-it@ tall by 14in. wide rail atop 12n. wide by 36in. long posts.
Posts were separated by aniB4long gap, and the front faces of the posts were offset 2 in. from
the front face of the raillest nos. MKSL and MKS2 weresuccessfullconducted undeCHRP
Report 230conditions with 1971-Ib and 4,690Ib vehicles,but lateral extentcould notbe
determinedrom provided photographdn test no. KSCRL, which was successfullgonducted
under AASHTOGSBR PL-2 conditions with a SUT, lateral extent wa also unable to be
determined.
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2.7 Steel Bridge Rails

Steel bridge rails, which ka similar post and beam construction as open concrete bridge
rails, were reviewed as they could also result in vehicle snagging on posts. The steel rails were
reviewed to determine whether figitale crash testing was successful, whether the vehicle snagged
on the barrierandif the system geometry contributed to an unsuccessful crastRedstzant
system geometryas collectedasshown inFigures42 and43. Thisinformationincludedoverall
system height, overall system width, vertical opening, curb height, post setback, post taper, post
length, and gap length, as shoinrTable6. Relevant system geometry was defined baseitso
influence on snag potential and was collected to guide future recommendations for the new open
concrete bridge rail. Steel bridge rails studied were selected basieel ability to determine the
potential for vehicle snaggindlthough steel systems typically undergo more deformation than
concrete systems, these systems were still relevant to determining how rail geometry influences
snagpotentialand are described in tisebsequergectionof this report.
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Figure43. Steel Bridge Rail General Dimensiof$an View
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Table6. Steel Bridge Rail Design Details

Test Test Overall Overall Vertical Curb Post Post Post Span
System Name . Height Width Opening | Heightin. | Setback Lengthin.| Length
Criteria | Level | . . . . Taper .
in. (mm) | in. (mm) | in.(mm) (mm) in. (mm) (mm) in. (mm)
California 42 18 8 9 6 8 120
sT.70sM[27] | MASH | TL-4 1 g 067y | (@57) (203) (229) (152) N/A 203) | (3,048)
Massachusetts 42 14Y% 12% 5 6 72
Type 5328 | MASH | TL-4 1 1 067) | (368) (318) N/A (127) N/A (152) | (1,829)
IL-OH Steel BR 36 13 9 6 6 60
[29-32] MASH | TL-4 | 914 (330) (229) N/A (152) N/A (152) | (1,524)
IL-OH Steel BR 39 13 12 6 6 60
[29-37] MASH | TL-4 | g9y) (330) (305) N/A (152) N/A (152) | (1,524)

N/A = Not Applicable
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2.7.1California ST-70SM

The California ST70SM bridge @il wasa sidemounted steelpost and bearbridge rail
tested under MASH T4 conditiondy Caltrans in 201J27]. The overall height of the bridge rall
was 42 inand incorporated ani@. vertical openingas shown in Figure$4 and45. Thebridge
rail consisted of foutube splice TS) rails supported bgidemounted steel post3hetop and
bottom rais were ASTM A500 TS8x3x gpandthe middle two rail elements were ASTM A36
TS8x4x uThe four rails were vertically spaced at 9%z in., 11 in., and 10% in. on center. All rails
were attached to the front of the posts with twm¥diameter stud bolt®ostswvere spaced at 120
in. on center anaonsisted of two ASTM A36 3iin. thick by60-in. long plates spaced at 8 in. on
center Post faces were sback 6 in. from the face of the raiith the lower portion of the post
having a smaller offsetTest nos. 110MASH3P161, 110MASH3P1802, andL10MASH3P1503
were conductedinder MASHTL-4 conditions with the 110D, 2270P, and 10000S vehicles
respectively All crash tests were successful according to MASH4Tdriteria, and aeview of
photographgieterminedhat no vehicle components laterally extendezheathor betweerrail
elementsasshown inFigures46 and47.

Figure44. California ST70SM Bridge RailSystemPhotograph27]
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Figure46. Lateral Extent of the 1100C Vehicle on the-BISM Bridge Rai[27]
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Figure47. Lateral Extent of the 2270P Vehicle on the BISM Bridge Rai[27]
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2.7.2Massachusetts Type S3

The Massachusetts Type S3 bridge waksa deckmounted steelpost and bearbridge
rail tested undelCHRP Report 35TL-4 criteriain 1999 byTTI [28]. Full-scale crash tests were
conducted on variants of the bridge raitwand without an &n. tall curb. Variants without the
8-in. tall curb did not incorporate a vertical opening large enough for vehicle elements to extend
beneattthe rail therefore thosefull-scale crash tests were not included in the literature review
The overall height of the bridge rail was 40viith a 12%in. vertical openingas shown in Figures
48 and49. The bridge raitonsistedf three HSS steel railmounted tdN6x25 steelpostsspaced
at79% in.on centerPosts were welded to i thick baseplates, which were bolted to the bridge
deck.Post faces were sback 5 in.from the face of the ral The lower and middle railwere
HS$x5xYaand the top ralwasHSHx4x%a The three rails wereertically spaced a3 in. and
11%2in. on center Steel picket elements were welded to the rear of the HSS rail elembats.
systemwas successfully tested undé€CHRP Report 350L-4 conditionswith an 820Csmall
car, 200 pickup truck andan 8000SSUT in test nos. 404251, 4042512, and4042513. The
820C test system is shownHkigure50, the 2000P test systemhigure51, and the 8000S system
in Figure52.

Photographshowed that theres of the 82C and 8000%ehiclesdid not contact the posts,
but the right-front tire of the 200@® vehicle extendedbeneaththe rail extended laterally
approximately 5 in. from the face of the p@stdcontacted the vertical picket elements onrdes
sideof the rail However, # tests were successfatcording taNCHRP Report 350L-4 criteria

Figure48. Massachusetts Type S3 Bridge R&istem Photograpi2§]
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Figure50. Lateral Extent of the 820C Vehicle on the Massachusetts Type S3 Bridg23Rail |
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Figure52. Lateral Extent of the 8000S Vehicle on the Massachusetts Type S3 Bridg28Rail [
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2.7.3lllinois -Ohio Steel Bridge Rall

The lllinois-Ohio steel bridge railwas a sidemounted steel post and beansystem
developed under MASH T4 criteriaby MWRSF in 201929-32]. Thebridgerail consisted of
ASTM A500 W6x15 steel posts mounted to the side of the bridge aedkthree HSS ralil
elements as shown in FigureS3 through56. The lower and midle rail elements were both
HSSBx6xY4 and the top rawas aHSSL2x4xY4 Posts were spaced at 96an. center Post faces
were seback 6 in. from the face of the rallhe bridge rail was tested at overall heights of 36 in.
and 39 in.The 1100C vehicle was tested at their®%height, as this height corresponded to a 12
in. tall vertical opening and maximized snag potential. The 2270P and 10000S vehicles were tested
at the 36in. height corresponding to a-#. tall vertical openingas this height corresponded to
anincreased likelihood of rollover.

Test nos. STBR, STBR3, and STBR4 were conducted according to MASH -AL
criteria with the 1100C, 2270P, and 10000S vehicles, respectively, and all three tests were
successfulA reviewof videos and photograpiisund thathe 1100Csehicle tire extended under
the lower rail, left the surface of the bridge deck, contacted the upstream and front faces of the
post, and extendddterallyapproximately 9% infrom the face of the pasis shown irFigure57.

It was determinethatstructural componentsf the 2270P vehicle didot extend laterallpeneath
the railenough to contact any posts, asdhl/ contact mark was left by the plastic bumper cover
as shown irFigure58.

Figure53. 36-in. Tall, Illinois-Ohio steel Bridge RabystemPhotograph9-32)
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Figure54. 3%-in. Tall, lllinois-Ohio Steel Bridge RatbystemPhotograph9-32]
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Figure55. 36-in. Tall lllinois-Ohio Steel Bridge RaiDrawing[29-32)
42



12"[305]—

November30, 2023

MwRSF Report NoTRP-03-4065-23

Welded Post

Assem bly—\

&

65"[1651]

"[508]

327

397
813]

991]

n

IE

—2"[51]

Figure57. Lateral Extent of the 1100C Vehicle on 8in. Tall Illinois-Ohio Steel Bridge Rail
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Figure58. Lateral Extent of the 2270P Vehicle on 8tin. Tall lllinois-Ohio Steel Bridge Rail
[29-32]

2.8 Other Systems

Other systems with post and beam construction or with a rigid barrier exposed to potential
vehicle snagwvere also reviewetb determinewhetherfull-scale crash testing was successful
whether the vehicle snagged on the baraed ifthe systengeometrycontributedo a test failure.
Relevant system geometmnas collectedshown inFigures59 and60. Thisinformationincluded
overall system height, overall system width, vertical opening, curb height, post setback, post taper,
post length, and gap length, as showmable7. Relevant system geometry was defined based
its influence on snag potential and was collected to guide future recommendations for the new
open concrete bridge rail. Other systems studied were selectedooakedability to determine
the potential for vehicle snagging, or if their geometry was similar to that of the Kansas Corral
Rail. Although some of these systems hdke potential to undergo more deformation than
concrete systems, they were still relevant to determining how rail geometry influences snag
potential.
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Figure60. Other System General DimensipR&an View
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Table7. Other Systems Design Details

Test Test Overall Overall Vertical Curb Post Post Post Span
System Name Criteria | Level Height Width Opening | Height Setback Taper Length Length
in. (mm in. (mm in. (mm in. (mm in. (mm b in. (mm) | in. (mm)
(mm) (mm) (mm) (mm) (mm)
. 30 10% 16% 16% 12 96
MN Noise Wall B3] | MASH | TL-3 (762) 273) (419) N/A (425) N/A (305) (2.438)
. 30 10% 16% 12% 12 96
MN Noise Wall B3] | MASH | TL-3 (762) (273) (419) N/A (324) N/A (305) (2,438)
. i 38¢e 21% l11le 5Y% 10 30(762),
Restore Barrierd4] | MASH | TL-4 (981) (546) (295) N/A (140) N/A (254) 60 (1,524)
. 31 12 11 3Ya 1
Standardized AGT35] | MASH | TL-3 (787) (305) 279) N/A (83) 4v5:1 NA N/A
. 34 12 14 3Ya -
34-in. AGT [36] MASH | TL-3 (864) (305) (356) N/A (83) 4v5:1 NA N/A

! post setback distances for the standardized AGT ainl 864mm) AGT refer to buttress setbacks

& N/AT NotApplicable

£2907-€0dHION Hoday 4SHMN
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2.8.1Minnesota Noise Wall

The Minnesota Nois#/all was awood plank noise wall with precast concrete posts and a
gluellaminated timber rutail developed under MASH TB standarddy MwRSF in 201933].
The system was testeddonfigurations with theubrail offset from thevooden noise walby the
precast posts angith the wooden noise wadirectly behind the timber rubraids shown in
Figures61 through64. These setbacks weflé¥ in. from the face of the rail to the face of the
posts, and 2% in.from the face of the rail to the face of the wahe rubrail had an overall height
of 30 in, a vertical opening of 16 inandwas 10% in. wide by 13% in. talThe rubrailwas
connected to the precast posts byn¥diameter boltsThree successful crash teatcording to
MASH TL-3 criteriawere un: one with the 1100C Vecle anda postsetback of 18 in., and two
with the 2270P ghiclewith awall setback of 1Zin. andpost setback af6% in.

Test no. MNNW1 consisted of the 2270P vehicle impacting the Minnesota Noise Wall in
the configuration with the 16#. post setbackThroughreviewing videos and photographt
was determinedhat the right-front tire of the 2270P vehicle extendedneaththe rail, did not
contact a post or the wall of the systel@tacledfrom the vehicle as it was redirecteshd laterally
extended approximately 20% ifiom the face of the railTest no. MNNW2 consisted of the
1100C vehicle impacting the Minnesota BliWall in the configuration with the 16% in. post
setbackThroughreviewing videos and photograpliswas determined theght-front tire of the
1100C vehicle extendedeneaththe rail, did not contact a post or the wall of the system, and
laterally extended approximately¥s in.from the face of the railTest no. MNNW3 consisted of
the 2270R/ehicle impacting the Minnesota Noise Wall in the configuration with theih2#sall
setback Throughreviewing videos and photograpliswas determinethe right-front tire of the
2270P vehiclextendedeneaththe rail, contacted th&ooden noise wallandlaterally extenad
12% in.from the face of the raiAll passenger vehicle tests were successfabrding to MASH
TL-3 criterig and system damage is shown in Fig@®through67.

Figure61l Minnesota Noise Wall Testos. MNNW-1 andMNNW-2 SystemPhotograph33]
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Figure62. Minnesota Noise Wall Testo. MNNW-3 SystemPhotograph33]

g4
e4 ed

40 3/471035)

Figure63. TestNos. MNNW-1 andMNNW-2 Drawing[33]
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Figure65. Lateral Extent othe2270P Vehiclen Test No. MNNW1 on the Minnesota Noise
Wall [33]
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Figure66. Lateral Extent of the 1100Zehicle in. Test No. MNNW2 on the Minnesota Noise
Wall [33]
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Figure67. Lateral Extent of the270PVehiclein. Test No. MNNW3 on the Minnesota Noise
Wall [33]
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2.8.2Restore Barrier

The Restore Barrier was a concrete barrier supported by rubber posts and steel skids
developed by MWRSF in 2015 and tested under MASH4Tdonditions B4]. The systenhad a
3 8 e overall heightandconsisted ofwelve 19ft 11%%in. longby 18%zin. tall by 21%2in. wide
concrete beamsith an 8%zin. steel rail mounted to the top of the concrete barrier. Concrete beams
wer e s upp oin. takrdbbdr gostslahcemetal skids, as showirigures68 and69. The
rubber posts were spaced at 60 in., and metal skids spaced at R2®loer posts and metal skids
were both 12 in. long and desick 5%z in. from the face of the rail.

The Restore Barrier was successfully tested under MASH Tanditions with 1100C,
2270P, and 10000S vehicles in test nos. SFthrough SFFB. By reviewing videos and
photographs, it was determined the tire of the 1100C vehicle extended underneath, the rai
contacted a rubber post, and laterally extended approxintaialyrom the original position of
the front face of the rail, as shownRigure70. The tire of the 2270P vehicle extended underneath
the rail, contacted a rubber post, datgrally extended 5 ifirom theoriginal position of the front
face of the rail.

Figure68. Restore BarriebystemPhotograph34]
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Figure69. RestoreBarrier Drawing[34]

Figure70. Lateral Extent of the 1100C Vehicle on the Restore Bd3#@r
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2.8.3NDOT Standardized Approach Guardrail Transition End Buttress

The Nebraska Department of TransportatitNDOT) Standardized Approach Guardrail
TransitionEnd Buttressvas a thrie beam to concrete end buttress transition developed by MWRSF
under MASH TL=3 conditiong35]. Although not a bridge rail, its geometry was relevant to the
literature review, as the vertical opening underneath the tesmm allowed for vehicle
components to extend underneath it and potentially snag on the upstream face of the end buttress.
Two variants of the end buttress were tested. In both varihetshrie beanieightwas 31 in.
with an 1Z%in. vertical openingpeneath the railTheend buttress we2 in. tall at its upstream end
and transitioned to 86-in. overallheightat a 6:1 taper ratas shown in Figuresl through74.

Both variants incorporated an-i18 tall by 4in. long by 3in. wide tapered region behind the thrie
beamAn 1ZI-in. tall by 4-in. wide by 12in. longtapered regiowas incorporatedeneattihethrie
beamof the first variant, and an 1if. tall by 4%2in. wide by 12in. long tapered region was
incorporatedeneathhethrie beamn the secondariant Buttress facewere seback 3% in. from

the face of the thrie beam, and the end of the tapered region viexkéty in. from the face of

the thrie beanm the first variant and 7% in. from the face of the thrie beam in the second variant
System photographs and drawings are shown in Figukr&ésrough74.

Crashtests with the 2270P vehickeere un on both variants of the end buttreBsrough
reviewing videos and photographste$t no. AGTB1, conducted on the variant incorporating the
11-in. tall by 4in. wide by 12in. long tapered regiqiit was determined thahe left-front tire of
the 2270P vehiclextendedbeneatththe thrie beamgontaced the upstream face of the concrete
end buttressand laterally exteretl 9% in from the face othe thrie beamas shown irfrigure75.

Thev e h i c |-feordt doorlpantieformed3 Ein., causing the accelerometer to move during
impactandresultingina | ongi t udi n a lwhich&eéeedadthe NBAGH linB of 20413

g Gasdresuledin an unsuccessfukst It is unknown ifthe interactionofthe@ 2 7 0 P vteehi c| e 6
with the end buttress led to the test failufest no. AGTB-2, conducted on the variant
incorporating the 1-in. tall by 4%in. wide by 12in. long tapered region with tt#270P vehicle
wassuccessfuunder MASHTL-3 conditions Throughreviewing videos and photographsté

second fullscale testjt was determined thahe right-front tire of the 2270P vehicle extended
beneaththe thrie beam, contacted the upstream face of the concrete end buttress, and laterally
extended approximately 10 in., steownin Figure76.

Figure71 StandardizedGT Buttress,TestNo. AGTB-1, SystemPhotograph35|
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Figure72. StandardizedGT Buttress TestNo. AGTB-1, System Drawing35|

Figure73. StandardizedGT Buttress TestNo. AGTB-2, SystemPhotograph35|
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Figure75. Lateral Extent of the 2270P Vehicle on the Standardi&d@ Buttress Test No.
AGTB-1[35]

Figure76. Lateral Extent of the Second 2270P Vehicle on the Standari@&Buttress Test
No. AGTB-2[35]
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2.8.4ANDOT 34-in. Approach Guardrail Transition

The NDOT 34-in. Approach Guardrail Transitiomasa thrie beam tooncreteend buttress
transition developed by MWRSF unddASH TL-3 conditions[36]. Although not a bridge rall,

its geometry was relevant to the literature review, as the vertical opening underneath the thrie beam
allowed for vehicle components to extend underneath it and potentially snag on the upstream face

of the end buttres3.he nested thrie beam was 34imheightwith a 14in. vertical openingas

shown in Figure§7 and78. The end buttress was 35 in. tall at its upstream end and transitioned

to a 39in. overall height at a 6:1 taper raféhe end buttressicorporated an 8. tall by 4in.

long by 3in. wide tapered region behind the thrie be@helargervertical openingncreagdthe
likelihood and severity of wheel snagging on the upstream face of the end batieeks,n. tall

tapered region measurin@>4in. wide by 18 in. lbngwas incorporated into the desidduttress
faceswere seback 3v4 infrom the face of the thrie beamnd an additional 7% ifrom the face
of the thrie beam to the end of the taper.

The approach guardratransition was successfully tested under MABH3 conditions
with 1100C and 2270P vehicles test nos. 34AGIL and 34AGT2, respectively Through
reviewing videos and photograpliiswas determined thahe tire of the 1100C Vecle extended
beneaththe thrie beam and laterally extendmgproximately 14 in. from the face of the thrie
beam,overlappingthe entirety of the upstream face of the concrete end butreskeaving
significant contact marksis shown irFigure79. The tire of the 2270P vehicéxtendedeneath
the thrie beam and laterally extendgaproximately 134 in.from the face of the postyerlappng
majority of the upstream face of the concrete end buttassshown irFigure80. However, both
passenger vehicle tests were successfabrding to MASH TL3 criteria

Figure77. 34in. Tall Approach Guardrail TransitioBystemPhotograph36]
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MGS

Figure78. 34in. Thrie Beam to End Buttress Connect@rawing[36]

Figure79. Lateral Extent of the 1100C Vehicle on theiB4Tall AGT [36]

Figure80. Lateral Extent of the 2270P Vehicle on theid4Tall AGT [36]
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