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APPROXIMATE CONVERSIONS TO SI UNITS

Symbol When You Know Multiply By To Find Symbol
LENGTH
in. inches 254 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mn¥
ft2 square feet 0.093 square meters m?
yad? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi2 square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m?
ya cubic yards 0.765 cubic meters m?
NOTE: volumes greater than 1,000 L shall be shownin m
MASS
0z ounces 28.35 grams o]
Ib pounds 0.454 kilograms kg
T short ton (2,000 Ib) 0.907 megagrams (or A Mg(or't
TEMPERATURE (exact degrees)
°F Fahrenheit O?EE?S))//fs Celsius °C
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela per square meter cd/n?
FORCE & PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in? poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in.
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mn? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft2
m? square meters 1.195 square yard yd?
ha hectares 2.47 acres ac
km? squarekilometers 0.386 square miles mi2
VOLUME
mL milliliter 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m?3 cubic meters 35.314 cubic feet ft3
m® cubic meters 1.307 cubic yards ya®
MASS
g grams 0.035 ounces 0z
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or i 1.103 short ton (2,000 Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/n? candela per square meter 0.2919 foot-Lamberts fl
FORCE & PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in?

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to com@gatiith 4 of ASTM E380.
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1 INTRODUCTION
1.1 Background

National Cooperative Highway Research Program (NCHRé&Jort 350 A Rec ommend
Procedures for the Safety Performance Evaluation of Higlteayure® was published in 1993
to guidetesting and evaluation of roadside safety featutg¢sHowever, due to continuously
changing traffic conditionsan evolving vehicle fleet,and new knowledge gained through
extensive researclsections oNCHRP Report 350equired updatesNCHRP Project 224(2),
Al mprovement of Pr-Beetlormande®r EY &leu Staifamt yof R
NCHRP Report6 6 5 , Al denti fication of Vehicul ar | mp e
Ranoff-Road Crashe§updated impact conditiomndtestvehicle specifications, ardetermined
evaluation criterido more accuratelgepresenthe current transportation clingd]. In 200, the
American Association of State Highwaydaiiransportation Officials (AASTO) publishedhe
results of NCHRP Project22-14(02) asthe first edition ofthe Manual for Assessing Safety
Hardware MASH) [3]. The second edition of MASH was published in 2016 and implemented
changes to several test vehicle dimensitasdocumentation requirements, and developed a new
matrix for the testing of cable barriers on slop8s [

1.1.1MASH Implementation

In Decembef015 AASHTO and the Federal Highway Administration (FHWA) released
a joint implementation agreementhe purpose of the agreement was to encourage state
departments of transportation and hardware developers to advance their roadside safety device
designs.The agreemergstablishedunset datefor the evaluation of road$¢ safety features to
MASH 2016 on the National Highway System (NH®he sunset dates included in the agreement
are presented ihablel.

Tablel. MASH 2016 Implementation Sunset Dates

Sunset Date

Month | Day | Year

Dec. | 31 | 2017 |W-beam barriers and cast-in place concrete barriers

Jun. 30 | 2018 [W-beam terminals

Dec. | 31 | 2018 |Cable Barriers, cable barrier terminals, and crash cushions
Bridge rails, transitions, all other longitudinal barriers including portable
Dec. | 31 | 2019 |barriers installed permanently, all other terminals, sign supports, and ¢
breakaway hardware
Note: Temporary work zone devices, including portable barriers, manufactured after Decen
2019, must have been successfully tested to the 2016 edition of MASH. Such devices many
on or before this date, and successfully teste to NCHRP Report 350 or MASH 2009, may c
to be used throughout their normal service lives.

Roadside Safety Features

1.1.2FederalAid Eligibility Letters

Traditionally, FHWA has reviewed details of new roadside safety hardware and delivered
eligibility letters to those systems that were considered crashworthy to the applicable crash testing
standards at the time. These letters provided state departments of transp@@iisjwith the

1
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justification needed to receive federal reimbursement for safety hardware installed on NHS
construction projects.

In aMay 2017 open letteFHWA establisked the following significantchanges to the
eligibility letter process (1) for manufacturers anstates to qualify for an FHWAederalaid
eligibility letter, all roadside hardware deviaasist complete the full suite of recommended tests
as described in AASHTO MASH, and (2) FHWA will no longer providderalaid eligibility
letters for modifications made to an AASHTO MASIhsh tested devic®][ The result of this
letterwasthat systems that may be crashworthy to MASH 20a6ld not be qualified to receive
an eligibility letter without first being evaluated througixpensive crash testing. Also,
modifications made to systems currently holding an eligibility lettarld not be awarded another
letter without crash testing of the additional modifications.

However, in another open letter dated April 8, 2019, the FHWA clarified that design
modifications may be considerddr an eligibility letter if the modification occunshilst the
system is undergoing applicable crash testiagd the crash test laboratory documents the
following in the test report accompanying the eligibility letter submission: (1) revision details to
explain the type and extent ahy revisions, (2) engineering rationale with adequate detail to
explain the purpose a@inyrevisions and (3 engineering assessment of the expected performance
on crash tests conducted on the device where design revisions were not present at the time of those
tests f].

FHWA hasalsostated that transportation agencies do not need an eligibility letter to obtain
federal reimbursement. It will be up to agencies to work with their divisional FHWA offices to
ensure that roadside hardware is crashworthy and, therefore, eligible for sembuatThus, a
review of t he germanenboncrete parriastpedard plammadnecessary to
determinebarrier crashworthiness and provide the documentation and justification required to
obtainfederal reimbursement througifetFHWA divisional offices.

1.2 Objective

The objective oftie research effort was to perform a literature review and compile a crash
testing database of currently crash tested permanent concrete barrier .sysenmsormation
gathered was used to synthesize a methodology to evaluate permanent concrete barrier systems to
MASH 2016 without physical crash testirfgermanent concrete barriers submittedvhgiwest
Pooled Fund Program memistates were reviewednd the evaluation methodology was applied
to determinéarriercompliance to MASH 2016riteria.

1.3Scope

The scope of the research effastas to perform a literature review and determine a
methodology fothe evaluation opermanent concrete barriers to the provisions of MASH 2016
without expensive crash testiny.survey wasadministeredo collect permanent concrete barrier
standards and specificat®itom the sponsoring agencies. Permanent concrete barriers were then
selected and analyzed according to the established methodatmhgvaluations were prepared
with justifications for MASH 2016 compliance
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2 LITERATURE REVIEW
2.1 MASH Updates from NCHRP Report 350

MASH overhauled many sectionsM€CHRP Report 356 more accuratelyepresent real
world and wors{practical impact®n the current highway system. The overhaul largi#bcted
the test matrices fofL-3 and TL-4 impacts on longitudinal barriers. The effects inchljdeut
werenot limited tqg new test vehicles, more severe impact conditions, and modified evaluation
criteria. The MASH test matrices farL-3 and TL-4 crashes arpresented iffable2 [4].

Table2. MASH Recommended Test Matrices fidr-3 andTL-4 Longitudinal Barrierg4]

Test Barrier Impact Impact | Acceptable Evaluation
L .~ . | TestNo.| Vehicle Speed Angle? IS Rangée Y
evel | Section . Criteria
mph deg. Kip-ft
Lengthof- 3-10 1100C 62 25 051 A,D,F H,I
3 Need 311 2270P 62 25 Q106 A, D, F HI
Transition 3-20¢ 1100C 62 25 051 A, D, F H,I
3-21 2270P 62 25 0106 A, D ,F H,I
Lengthof- 4-10 1100C 62 25 Q51 A,D,F H,I
Need 4-11 2270P 62 25 0106 A,D,F H,I
4 4-12 10000S 56 15 0142 A D, G
4-20¢ 1100C 62 25 051 A, D, F H,I
Transition | 4-21 2270P 62 25 0106 A,D,F H,I
4-22 10000S 56 15 0142 A D, G

a See Section 2.1.2 in MASH 2016 for tolerances on impact conditions.
b See Table 8 in MASH 2016

¢ See Figure-A and Section 2.3.2 in MASH 2016 for impact point.

d Test is optional in MASH 2016

2.1.1MASH Test Designation No.10

Test 10 is intended to test the ability of a barrier to safely contain and redirect small
passenger cars. Primary concerns in the test are underride, snagging of wheels, rollover, and head
slap.MASH replaced the 820C test vehidéNCHRP Report 350vith the 1100Cest vehicle.

This changeesulted in an increase in vehicle mass fro8®a.lb to 2420 Ib.Theimpact angle of
the testalso increased from 20 to 25 degreEke speed remained constant at 62 nigtese
changes caused ttover limit of theimpact severity of the test tsse102 percent, from 25.Rip-ft
to 51.0 kipft. The large increase in impact severity has raised concerntiogencreased
likelihood of snaggingwhichmay contributdo greater occupant compantdeformations.

2.1.2MASH Test Designation No.11

Test 11 isa strengthtest for TL-1 throughTL-3. In addition, this test is required for all
barrier configurations and test levels due to the high frequency of pickup truck rollovers observed
in previous crash testing studies. MASH replaced the 2000P test vehi@&HRP Report 350
with the 2270P test vehicle. This change resulted in an increase in vehicle masgi@@ri 40
5,000 Ib. The impact angle of the testmained constant &5 degreesThe speed remained
constant at 62 mpfhese changes caused timeninalimpact severity of the test tse 13percent,
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from 102.7kip-ft to 106.0kip-ft. The increaseniimpact severity resulted in greatepact forces
than the forces presentadSection 13 of the AASHTO LRFBridge Design Specifications/].

2.1.3MASH Test Designation No.12

Test 12 is performed to appraise the ability of a barrier system to resist #edbecheavy
singleunit truck (SUT). MASH replaced the 8000S test vehicldlGHRP Report 35With the
10000S test vehicle. This change resulted in an increase in vehicle mas&7{@si b to
22,0461b. The impact angle of the te®mained the same at 15 degrdms,the speed increased
from 49.7mph to 56 mphThese changes caused the lower limit of the impact severity of the test
to rise 65percent, fron85.9kip-ft to 142kip-ft.

2.1.4Evaluation Criteria

The evaluation criterior longitudinal barriers remaingatincipally consistenbetween
NCHRP Report 35@&nd MASH 2016Barrier systems arassessed on three main categories:
structural adquacy, occupant risk, and pasipact vehicular response. Pastpact vehicular
response was referred to as vehicle trajectory uN@@tRP Report 35No changes were made
to the structural adequacy criterion under MASH.

A minor changen the occupant riskcriteria was the 0.49y increase in the maximum
allowable ridedownaccelerationsto 20.49 g6 s i n IMAdsitlbbn, MASH established
maximum occupant compartment deformations for variocetionsin a test vehicle. Previously,
the test agency was responsible for justifying the risk to occupants due to compartment
deformationsandinstituting specificdeformationcriteriaeliminatel the subjective component of
this assessmentThe maximum allowable occupanbmpartmentdeformations are listed in
Section 5.2.2 of MASH and are shownTiable3.

Table3. MASH Maximum Allowable Occupar@ompartment Deformations

MASH 2016
Location Allowable Deformation

Wheel Well & Toe Pan
Floor Pan & Transmission Tunnel
A-Pillar
A-Pillar (Lateral)
B-Pillar
B-Pillar (Lateral)
Side Front Panel (in Front &-Pillar)
Side Door (Above Seat)

N

N

o|9lo|Clo|ojo|0|O|0|5
MPlo|lPlwlo|lwln|F|o

Side Door (Below Seat) 2
Roof
Windshield O 3
Side Window No shattering resulting from contact with

structural member of test article
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MASH modified the posimpact vehicular response section tdacting Criteria K
throughM, which previously applied to thEL-3 andTL-4 test matrices folongitudinal barriers
-pmpasttrajectory

underNCHRP Report 35(Criterion K stated a preferentieat thevehicled s
not protrwde into adjacent traffic lanes. Criterion L contained the OIV and ORA limits for pickup

truck impacts, which was moved to Criterion H and | with the small car impact l@miterion
M statedthat exit angle not exceed 60 percent of the impact alfeSH noted that excessive
exit andes are not desirable, aratlaptedhe concept of théi e x i t dirdotly #oon European

Commititee for Standardization (CEN)andards

The

fexit

boxo

restr.i

vehicle may exit after impact atide box dimensions adetermined from the length and width of
the vehicle as seen Figurel, which appears as FigurelSin MASH.

Distance for Exit Box Criterion

Other Vehicles

(4.4 +Vy + 0.16V, )

; A B
Vehicle Type ft (m) ft (m)
7.2+ Vy +0.16V, 32.8
Car/Pickup W :
(2.2 +Vy +0.16V) (10.0)
14.4 +Vy, + 0.16V 65.6

(20.0)

Vw = Vehicle Width
V| = Vehicle Length

Final Intersection of Wheel Track
with Initial Traffic Face of Barrier

PSR WD Yoot 8 \

Initial Traffic Face of Barrier

Figurel. Exit Box forLongitudinal Barrierg4]

Exit Box

/

Vehicle Wheel Track

a3

2.2MASH TL -3 Minimum Height, Effective Height, and Design Impact Force Research

Research conducted under NCHRRject 22-20(02) defind the TL-3 impact load
correlating with the new MASI2270Ppickup truckvehicle[8]. The studyerifiedthe previously
recommended impact force &4kips using the commercial finite element (FE) software
LS-DYNA [9] to run simulatiors with the NCHRP Report 35@ickup truck modelthe 2000P
vehicle Moving forward, the 2000P model waschangedor an upgraded 2270P model, and a
similar simulation was used to determine the impact load of the MASH vehlslag 50
millisecondaverage forcegshe maximum force achied by the 2270P vehicle on32-in. tall
vertical barrier wag0Kkips, which represented a 30 percent increase M@HRP Report 350

As documented in the AASHTO LRFD Bridge Design Specifications, the minimum

recommendedheight for TL-3 barriers undeNCHRP Report 350 was 27 in/][ In research
conducted at the Texas Transportation Institute (TTI) uNg&HRP Project 20-07(395),bridge
rails of varioussizes, shaps, and materia were computationally analyzed to MASH standards.
As part of the projecta new minimum rail height fofL-3 impacts was investigatedsing
LS-DYNA [1Q]. The studysimulated pickup truck crash tests into rigid vertical barriers with

5
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heightsof 27, 28, and 29 in. Th&7-in. tall barrier resulted in a rolloveThe 28-in. tall barrierdid
not result inrollover butwas deemed to have sev@@entialfor instabilities. Therefore29-in.
was selected as timeinimumMASH TL-3 rail height tomaintaintest vehiclestability throughout
impact

In addition to TL-3 vehicle stabilitythe transverse impact for¢e:;) andresultanimpact
height(He) were also studiedAccording to simulationsMASH andNCHRP Report 350L-3
pickup truck impactsre expected tgenerate impact loads of 71 aBtikips, respectivelyThe
effectiveloadheight from the FE simulations was calculated to be 19&nth 18 in. respectively.

2.3MASH TL -4 Minimum Height, Effective Height and Design Impact Force Research

Since the original publication of MASH, researchers have suspected changes would need
to be made to current design methodologies. In recent years, efforts have been made to quantify
these changes for the varying test levels. These effavisincludedtudies performed to identify
new minimum barrier heights to prevent vehicle instabilitesl to estimateew design impact
forces to ensure structural integrity of barriers.

The first study was published in 2011 by the TII][ Sheikhet al. utilized LSDYNA to
test and identify a minimum height feehicle stability inMASH TL-4 crashes. As part of the
simulations, the SUT model was modified to better represent critical parameters. Chief among the
modified parameters was theduction of track width, which led to a more unstable model and
yieldedmore conservative results.

Sheikh et al. then ran simulations of the SUT maaglactingsingleslope barriersvith
heightsof 42, 39, 38, 37, and 36 im accordance with MASH T4 impact conditionsThrough
an evaluation of theoll, pitch, and yaw angles of the simulatiod§parrier heightsvere deemed
sufficient. However, 36 inwasconsideredo be marginal in the categories of stability and rollover
potential, with the rear wheels nearly passing over the top of the pasrs&rown irFigure2 [11].
Therefore,no further simulations were conducteohd 36 in. was declarethe minimumTL-4
barrier height to prevent vehicle instabilggcording to FE simulations.

Figure2. Simulated Impact of SUT d86-in. Tall Single SlopeBarrier [11]
6
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The results of the FE simulatiavere verifiedby conducting MASHestdesignatiorno.
4-12 on aTexas Department of TransportatiorxDOT) 36-in. tall SingleSlope Traffic Rall
(SSTR)[1]]. In test no. 4200208bthebarrier systenrmetMASH criteria.As in theFE simulation
the rear wheelssenear the top of the barridt wasnotedthatthe crash tested sing#ope barrier
shapes known to reduce vehicle climb as comparetléw Jersey and-Bhape barriers due to
thepresence of harriertoe Howeverdue to the larger vehicle mass and wheel radius of the SUT
theeffect was expected to be insignificavitith these considerations, 36 was recommended
be the minimunTL-4 height for all barrier types.

In addition to minimum barrier heighttl-4 impactforceswerestudied 11]. Impact forces
were determined using EBYNA simulations at each of th&6-in. to 42in. heightspreviously
used for the minimum heightetermination The simulations showed that the-®illisecond
average force of initial impact did not increase wiéght. However, as height increaste tail
slap impacti(e.,rear axle contaatith the barriedue to redirection) increased and became critical.
It was noted that the force associated with the recommended minimum height should not be
selected as the design force, as barriers may be designed at greater heights thiat-4neet
standards. Therefor80 kips was selecteds the design for¢evhich corresponds to42-in. tall
barrier and is the minimum height for a-blbarrier [L1].

This effort to quantifythe peak force and location dib-4 barrierscontinued in NCHRP
Project 2220(02), beginningvith a simplified dimension analysis of a ma&gsing system to

estimate a new | mpact | oad. This analysis wus
acceleration, impact angle, and center of mass to calculate an impact load of 80.3 kipg for
crash testsAnother method used to estimatefleddy nami ¢ | oad was Newton

of Motion. Thetotal mass of the vehicle multiptl by the lateral acceleratigmelded an impact
load of 99kips. Neither method addresse@rtical force distributionalong a barrier faceand
thereforea resultant height of the forceuld notbe determined, so FE simulations in-DSNA
were also employed.

The FE simulations were conducted on 36 i
barriers. Theftallo barrier had a height greater than the height of the SUT and was used to
determine a maximum transverse forEg or longitudinal barrier impactdhe maximum total
transverse impact force for each barmes quantifiedas well as the distribution over the height
of the barrier. Transverse force distributions over barrier faces were utilized to compute an
effective heightfe) by taking the weightedverage of the force over the height of the barfiee
longitudinalimpactforces FL), longitudinal force distribution lengtfL.), verticalimpactforces
(Fv), and vertical force distrition length(Ly) were also analyzed and estimated from the
simulations The results of the study fofL-4 impacts led tothe recommendd parameters
summarized imable4. Impact forces were only determinft barrier heighg of 36 in. or greater
due tothe stability issue®bservedn earlier research
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Table4. Recommended Design Parameters for MARH4 Impact[8]

Design Force and TL-4
Designations 36-in. BarrierHeight >36-in. BarrierHeight
F, Transverse 70 kips 80 kips
FL, Longitudinal 22 kips 27 kips
Fv, Vertical 38 kips 33 kips
Lo 4 ft 5ft
Lv 18 in. 18 in.
He 251in. 30 in.

2.4 Stand-Alone Foundations

TTI recently conducted FE simulations aodash teshg on structurally independent
moment slab and concrete beam foundations for the TxBSTRbarrier [L2]. The SSTR is a
36-in. tall barrier with arnll-degeesingleslopetraffic face Preliminary designs were developed
for concrete beanmoment slaband concrete beaandslab foundation systemand gparametric
study was conducted to optimiz¢éhe design of each foundation systeMfl simulations were
conducted in LDYNA to MASH TL-4 impact conditions and the native soil properties found at
the TTI proving ground testing facility were modeled rather than typicalceetipacted soils used
in crash testing. Following the parametric stuthg preferred moment slab configuratimas
evaluatedin a full-scale MASHTL-4 crash test.

Six concrete beam foundatiomgere simulatedvith varying section dimensions, segment
lengths,and ditch characteristic3he results of the FE simulations conducted on the concrete
beam foundations are summarized able5.

The concrete beam foundation with38-ft segment length was selected as the most
favorablebeam foundatiodlesign, and TXxDOT designed reinforcement details for this quam®n
seen inFigure 3. The barrier is longudinally reinforced with eigh#4 bars and vertically
reinforced with#4 stirrupsspacedat 6 in. The foundation measured 16 in. wide and 33 inches
deep, and was reinforced with four #5 longitudinal bars and #4 stspsged at 8 infhe barrier
is connected to the foundation with #4bdrs, also spaced @tin. The system wadetailed to
permitthe foundation anthebarrierto be pouredeparately.

Table5. MASH TL-4 FE Simulation Results of Concrete Beam Foundatib®s [

, Segment . Ditch
W.'dth D_epth Length Ditch Offset Result
in. in. Slope
ft ft

19 33 15 1V-2H 0 Unacceptable barrier deflgctlon and _
test vehicle was not contained or redirect

19 33 20 1V:2H 0 Test vehicle was not redirected or contair

19 33 20 1V:2H 1 Testvehicle was not redirected or contain

16 33 30 1V:2H 1 Barrier performed acceptably

18 27 50 N/A N/A | Barrier performed acceptably

13 10 50 N/A N/A | Barrier performed acceptably




August 4, 2024
MwRSF Report NoTRP-03-454-24

~ Bars R Spa

4" ~ Bars R Spa

2 Y,
®
|

4

:Q o
) S(#5) Spa
o at 6" -
! )
® 2
9 n 1y &
n > =\
5 ® =
N B 5
w W
Sk
1 i :
5|8
212 4wl
S WU(#4) Spa at 6" Max
R \
| W A
IS ) J\L H(#5)
2" (Typ) /\
except as /,f' \
ted / \ .
note / \j-.— FS(#4) Spa at 8" Max
i3

(Typ)

1'-4"
TRF

Figure3. Reinforcement Details for TXDOSSTR with Concrete BeaRoundation 12]

Three momenslabfoundationsvere simulatedvith varying section dimensions, segment
lengths, and ditch characteristics. The momentsiablation resultere summarized ifable6.
Smaller segment lengths were preferred for ease of casting and handling, therefore, the moment
slab foundation with a 2@ length was selected as the most favorable design. Reinforcement
details were determined, and the system underwersdale crashesting. In test no. 469683
3, the moment slab foundation with &i86 TXDOT SSTR barrier was crash tested to MASH test
designation no.-42. The concrete barrier was vertically reinforced with #4 stirrups spaced at 6
in. and longitudinally reinforced wi four #4 bars on both the front and back sides of the barrier.
The barrier was anchored to theib2deep by 66n. wide moment slab by #4-shape bars spaced
longitudinally at 6 in. All occupant risk factors were within MASH limits, and the barrier
sucessfully contained and redirected the test vehicle according to MASH test designatid2 no. 4
[12].

Table6. MASH TL-4 FE Simulation Results of Concrete Moment Slab Foundatid®js |

Width | Depth| Segment Lengtl Ditch | Soil Restraint R

. ) : esult

in. in. ft Slope in.

36 8 50 N/A 8 Barrier performed acceptably
Excessive barrier deflection

60 12 15 N/A 0 Test vehicle was not redirected or
contained

60 12 20 N/A 12 Barrier performed acceptably
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Two hybrid concrete beam and slab foundations underwent FE simukstienthefirst
simulationproducedan acceptable result, section dimensions weatacedand crash testing was
again simulated. Theecondsimulationalso produced acceptable resuyltand the moreritical
dimensions of the second simulation are reportéichlvie?.

Table7. MASH TL-4 FE Simulation Result of Concrete Beam and Slab Foundaditin [

, Segment Ditch Soll
Width Depth Length Slope Restraint Result
. . Not . .
31.3in. 12 in. Reported N/A 12 in. | Barrier performed acceptably

Additional TL-4 FE simulations were conducted on the TXxDOT SSTR barrier on top of a
standalone retaining wall configuratiod §]. The barrier and retaining wall dimensions are shown
in Figure 4. The simulations resied in soil pressures of 20 psvhich was greater than the
allowable soil pressuref 12.2 psi. However, due to the dynamic nature of an impact load being
applied overa short time periodWilliams et al. assertethat these pressures would not cause
significant performance issues. Therefore, Bt simulationsed tothe conclusiorthata barrier
on top ofaretaining wallwould be stable when impacted under MA$H-4 conditions butit
wasalso recommendei conducfurther simulations to confirm tlefindings

A
TXDOT
SSTR BARRIER

36"

SOIL
BACKFILL

i
L]
Sw
120 - 3-3 Ll
Hw
.
- 24" > e
0
Tw TXDOT I(H)C o
RETAINING WALL
Ft
Y
12"
]
A A
Kw 30"
Y
- 30" -
Kw
- 6'-3" >

Fw

Figure4. TXDOT SSTR Retaining Wall Foundatioh3]
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2.4.1Moment Slab and Wall Coping Analysis

Moment slab and wall coping anchorage systems have been tested to MASH test
designation nos.-21 and 412 under test nos. 475380 14] and 51060EWP1[15], respectively.
Test no. 47535Q was conducted on 32-in. tall precast vertical barrier with a castplace
moment slapas shownn Figure5. The moment slab featured fi#d longitudinal bars near the
top of the slab and was connected to the precast barrigd \ishapedarsspaced longitudinally
at 10 in. Joints in the moment slab were spaced at 30 ft. The barrier system met the evaluation
criteria of MASH test designation no-13.

RN R 4%
#4 HORIZ. BARS \\ 51
SHOWN) , ...| o )
N \ _—#5 BAR H
~ "IJT"/
> 14 )
27 CIR o
6% |} . 31D, PVC ™
: [ L——FOR REMOVAL
0 oF FROM FORM

2-5%"

Figure5. Test No. 475350 Moment Slab and Wall Coping Dimensiodd][

Test no. 51060EWP1 was a crash test performed on the GRA\BArrier, a proprietary
precast barrier and moment slab assembly manufactured by Earth Wall Producfdpl.LThe
GRAVIX® barrier currently holds FHWA Eligibility Letter 49 for compliance with MASH
TL-4crash testing. However, due to Earth Wall P
are limited except for the overall shape.

Research conducted under NCHRP Prgj22120 and22-20(2)[8, 14] establishedlesign
guidelines for moment slabs subjected to MASH impartsluding the minimum widths
summarized ifMable8, andcalculation criteria for sliding and overturning limit statesaddition
to providing theminimum width, themoment slabdength must be at least 20 ft and the joints
between slabs must be joined with a minimum of #@steel dowels to transfer loads.

Table8. Minimum Width for MASHTL-3 andTL-4 Moment Slab Anchorage]

Test Level TL-3 TL-4
Width O 4 O 4.5
Notes:

Moment slab length must 1§20 ft
Joints joined by at least tw#9 steel dowels

11
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NCHRP Project 22-20(02) recognized two limit states for barriers in a moment slab
configuration sliding and overturning. The sliding limit staseevaluated according Exquationl
below, in which the factored static resistangef(must be greater than or equal to the factored
equivalent static loadb (). The equivalent static load was investigated for each test level and the
results are presentad Table9.

~

0 [0 (1)

Table9. Equivalent Static Loads for MASHL-3 andTL-4 Moment Slab Desigrg]

Test Level TL-3 TL-4
Ls 23 kip 28 kip

The overturning limit states evaluated using Equation 2 below, according to the results of
NCHRPProject22-20(2).The equatiomequiresthe factored moment resistance of the bagiab
system (i Nito be greater than or equal to the moment induced by the equivalent static load

c D D QETQ @)

The moment armhi or hg) was found to vary depending on the expected rotation of the
barrier during overturninddarriers with moment slabs tegdto rotate about one of two locations,
identifiedas poins A and B inFigure6. The barrier will rotate about point A when the top of the
mechanically stabilized earth (MSE) wall is isolated from impdttt the coping The isolation
canbecreatedoy an air gap or adequate condensable mat&halbarrierwill rotate about point
B if the wall coping sits directly atop the MSE wall panel.

Traffic
Barrie__r
S Finished Grade
Critical |~ . %"
Section {1 - “+cG - _
Y, e Overburden Soil
Rﬂ_‘rarion [ ‘ R " Moment Slab
Point B L Fotation
_ ~T Point A
Leveling Pad Panels

Figure6. Points of Rotation for Overturning BarriBtoment Slab System$,[14]
2.5 Grade SeparatedBarriers

A grade separated beer is a barrier in which the elevat®of the surfaces onpposite
sides of the barrier differ A crosssection of an example grade separated barrier from the
Minnesota Department dfransportatiorStandard Details is displayedHigure?.
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Figure7. Minnesota Type 42 A Gradseparate®arrier Exampldg 16]

A design of a 112%n. tall gradeseparatedbarrier was researched and developed by
[17]. An original design submitted by tHennesseBepartment of Transportatideatured a split
singleslope median wall desigibut analyses wereonducted orseveraldifferent barriers(1) a
grade separated 112% tall singleslopemedian barrier(2) a 51-in. tall singleslope median
barrier,(3) a 112%in. tall gradeseparatedertical barrier witha single-slope back face, ard) a
51-in. tall vertical barrier witrsingleslopeback face. A simulation of MASH test designation no.
3-11 was performed on an 80section of all four barrier configurations. All four barriers were
observed to adequately contain and redirect the 2270P vehicle and were deemed to be satisfactory
to MASH test designation no-1.

Additional segment length optization simulationswere performed to MASH test
designation no.-42 on barriers (1) and (2) described aboVkese simulkdons were performed
on a 35 ft section of th&12%in. tall gradeseparatesgingleslope median barrier aral 60t
section of theéb1-in. tall singleslope median barrier. In both casttee barriers were deemed to
have adequately contained and redirected the 10000S test vehicle. Hawmrethe simulation
ended for the 5in. tall barrier, the barrier as still displacing backwar&ilvesti-Dobrovolny et
al. believed that thadditional movemenwasminor and did not pose a threat of intrudintpitine
opposinglane. Additionally, the simulatiowas consideredonservativedue tonot modeling a
1¥~in. thick asphalt keyway anchorage typically used in the design and modeling a 1%z in. reduced
heightof the barrier design. ThereforgilvestriDobrovolnyet al, concludedhat the51-in. tall,
singleslopemedian barriehadmet MASH evaluation criteria.

An additional segment length optimization simulation was perfortoetMASH test
designation no.-31. The simulation was performed a 24-ft section of the 112%hn. tall grade
separatedingleslope median barrier. The simulation resulted in the barrier adequately containing
and redirecting the 2270P vehicle.

In addition to the FE simulations, someloé tarriers werealsocomputationally evaluated
for sliding, overturning, bearing capaciand strength. The strefimgivas evaluated through a yield

13
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line analysisBased on the results of the FE simulations and computational an&yeestri
Dobrovolnyet al. provided recommendations for the minimum segment lengths of each barrier

type.
2.6 Postand-Beam Barriers

Section 13 ofthe AASHTO LRFD Bridge Design Specificationd][providesplots in
A13.1.12 and A13.1.13 to assess the shapes of pasttbeam barriersThese plotsreproduced
in FiguresB and9, provideguidance ottherelationship between barrier geometry andabiential
for impact with a post that could lead to excessive damage to the vehicle and risk to the occupant
The plots ardased on post setback distance, vertical clear opening, and the ratio of contact width
to total height.

4 HIGH POTENTIAL
15 1 N N o N STRTN
] 8ridge rails in this oreq
= Jé hove met NCHRP 230 safety
= 1 R evaluation guidelines,
4] -
% 1 & PREFERRED
g 10 ] LOW POTENTIAL
3] N
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‘:J T ~=| jo—s A [
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Figure8. Potential Impact of Post with Wheel, Bumper or Hodd [
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Figure9. Post Setback Criteri@][
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Although these plotsoriginally developed under NCHRP Report 230 guidelirzes,
somewhat archaic, NCHRProject20-07(395) indicated these plotsay remainrelevantfor
crashworthinesassessmentsf postandbeamandother similar systemd.)]. In someinstances,
systems that plotted in the hatched regiorsgre n i n t he Anot Figuesdmmende
and9 did still meet the requirements of crash $eslowever, this behavior was erradl NCHRP
Report 3500r MASH tess that plotted in both thélow potentiab region of Figure 8 andthe
fpreferred region ofFigure9 met the applicable safety performance criteéFlaeresearchesults
aresummarized iMablel0andillustrated inFigures10throughl3. Thereforein NCHRPProject
20-07(395) a successful evaluation offstandbeambarrierrequired the barrier to plot in the
Al ow pot erFigureBh0dat ba dapr Bijued.redo area of

Table10. Concrete BearandPost Rail Systems and Geomettg]

Post Vertical Clear Ratio of

Bridae Rail Svstem MASH or Setback Openin Contact

9 y NCHRP Report 35( Distance pin 9 Width to

in. ' Height
TxDOT T223 Bridge Raill MASH 4.5 13.0 0.60
TxDOT T224 Bridge Raill MASH 3.5 12.0 0.70
T202 Bridge Rall NCHRPReport 350 15 13.0 0.52
Modified T202 Bridge Rail| NCHRPReport 350 4.5 13.0 0.52
Natchez Trace Bridge Rail NCHRPReport 350 2.0 9.5 0.71
Nebraska Open Bridge Ra) NCHRPReport 350 2.0 13.0 0.55
Type 80SW Bridge Rail | NCHRPReport 350 4.0 11.0 0.65

Preferred

@350 TL-3
A350 TL-4
mMASH TL-5

350 Failed Test

Ratio of Rail Contact Width to Height

Not Recommended

0 2 4 6 8 10 12
Post Setback Distance (in)

Figure10. MASH andNCHRP Report 35@assengeCar PosiandBeam DataRatio of Contact
Width to Height vs. Post Setbaclk]
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2.7 Textured and Aesthetic Barriers

Textured and aesthetic barriers feature a fawittigout a smooth finish. The texturing is
applied as an aesthetic finish to improve the appearance of the roadside safety Neaiyre.
textured barrierbave beerrash tested in accordance WHRHRP Report 350y the California
Department of Transportation in FHWA/CA/2002/03 [L8]. The report documented eight
NCHRP ReporB850crash teststhreetests conducted according to tdssignatiomo. 310, and
five tess conducted according to tedesignationno. 311. Based on the crash test data,
architectural guidelines foisingleslope and vertical textured barriersvere determined.
Suggestions included

(1) Sandblast textures must have a maximum textural religfiof

(2) Images and patterns inset into a barrier face must have a maximum d&pth arid
must contain chamfered or beveled edges otld@res or flatter to prevent wheel
shagging.

(3) Texture and patterns of any length and shape may be inset into the barrier face without
chamfering the edges up to a maximum depth of ¥z in., but the width must be limited
to a maximum of 1 in.

(4) A texture featuring gradual undulations must conform to a maximum relief of % in.
over a length of 11%a in.

(5) Gaps, slots, grooves, and joints may have a maximum width of % in. with a maximum
surface differential of Un.

(6) No textures or patterns shall have any long upvetoding edges or ridges which may
induce vehicle climb.

(7) Patternsbeginning24 in. from the base of the barrier and extending to the top of the
barriermay have a maximum relief of 2% in., but leading edges must be rounded or
sloped to minimize propensity for snagging. No part of the texture located above 24 in.
may protrude past the plane of the lower portion of the barrier.

These guidelines were reported in NCHRP Report Aédthetic Concrete Barrier Design
for singleslope and ertical barriers 19]. The report alsoprovided a plot to assess the
crashworthiness of asperities in the traffic face of safety shape baassegnn Figurel4. The
plot is based on the internal energy of the floorbogther thanoccupant compartment
deformation. However, these guidelinvesredevelopedor NCHRP Report 350npact severities,
andthe increased impact severitiesMASH may requie morestringent regulations of textures
and aesthetic features.
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Figurel4. Design Guidelines for Aesthetic Surface Treatment of Safety Shape Concrete Barrier
[19

Four MASH TL-3 crashtests wergecently performedn barriers with aesthetic surface
treatments20¢21]. The testing was conducted two barrierspoth witha2in. inlay. In test nos.
H34BR-1 and H34BR2, the barriehad a 26.6legree beveled edged an asperity width of @a.,
which plotsin the acceptable rangd Figure14. In test nos. H42BR. and H42BR2, the barrier
had a 63.4legree beveled edged an asperity width of 6.iithis barrier is more difficult to plot
according tarigure 14, and it could be close to tlimot recommendéddcceptablé limit for the
specified angle. Howeveboth aesthetic barriers were deemed crashworthy to MABH
standardsTherefore, it appeatbatthe guidance in NCHRP Report 554 may still hold relevance
for MASH evaluatios but could be revisited to establish better guidelines

2.8 Crash Testing Database

A crash testing database was compdeti20crash tests. The database was populated with
crash tests conducted according to various standapd$iICHRP Report 23@rash tests21
AASHTO Guide Specifications for Bridge Railingsash test62 NCHRP Report 350rash tests
and41MASH crash testdetails of the MASH crash tests compiled within the database and used
for evaluations are provided below.

2.8.1MASH Single-Slope Barrier Crash Tests

Intest no. OSSAH, a42-in. tall, 10.9degreesingleslope concrete barrier was crash tested
to MASH test designation no-1[22]. The concrete barrier was entirely unreinforced and was
anchored by d-in. thick by 8-ft wide asphalt keywayThe crash test resulted in negligible
permanent set displacemer@nd all occupant compartment deformations were withi&
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allowable limitsestablished in MASHThe barriersuccessfully contained and redirected the
barrier according tMASH testdesignatiomo. 311 [22].

In test . 140MASH3C1604, a36-in. tall, 9.1-degreesingleslope concrete barrier was
crash tested to MASH test designation nd.0323]. The section was longitudinally reinforced
with four #5 bars on both the front and back sides of the baamer was vertically reinforced at
the ends with#4 stirrups spaced at 6 in. The end amajje consisted of &0-in. deep by 9.8t
long footing reinforced longitudinally bipur # bars Damage to the barrier was minimal, and all
occupant risk values were within MASkhits. The barrier successfully contained and redirected
thevehicleaccording to testesignatiomo. 3-10 [23)].

In test no. 420020Db, a 36-in. tall barrier with anl1-degreesingleslopetraffic facewas
crash tested to MASH test designatiea2l[11]. The section was longitudinally reinforced with
five rows of two 0.4in. diameter welded wire reinforcement (WWR) arettically reinforced
with E-in. diameter WWR spaced at 6 in., respectively. The barrier was fixed to a slaiwith
stirrups spaced at 6 ion centerThe barrier had cosmetic damage only, and all occupant risk
values were withirMASH limits. The barrier successfully contained and redirected the barrier
according to tesdesignatiomo. 412 [11].

In test n@. 4694673-1 and 61022401-1, a42-in. tall barrier with a10.8degreesingle
slopetraffic facewas crash tested to MASH test designation4-12 [24¢25]. The section was
reinforced with 6 x BD20 x D9 welded wire reinforcement bent into askhpeThe system was
anchored with d-in. thick by 9-in. wide asphalt keywayl he segment lengths were 75 ft for test
no. 4694673-1 and 40 ft forest no. 6102201-1. In both teststhe barrier experienaeminimal
damagenegligible permanent set deflecticamd all occupant risk values were witiASH
limits. The barries successfully contained and redirected theibaaccording to testesignation
no. 412 [24¢25].

In test no. 51060EWP1, a36-in. tall barrier with anl1-degreesingleslopetraffic face
was crash tested to MASH testsijnation no. 42 [15]. The barrier consisted @&ft precast
sections with an unspecified amount of reinforcemeath precast sectidrad anl8-in. thick by
8-ft. longmoment slab wall coping systeamdresulted in a 1%n. permanent set deflection. All
occupant riskfactors were within MASH limits, and the barrier successfully contained and
redirected the test vethe according ttMASH testdesignatiomo. 412 [15].

In test no. 490022-1, a42-in. tall barrier with al10.8degreesingleslopetraffic facewas
crash tested to MASH test designation r@2426]. The barrier consisted 80-ft precassections
reinforcedwith 6 x 14 D22 x D20 welded wire reinforcement bent into alpe The barrier
system was anchored byl&in. tall slot at the bottom of theection. The slot was fitted ov#8
rebar embedded 5% in. into the deck using Hilti30B V3 epoxy. Thet8 bars werespaced at
72in. and protruded?2 in.above the concrete dedkll occupant risk values were withMASH
limits, and the barrier successfully contained and redirected the test vehicle according to MASH
testdesignatiomo. 412 [26].

In test no. MAN1, a 49%in. tall barrier with a9.1-degreesingleslopetraffic facewas
crash tested to MASH test designation nd.2927]. The barriemwas vertically reinforced with
M20 rebar spaced longitudinally at 15% in., and longitudinally reinforced byMii/& barson
both the front and back sides of the barridre barrier was anchored to a bridge deckviiyb
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U-shapebars spaced at 15% in. All occupant risk values were WMABH limits, and the barrier
successfully contained and redirected the test vehicle according to MASIddegtatiomo. 512

[27].

In test no. 420023, a36-in. tall barrier with anl1-degreesingleslopetraffic facewas
crash tested to MASH test designation nd.1328]. The barrier waseinforced with 6 x @11
x D14 welded wire reinforcement bent into esbhlape The barrier was anchored to a garmed
bridge deck using-in. diameter threaded redhatwereembedded into the barrier and bolted to
the bottom of the deck. Anchorage was also provided near thgaiba face by#4 barsepoxied
using Hilti HIT RE500epoxy. All occupant risk values were withMASH limits, and the barrier
successfully contained and redirected the test vehicle according to MASIddegtatiomo. 311

[28].

In test no. 469468-1, a42-in. tall barrier with al10.8degreesingleslopetraffic facewas
crash tested to MASH test designation nd2429]. The barrier waseinforced with 6 x 820 x
D9 welded wire reinforcement bent into asblapeThe barrier was anchored to a concrete deck
using two#6 L-shapedars spaced at 12 iAnchorage was also provided byt-an. by 9-ft asphalt
keyway on both sides of the median barridre systemalsofeatured a light pole mounted to the
top of the barrier. All occupant risk values were withASH limits, and the barrier successfully
contained and redirected the test vehicle according to MASlddsginatiomo. 412 [29].

In test no. 40516Q3-1, a32-in. tall barrier with al0.8degreesingleslopetraffic facewas
crash tested to MASH test designation nd1330]. The barrier was vertically reinforced wit
longitudinal barspaced at 12 in., and longitudinally reinforced with fisebarson both the front
and back sides of the barriérhe barrier was cast @0-ft long sections connected by grouted
rebargrid slot connectionsAnchorage was provided byl#-in. deepsoil keyway. All occupant
risk values were withitMASH limits, and the barrier successfully contained and redirected the
test vehicle according to MASH ted¢signatiomo. 311 [30].

In test n04CBR-1, a36-in. tall barrier with a2.9-degreesingleslopetraffic facewas crash
tested to MASH test designation nel2 [31]. The barrier was vertically reinforced witi
stirrups longitudinally spaced at 12 in., and longitudinally reinforced with#fetarson both the
front and back sides of the barti@nchorage was provided leynbedding theertical#4 stirrups
into the concrete deckAll occupant risk values were withiMASH limits, and the barrier
successfully contained and redirected the test vehicle according to MASldgegtatiomo. 412
[31].

2.8.2MASH Vertical Barrier Crash Tests

In test nos. 130MASH3C132, 130MASHP1301, and 110MASH2C141, a32-in. tall
vertical barrier was crash tested to MASH test designation A3, 311, and 210, respectively
[32]. The barrier was vertically reinforced with tw# L-bars spaced longitudinally at 8 in. and
16in. The longitudinal reinforcemerbnsisted o&ix #5 barson both the front and back faces of
the karrier. The barrier also includeda-in. tall by 12-in. wide top beam andi metal pedestrian
handrail atop the barrier. Anchorage was provideeXtgndinghe vertical reinforcement into the
concrete deck. The tested system include&ia. tall elevategidewalk casin front of the barrier
[32]. Note, the 32n height was measured from the top of the elevated sidewalk.

20



August 4, 2024
MwRSF Report NoTRP-03-454-24

In test nos. 130MASH3P131 and 110MASH2C101, all occupant risk values were
within MASH limits, and the barrier successfully contained and redirected the test vehicle
according to MASH tedalesignatiomos. 311 and 210, respectively32].

In test no. 130MASH3C18B2, the recorded ridedown accelerations originally appeared to
be larger than the limits established by MASH. The increased accelerations were believed to have
been caused by the presence of the sidewalk reducing the flail spae®otupanbefore contact
with the barrier. However, after further investigatioonducted under an Interlatatory
Comparison (ILC) through AASHTO Task Force 13 (TE1B8)edown acceleratiamwere
determined to have bearcorrectlycalculatedrom thetime when the vehicle struck the sidewalk
curb. The ridedown accelerations should have lbatulatedstarting at contact with the barrier.
After the correction of the error, AASHTO TF13 determined the test snibeessful according to
MASH testdesignatiomo. 310[32].

In test no. 469461-1, a 36-in. tall vertical barrier was crash tested to MASH test
designatiomo. 412 [24]. Longitudinal and vertical reinforcement were providedéby 6-D17
xD17welded wire reinforcement bent into asblape The system was anchored to a concrete deck
utilizing #4 U-bars spaced at 6 in. All ogoant risk values were withiMMASH limits, and the
barrier successfully contained and redirected the test vehicle according to tdst8ekignation
no.4-12 [24].

In test no. 49024-2-1, a 32%in. tall vertical barrier was crash tested to MASH test
designation no. -31 [33]. The barrier was vertically reinforced with4 stirrups spaced
longitudinally at 6 in. Longitudinal reinforcement in the barrier was provided by four rows of two
#4 bars. The barrier was unconventionally anchored to the bridge ded-by thick steelplate
bolted through the deck. The plataswelded to five#5 bars thatvereembedded into sections of
the barrier. The platbar anchorage configurationgere longitudinally spaced a#8in. All
occupant risk values were withiMASH limits, and the barrier successfully contained and
redirected the test vehicle according to MASH teestignatiomo. 311[33].

In test no. 47535Q, a32-in. tall vertical barrier was crash tested to MASH test designation
no. 311 [14]. The barrier was vertically reinforced witliternating#5 barsspaced at 10 in
Longitudinal reinforcement was provided by five rows of ##dobars. The system was anchored
by al5-in. tall by 10-ft wide moment slaland wall copingThe moment slab was covered by 9 in.
of soil and was connected to the barrier sectio#tl-shapedeinforcing bars spaced at 10 in.
All occupant risk values were withiMASH limits, and the barrier successfully contained and
redirected the test vehicle according to MASH teestignatiomo. 311[14).

In test nos. H34BRL and H34BR2, a 34in. tall aesthetic barrier was crash tested to
MASH test designation nos:10 and 311, respectivelyd0]. The barrier was vertically reinforced
by two #5 longitudinal bars spaced at 6 in. on the traffic side and 12 in. on theafienside.
The vertical reinforcement extended 8 in. into the concrete deck to provide anchorage to the
system. Longitudinal reinforcement was provided by four rows of two #5 reinforcing bars. In test
nos. H34BR1 and H34BR2, all occupant risk values were within MASHhits, and the barrier
successfully contained and redirected the test vehicles according to MASH test designation nos.
3-10 and 311 [20].
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In test nos. H42BH. and H42BR2, a42-in. tall vertical barrier with asperities was crash
tested to MASH test designation nosl@ and 311 [21]. The barrier was vertically reinforced
with two #5 longitudinal barsspaced at 6 in. and 12 in. on the traface and notiraffic face,
respectively. Longitudinal reinforcement was provided by four rows of #&dbars spaced
vertically at 12 in. The system was anchoreekiendingthe vertical reinforcemer& in. into the
concrete. All occupant risk values were within MASH limits, and the barrier successfully
contained and redirected the test vehicle according to MASH test designationl@osn® 311
[21]

2.8.3MASH New Jersey Barrier Crash Tests

In test ros. 2214N<L and 2214N2, a32-in. tall, New Jerseyarrier was crash tested to
standards equivalent to MASH test designation nel) and 412, respectively34¢35]. The
barrier was vertically reinforced with5 stirrups spaced longitudinally at 8 in. Longitudinal
reinforcement was provided by four rows#8freinforcing barsTest nos. 2214N1 and 2214N2
were performed before the publication of MASH 2009, begt parameters were similar to the
requirements that were later published within MABkh one exception. It does not agp¢hat
the SUT test vehicle in 2214N2]utilized the ballast per MASH 2016 standards. However, the
mass of the SUT was 22,047 Ib, which falls in the acceptable range for the 2880@&hicle in
MASH 2016.

In test no. 2214NJ, all occupant risk values were witHASH limits, and the barrier
successfully contained and redirected the test vehicle according tblMé&Bdesignation no-B0
[34]. In test no. 2214N2, the test vehicle rolled over the top of the barrier, landing on its side on
the nontraffic face side of the barrier. The observed failing behavior was attributed to insufficient
height of the barrier to cdain and redirect the vehicle. Therefore, test no. 2224MWNas not
deemed crashworthy to MASH test designation rb2 435].

In test n0401761SBG1, a42-in. tall, New Jerseyarrier was crash tested to MASH test
designation no.-A2 [36]. The barrier wagertically reinforced by two 12nm (0.5in.) diameter
glass fiber reinforced polymer (GFRP) reinforcing bars spaced longitudinally at 3QDIn@m.).
Longitudinal reinforcement wagrovided by five rows of two 6hm (0.6-in.) diameter GFRP
reinforcing bars. The system was anchoredekiendingthe vertical reinforcement95 mm
(7.7in.) into the concrete deck. Additional anchorage was providedi®aded 14nm (0.6-in.)
diameter GFRP reinforcing bar running parallel to the lpwiaped section of the barrier. The
headed end of the bar was cast into the deck. All occupant risk values werdiBiih limits,
and the barrier successfully camted and redirected the test vehicle according to MASH test
designatiomo. 512 [36].

In test nos. 476460-4 and 476464b, a 32-in. tall, New Jerseyarrier was crash tested
to MASH test designation nos-13 and 412, respectively{37]. The barrier was vertically
reinforced with#5 stirrups placed longitudinally at 8 in. Longitudinal reinforcement was provided
by four rows of two#4 reinforcing bars. Anchorage was provided éayibeddingthe vertical
reinforcement into the concrete deck below. In test no. 47&45Gll occupant risk values were
within MASH limits, and the barrier successfully contained and redirected the test vehicle
according to MASH testlesignatiomo. 311. In test no. 476460b, the test vehicle rolled over
the top of the barrier and attained a maximum rofjl@rf 10 degees before the test vehicle
reached the end of the barrier and the vehicle was able to right itself. HoBallard et al.
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believal thatthe test vehicle would have continued to roll over the top of the bartiee fest
article hadhad additional length. Therefore, test A364601b was deemed not crashworthy to
MASH test designation no-12 [37].

2.8.4MASH F-Shape Barrier Crash Tests

In test no. 46946%-1, a 32in. tall, Fshape barrier was crash tested to MASH test
designation no.-31[29]. The barrier consisted 80D-ft long precast sections with an unreported
amount of reinforcement. The segments were connected to adjacent sectiohslbgk® end
hooks. The precast sectowere each anchored by four-iddiameter pins placed into sleeves
in the traffic face toe of the barrier. The pins were driven 5% in. into unreinforced concrete deck
at an angle of 40 degrees from horizontal. All occupant risk values were M8 limits, and
the barrier successfully contained and redirected the test vehicle according to MASH test
designatiomo. 311[29].

2.8.5MASH Miscellaneous Barrier Crash Tests

In test nos. 490023-3, 4900252-2, and 490028-1, a42-in. tall postandbeambarrier
was crash tested to MASH test designation nd€),5-11, and 512, respectively38]. The barrier
had a9-in. tall curb section and 21-in. tall beam placed ongsts. The post sections were 12 in.
tall and were 3. wide on the traffic face. The sides of the post were tapered to intheasest
setback andeduce thepotentialfor vehicle snag. The curb was anchored to the deck #&th
V-shaped brs spaced longitudinally at 12 in. Each interior post was vertically reinforcedvith
bars spaced & in. on the traffic face and 12 in. on thentraffic face The beam section was
longitudinally reinforce with five rows of twa#6 reinforcing bars confined B#p stirrups spaced
at 6 in. In test nos. 4900253, 4900252-2, and 490022-1, all occupant risk factors were within
MASH limits, and the barrier successfully contained and redirected the test vehicles according to
MASH testdesignatiomos. 510, 511, and 512[3§].

In test nos. 607451, 6074512, and 6074543, ad44-in. tall Pulaski Skyway Bridge Parapet
was crash tested to MASH test designation nd€9),4+11, and 412, respectively39]. The barrier
feature an 18-in. tall curb and7-in. tall beam place atop 8-in. wide posts spackat 14 in. on
center. The curlwas anchored to the concrete deck #y and#6 bent reinforcing barand
longitudinally reinforced by five5 reinforcing barsEachinterior post was vertically reinforced
by two #6 stirrups. The beam was longitudinally reinforced with tlfeeeinforcing bars confined
by #3 stirrups spaced at 6 in. In test nos. 6078156074512, and 6074543, all occupant risk
values were withifMASH limits, andthe barrier successfully contained and redirected the tests
vehicles according to MASH tedesignatiomos. 410, 411, and 412 [39].

In test no. 420025, a32-in. tall postandbeambarrierwas crash tested to MASH test
designation na3-11 [40]. The barrier consistof 4-ft long by 9%in. wide by13-in. tall posts and
a 15%in. wide by1%in. tall beam placed atop the posts. The beaslongitudinally reinforced
with four rows of two#5 bars confined by3 stirrups spaced at 6 in. The postsre vertically
reinforced by#5 stirrupsextending into the beam above apmhced longitudinally at 3Yz iithe
postswere anchoredby #5 U bars also spaced at 32 iill occupant risk values were within
MASH limits, and the barrier successfully contained and redirected the test vehicle according to
MASH testdesignatiomo. 311 [4Q].
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In test no 4694682-1, a 42-in. tall aestheticbarrier was crash tested to MASH test
designation no.-42[29]. The barrieconsistedf a 17%in. wide by18-in. tall curb parapet and
12%%in. wide by18-in. tall posts that supported a 14#2 wide by6-in. tall beamThe curb parapet
was anchored to the concrete deck #¥ stirrups typically spaced at 9 in. Longitudinal
reinforcement in the curb parapet was provided by two rows of#wand one row of three
reinforcing bars. The interior posts were vertically reinforced with #@&/doars. The beam was
longitudinally reinforced with fiveé#4 reinforcing bars confined bB$8 stirrups at the vertical post
reinforcement locations. All occupant risk valuesravavithin MASH limits, and the barrier
successfully contained and redirected the test vehicle according to MASldsegtatiomo. 512
[29].

In test n0s4696892-1 and 469682-2, a transition section was crash tested to MASH test
designation nos.-30 and3-21 [41]. The transition was desigd for use between 42-in. tall,
singleslope concrete barrier and3a-in. tall vertical concrete barrier, the TXDOT T221. The
transition was vertically reinforced wittb reinforcing stirrups spaced at 12 in. longitudinally. The
concrete transition was longitudinally reinforced by five rows of #wwoeinforcing bars with the
top rowangled to match the slope of the transition secfitve transition was anchored Bgin.
long#6 reinforcing bars embedded 6 in. into concrete pavement usingiHIHRE 500 V3 epoxy
and spaced longitudinally at 8 fihe anchorage spacing waslueed to &t for the last three
anchorage bars at each end of the system outside of the transitidn testnos. 469682-1 and
4696892-2, all occupant risk values were withMASH limits, and the barrier transition
successfully contained and redirected the test vehicles according to MASH test designation nos.
3-10 and 311 [41].
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3METHODOLOGY
3.1 Overview

Barriers submitted bythe members of thelidwest Pooled Fund Prograwereevaluated
to MASH 2016 TL-3 or TL-4 requirementsas appropriateRequirementsvere applied teach
barrieraspresented in the flow diagraim Figure15. If the TL-4 requirements were notet,the
test level was reducedto TL-3, and the barrier was reevaluated to potentiallyustify
crashwortimessunder less restrictive standards.a barrier system could not be justified as
crashworthy at the reduced test level, the evaluation concluded, and the barrier was deemed
Ai nconcl us3.vebhifsorAiTnL.concl usi veo designati on
research or crash testingght yet justify barrier crashworthiness.

Figurel5. Evaluation Methodology
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